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Department of Environmental Chemistry

IDAEA-CSIC

C/Jordi Girona 18–26

08034 Barcelona, Spain

and

Catalan Institute for Water Research (ICRA)

H20 Building

Scientific and Technological Park of the

University of Girona

Emili Grahit, 101

17003 Girona, Spain

dbcqam@cid.csic.es

Prof. Dr. Andrey G. Kostianoy

P.P. Shirshov Institute of Oceanology

Russian Academy of Sciences

36, Nakhimovsky Pr.

117997 Moscow, Russia

kostianoy@gmail.com

Advisory Board

Prof. Dr. Jacob de Boer

IVM, Vrije Universiteit Amsterdam, The Netherlands

Prof. Dr. Philippe Garrigues

University of Bordeaux, France

Prof. Dr. Ji-Dong Gu

The University of Hong Kong, China

Prof. Dr. Kevin C. Jones

University of Lancaster, United Kingdom

Prof. Dr. Thomas P. Knepper

University of Applied Science, Fresenius, Idstein, Germany

Prof. Dr. Alice Newton

University of Algarve, Faro, Portugal

Prof. Dr. Donald L. Sparks

Plant and Soil Sciences, University of Delaware, USA



The Handbook of Environmental Chemistry

Also Available Electronically

The Handbook of Environmental Chemistry is included in Springer’s eBook

package Earth and Environmental Science. If a library does not opt for the whole

package, the book series may be bought on a subscription basis.

For all customers who have a standing order to the print version of The Handbook
of Environmental Chemistry, we offer free access to the electronic volumes of the

Series published in the current year via SpringerLink. If you do not have access, you

can still view the table of contents of each volume and the abstract of each article on

SpringerLink (www.springerlink.com/content/110354/).

You will find information about the

– Editorial Board

– Aims and Scope

– Instructions for Authors

– Sample Contribution

at springer.com (www.springer.com/series/698).

All figures submitted in color are published in full color in the electronic version on

SpringerLink.

Aims and Scope

Since 1980, The Handbook of Environmental Chemistry has provided sound

and solid knowledge about environmental topics from a chemical perspective.

Presenting a wide spectrum of viewpoints and approaches, the series now covers

topics such as local and global changes of natural environment and climate;

anthropogenic impact on the environment; water, air and soil pollution; remediation

and waste characterization; environmental contaminants; biogeochemistry; geo-

ecology; chemical reactions and processes; chemical and biological transformations

as well as physical transport of chemicals in the environment; or environmental

modeling. A particular focus of the series lies on methodological advances in

environmental analytical chemistry.

vii

http://www.springerlink.com/content/110354/
http://www.springer.com/series/698


Series Preface

With remarkable vision, Prof. Otto Hutzinger initiated The Handbook of Environ-
mental Chemistry in 1980 and became the founding Editor-in-Chief. At that time,

environmental chemistry was an emerging field, aiming at a complete description

of the Earth’s environment, encompassing the physical, chemical, biological, and

geological transformations of chemical substances occurring on a local as well as a

global scale. Environmental chemistry was intended to provide an account of the

impact of man’s activities on the natural environment by describing observed

changes.

While a considerable amount of knowledge has been accumulated over the last

three decades, as reflected in the more than 70 volumes of The Handbook of
Environmental Chemistry, there are still many scientific and policy challenges

ahead due to the complexity and interdisciplinary nature of the field. The series

will therefore continue to provide compilations of current knowledge. Contribu-

tions are written by leading experts with practical experience in their fields. The
Handbook of Environmental Chemistry grows with the increases in our scientific

understanding, and provides a valuable source not only for scientists but also for

environmental managers and decision-makers. Today, the series covers a broad

range of environmental topics from a chemical perspective, including methodolog-

ical advances in environmental analytical chemistry.

In recent years, there has been a growing tendency to include subject matter of

societal relevance in the broad view of environmental chemistry. Topics include

life cycle analysis, environmental management, sustainable development, and

socio-economic, legal and even political problems, among others. While these

topics are of great importance for the development and acceptance of The Hand-
book of Environmental Chemistry, the publisher and Editors-in-Chief have decided
to keep the handbook essentially a source of information on “hard sciences” with a

particular emphasis on chemistry, but also covering biology, geology, hydrology

and engineering as applied to environmental sciences.

The volumes of the series are written at an advanced level, addressing the needs

of both researchers and graduate students, as well as of people outside the field of
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“pure” chemistry, including those in industry, business, government, research

establishments, and public interest groups. It would be very satisfying to see

these volumes used as a basis for graduate courses in environmental chemistry.

With its high standards of scientific quality and clarity, The Handbook of Envi-
ronmental Chemistry provides a solid basis from which scientists can share their

knowledge on the different aspects of environmental problems, presenting a wide

spectrum of viewpoints and approaches.

The Handbook of Environmental Chemistry is available both in print and online

via www.springerlink.com/content/110354/. Articles are published online as soon

as they have been approved for publication. Authors, Volume Editors and Editors-

in-Chief are rewarded by the broad acceptance of The Handbook of Environmental
Chemistry by the scientific community, from whom suggestions for new topics to

the Editors-in-Chief are always very welcome.

Dami�a Barceló
Andrey G. Kostianoy

Editors-in-Chief
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Preface

Greece is a small mountainous country with a remarkably varied relief, complex

geological structure, a rich palette of microclimates, and diverse aquatic ecosys-

tems hosting particularly rich biodiversity.

There is an erroneous perception that Greece is a dry country. This perception is

derived from the fact that large areas of East and Southeastern Greece, which are

popular tourist destinations, face water scarcity. In reality, the Greek Peninsula

contributes over the double of river runoff in the European Mediterranean Sea

(16%) compared to the surface area of the country (7%). The country is

characterised by numerous, diverse, and highly fragmented small to medium-

sized mountainous rivers and streams, running through steep narrow valleys.

Large lowland areas that are diffused within prevailing rift valleys are drained by

medium and large perennial rivers, which frequently form extensive flood and

deltaic plains. Semi-arid landscapes are marked by intermittent to episodic streams.

When considering this highly variable landscape, the uniqueness and diversity of

aquatic flora and fauna is not surprising.

Water is according to Thales of Miletus (c. 624 – c. 546 BC) the originating

principle of nature. Ancient Greeks defied rivers and created myths which conceal

real physical-geological events. Since the second millennium BC, hydraulic and

land reclamation works were conducted for water supply and protection against

droughts and floods. Nowadays, to address the challenges of the unevenly spatial

and temporal distribution of water resources, water managers diverted rivers and

constructed numerous dams. Thus, the vast majority of medium and large rivers of

the country are fragmented. The main pressures affecting running waters in Greece

are hydromorphological modifications, agro-industrial wastewaters, agrochemi-

cals, malfunctioning wastewater treatment plants, and, locally, mining. These

pressures and particularly their combination with drought and water scarcity,

triggered by gradual diminishing river flows, threaten lotic and riparian ecosystems.

Despite the vital importance of river ecosystems to the Greek civilization since

ancient times, a comprehensive knowledge on their natural characteristics and

diversity or the extent to which they have been exploited and degraded is limited.
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This book volume is designed to provide a fundamental knowledge on the running

waters of Greece covering topics related to potamology, either through means of

review chapters or specific case studies. The topics covered include geomythology,

biogeography, hydrology, hydrogeochemistry, hydrobiology, geomorphological,

geological and biogeochemical processes, human pressures and ecological impacts,

water management, both in the antiquity and today, and river restoration. This

volume can be used as a basic or supplementary text in undergraduate and post-

graduate courses or lectures in river ecology, river basin management, and

conservation.
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Ancient Greece and Water: Climatic Changes,

Extreme Events, Water Management,

and Rivers in Ancient Greece

Ilias D. Mariolakos

Abstract Climate change is not a phenomenon of our days, it is connected with the

earth’s history as indicated by both scientific evidence and ancient mythologies.

Water, although essential for the survival of human kind, often triggers disasters

and causes victims, mainly because of its unpredictable and uncontrollable nature.

Especially in a country with a great history and a very old and long prehistory like

Greece, its inhabitants have lived and experienced the climatic changes of the last

18,000 years and their dramatic geo-environmental impacts, such as sea-level rise,

shoreline displacement, emergence and disappearance of springs, evolution and

desiccation of lakes, and evolution and submergence of river deltas. All these

disasters, coupled with landscape evolution, related mainly to the climatic–eustatic

changes, are depicted in the Greek Mythology as the deification of the rivers, the

struggle between heroes and springs, etc. A geomythological analysis of Greek

myths has revealed that Greek Mythology is very old and is not just a figment of

imagination of the resourceful Greeks, but it conceals real events. After the climatic

stabilization (�6,000 BP) and the cultural development of the Greek society, the

main issue, besides water supply, was the protection against droughts and floods.

This issue was addressed with the use of advanced geotechnical methods and

hydraulic works.

Keywords Dardanus, Deucalion, Droughts, Floods (cataclysms), Geomythology,

Heracles, Minyans

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Climate and Climate Change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

I.D. Mariolakos (*)

Emeritus of Geology, National and Kapodistrian University of Athens, Athens, Greece

e-mail: mariolakos@geol.uoa.gr

N. Skoulikidis et al. (eds.), The Rivers of Greece: Evolution, Current Status
and Perspectives, Hdb Env Chem (2018) 59: 3–30, DOI 10.1007/698_2017_474,
© Springer International Publishing AG 2017, Published online: 11 May 2017

3

mailto:mariolakos@geol.uoa.gr


3 Dry and Wet Periods in Greek Mythology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.1 Droughts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.2 Flood Periods: Cataclysms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

4 Water Management in Ancient Greece . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4.1 The Prehistoric Hydraulic Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4.2 Hydraulic Works in the City of Athens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.3 Solon’s Water Supply Laws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

5 Heracles and Water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

5.1 Heracles and the Lernean Hydra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

5.2 The Struggle of Heracles with Acheloos River . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

6 The Rivers in the Greek Mythology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

6.1 Mythological Characteristics of the Rivers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

6.2 The Deification of Rivers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

1 Introduction

Rivers, lakes, springs, and groundwater are very important physical–geological

systems, as freshwater is necessary for the survival of human kind (water supply,

irrigation, transportation, fishing, etc.). That is why human beings always preferred

to live or settle near rivers, lakes, and springs all over the world. In Greece, two such

lake settlements exist, already from the Neolithic Era; the first is located by the

Kastoria Lake (N. Greece, W. Macedonia), the second one by the Viviis (Karla)

Lake (E. Thessaly). Neolithic settlements have also been discovered along rivers,

such as the Pineios and Aliakmon rivers.

Nevertheless, water sometimes became the cause of numerous problems to

settlements, mainly due to its unpredictable nature related either to extreme rainfall

events, or to the abrupt melting of snow or glaciers capping the high altitude

mountainous areas. There are many examples of ancient cities that were flooded

and finally disappeared, while the floods (cataclysms) narrations in the various

myths mention even the extinction of entire nations. On the other hand, long-lasting

droughts also shaped ancient civilizations.

Greek Mythology is the encrypted, most ancient history of the prehistoric

inhabitants of the Aegean and Circum-Aegean region, as well as that of the

neighboring areas. It describes effects of extreme climatic phenomena, which

may serve to unravel prehistoric and historic climatic changes. The term

geo-mythology has been introduced by Vitaliano [1]. Geo-mythology is a branch

of the Geosciences, focusing on the interrelation between Geology and Mythology

and particularly dealing with the physical–geological conditions during the myth-

ological era [2]. The geomythological analysis of Heracles’ works is proof that,

in many cases, Greek Mythology depicts exactly the drastic changes of the

geo-environmental regime due to major and minor climatic fluctuations since the

beginning of the post-glacial period [18,000 years BP (Before Present)]. The

deification of hydrological systems is connected directly to the climate, and mainly

4 I.D. Mariolakos



the climatic fluctuation of the last 18,000 years, i.e., since the last great global

climatic change.

Since prehistory, ancient civilizations tried to control and tame water, while

rivers were deified in Greek Mythology. After the stabilization of the global

climate, during the period of the Holocene Climatic Optimum (6,000–5,000 BP)

humans took advantage of the new favorable physical and geological conditions, in

order to create the first permanent settlements in lowland areas, such as in closed

basins, coastal areas, and river deltas. This is where they started to manage water by

technical constructions designed to defend them against floodwaters. At the same

time, humans started constructing systems for water supply and irrigation. Such

technical works have been discovered in Egypt, Mesopotamia, and the Minoan

Crete, dating as far back as the 3rd millennium B.C. Many of the anti-flooding

technical works of prehistoric Greece differ from those of Mesopotamia and Egypt

(Nile Delta) in that most of them had been constructed in closed hydrological

systems, as, for example, in the basin of Kopais Lake. A great number of these

works are mentioned in Greek Mythology, mainly in myths related to the God

Poseidon or the hero Heracles.

Archeologists continue to discover hydraulic works dating back to the Minoan

era used by the inhabitants, such as:

• Aqueducts, both underground and open, for the transportation of water collected

at springs or wells, in order to supply cities.

• Dams for collecting water (reservoirs) and/or aiming at anti-flood protection.

• Canals of several kilometers’ length, for the drainage of lakes.
• Construction of tunnels or usage of caves for the drainage of floodwaters.

• The combined usage of a river, by constructing troughs filled with river water

around settlements both for anti-flood protection and for defense purposes.

• Torrent regulation works.

• Land reclamation works at all river deltas.

• Sewage works, and much more.

It is noteworthy that even from the sixth century B.C., there was a special

legislation regulating and managing water resources in the city of Athens. This

was the work of the great legislator Solon, while the most ancient ceremony related

to water is mentioned in Arcadia, dating back to the Mycenaean times (1600–

1100 B.C.).

This chapter describes climate changes that took place after the last glacial

maximum. It emphasizes extreme climatic phenomena depicted in the Greek

Mythology and attempts a geomythological, physical, and geological dating of

the oldest flood mentioned. It presents the hydraulic works during historic and

prehistoric times using historical evidence and through the interpretation of related

myths. It finally argues on the reasons of river deification in ancient times.

Ancient Greece and Water: Climatic Changes, Extreme Events, Water Management. . . 5



2 Climate and Climate Change

The accepted climate changes, up to some decades ago, were those of the quater-

nary (i.e., the last 2 million years) that include four glacial and four interglacial

major periods. Since the time of the classical period of ancient Greece, those

climate changes were well known. Plato (427–347 B.C.) was the first who men-

tioned that climatic changes exhibit a periodicity. According toMilankovitch theory
[3], the reasons for the climate periodicity are mainly astronomical, related to the

rotation of the Earth around the sun and around its own axis. These reasons are the

following:

• Eccentricity of the Earth’s orbit, with a period of �100,000 years

• Obliquity of the Earth’s axis, with a period of �40,000 years

• Precession of the Earth’s axis ()equinoxes) with a period of �23,000 years.

There are many methods for the assessment of the palaeoclimatic conditions

such as palaeo-temperature and palaeo-humidity. Among them, the most common

are: (1) the paragenesis of the clay minerals in the palaeosoils, (2) pollen analysis,

and (3) the ratio of 18O/16O, based on measurements in shells of marine organisms

or in trapped air bubbles in ancient glaciers. Based on the previous methods, a

periodic change of temperature and humidity provides indirect information about

precipitation.

Apart from the aforementioned major glacial/interglacial periods, there are more

periods, cycles of shorter duration, which are controlled from other factors as well.

In Fig. 1, the periodic changes of the mean global temperature are depicted for the

time period between 18,000 BP and the present.

The main reasons and consequences of climatic changes are presented in Fig. 2.

From the factors mentioned, the ones that, directly and/or indirectly, influenced

Greek Mythology and Greek culture are those relating to rivers, droughts, floods

(cataclysms), and the sea-level changes, the so-called climate–eustatic movements.
All these have drastically influenced the life of Homo sapiens for the time period

between approx. 18,000 BP and 6,000 years BP, that is, until the “Climatic

Optimum of the Holocene.” Nevertheless, much later, and even nowadays, climate

remains the main factor controlling the cultural, social, and economic development

of a region.

3 Dry and Wet Periods in Greek Mythology

3.1 Droughts

Because of the fluctuation of precipitation (humidity), as a result of a small-scale

climatic periodicity, droughts are often mentioned in relation to cataclysms in

various myths.

6 I.D. Mariolakos



From Greek Mythology, the best-known droughts are the following:

1. The Inachus Drought, which was, most probably, the oldest one. After the Greek

writer Apollodorus [26], it was manifested when Inachus was king of Argos

during the Mycenaean period, but it dates long before the foundation of

Mycenae city.

Fig. 1 Mean global temperature fluctuation for the last 18,000 years (based on [4])

Ancient Greece and Water: Climatic Changes, Extreme Events, Water Management. . . 7



2. The Danaus Drought, which dates after the return of Danaus from Egypt.

Danaus, the king of Argos, left Egypt around the same time of Moses’s Exodus,
i.e., around the end of the fourteenth century B.C.

3. The Aeakeios Drought (know from the Greek Mythology), which occurred when

Aiakos was the king of the prehistoric Aegina Island in the Saronic Gulf.

4. The Agora Drought, dated in eighth century B.C. This drought was the reason

that many shrines were built up, dedicated to Omvrios (rainy) Zeus, at different

places in eastern Greece, e.g., at Aegina island, at Acropolis, at the eastern slopes

of Hymettus mountain (east of Athens) and elsewhere. During this drought

period, the Athenians addressed a prayer to Zeus: “Yσoν Yσoν ω φίλε Ζευ,
κατά της Αρoύρης των Αθηναίων και των πεδίων. . .”, i.e., “Rain, rain dear

Zeus on the Earth of the Athenians and the plains. . .”

3.2 Flood Periods: Cataclysms

The causes of a cataclysm are various. In Greece, the most important and most

frequent are the catastrophic cataclysmic rainfalls lasting for relatively long time

Fig. 2 The main reasons and consequences of climatic changes
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periods. A cataclysm of an area potentially also relates to other phenomena, such as

the manifestation of a tsunami, the rapid glacier meltdown, and the subsidence of a

coastal region due to an earthquake. Noah’s flood, mentioned in the Old Testament,

is the most widely known cataclysm. Many people are left with the impression that

Noah’s flood was the only one in human history. This is incorrect, however, since

cataclysms are mentioned in the mythologies of many nations all around the world.

During the prehistoric era of Greece, at least three great floods were recorded, i.e.,

the Deucalion flood, the Ogyges flood, and the Dardanus flood.

3.2.1 The Flood of Deucalion

Deucalion was the son of Prometheus and Pandora or Clymene, daughter of the

Titan Atlas. Since the offspring of the Titans were disrespectful criminals, just like

their forefathers, Zeus decided to eliminate their breed, a decision that was hailed

also by the other Gods.

When Prometheus learned about the Gods’ decision, he advised his son Deuca-

lion and Deucalion’s wife, on how to save themselves, since they were devout and

just. Thus, Deucalion constructed a vessel and, along with his wife Pyrrha, daughter

of Epimetheus (Prometheus’ brother), and others, locked themselves in it. Zeus sent

so much rain that most places in Greece were flooded and all the people and animals

perished except a few who found refuge on high mountains. It is said that during

this time, the mountains of Thessaly, Olympus, and Ossa (Fig. 5) were separated

(Apollodorus, A, 7) and the Tempi valley was formed by the floodwaters that

overflooded the Pinios River. Finally, after 9 days of suffering, Deucalion ended

up on Parnassus Mt., at a small plateau above Delphi, known nowadays as “Livadi.”

According to the Parian Chronicle (dated around 264–263 B.C.), Deucalion’s
flood must have taken place at 1529 B.C. If this dating is correct, then the flood

must have occurred during the transition between Meso and Late Helladic period.

3.2.2 Ogygis Flood

Ogygis or Ogygos was the name of the first indigenous king of Boeotia and Attica

and their most ancient inhabitants. In Attica, he was considered the son of Gaia,

while others believed that he was the son of Poseidon or Boeotos because, at the

same time, he also reigned in Thebes. It is said that, during Ogygis’ reign over

Attica, the first flooding of Greece took place, which devastated mainly Attica and

Boeotia. Regarding the dating of this flood there are several theories that place it

between 1796 and 2136 B.C., without excluding the possibility that it occurred

much earlier, i.e., between 12,500 and 14,500 BP [5].
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3.2.3 Dardanus Flood: A Geomythological, Physical, and Geological

Dating Approach

In fact, there are two myth versions related to two floods with the name Dardanus

flood. The first is the one which took place in Arcadia (Central Peloponnese),

whereas the second one on the island of Samothrace. In both cases the protagonist

is Dardanus.

1st Version: Dardanus Flood of Arcadia

According to the first version, which is supported by various authors and among

these Strabo [28] (64 Β.C.–ca. 23 A.D.), Dardanus was born in Arcadia. It is said

that Electra, the daughter of the titan Atlas, who, at that time, was the king of a part

of Arcadia, gave birth to two sons of Zeus, named Iasion and Dardanus, and a

daughter, Armonia (Harmony).

It is mentioned that during that time a cataclysm took place that had as a

consequence to inundate the plains of Arcadia, where a great number of hydrolog-

ically closed basins exist, that is great karstic surface sinking, known as poljes.

Because of the flood, all the residents had to move uphill to the mountains.

However, as the mountains could not cover the dietary needs of the people, only

the son of Dardanus, Dimas, with some of the residents remained in Arcadia,

whereas Dardanus and Iasion, with the rest of the residents left and moved to the

island of Samothrace.

2nd Version: SAMOTHRACE: Dardanus Flood and the First Flooding

of Black Sea

Beyond the version of the flooding that occurred in Arcadia during the Dardanus

epoch, Diodorus Siculus (90–30 B.C.) mentions another flooding event, in which

Dardanus was involved. Diodorus Siculus describes this flood in such detail, that

there is no doubt about the event and the affected region. The following text comes

from the most important work of Diodorus Siculus, known as “Historical Library

[27].”

. . .And the Samothrace people are telling a story according which in their area a great

cataclysm occurred earlier than the cataclysms in other nations. This flood occurred

because initially the Cyanean Rocks opened where the Symplegades were estimated to

be located (the mouth towards Bosporus strait) (Fig. 3). The Hellespontus (Dardanelles

strait) followed. This occurred because the Euxinean Pontus (Black Sea) that till then was a

lake since the communication with the sea has ceased, it flooded by river waters that were

collected in it and as a result its level rose so much, that overflooded the Bosporus strait, and

flooded Propontis (Marmara Sea). And in its turn, because it overflooded the Hellespontus

reached the Aegean Sea and as a consequence a large coastal region was flooded, not only

in Asia but Samothrace as well. For this reason, the following years, fishermen were finding

stone capitals in their fishnets since cities were also flooded. At the same time residents that
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witnessed the flood in order to save their lives, run uphill to the higher altitude locations of

the island. As the sea level continued to rise the people prayed to the gods and were saved

while in memory of their salvation they delimited with rocks the island and founded altars

that made sacrifices that continue in our days. . .

From this text, it is obvious:

• That this flood is the most ancient one (“. . . a great cataclysm occurred earlier

than the cataclysms in other nations. . .”).
• The water came from the Black Sea.
• This happened because the outlet of the Cyanean Rocks (¼outlet to Bosporus)

opened, and
• Because the sea level of the Euxinenan Pontus (Black Sea) rose. This caused the

overflow and the flooding of Bosporus. The water then overflowed the Propontis
(Marmara Sea) then the Dardanelles and finally the water overflowed the

Aegean Sea, part of which was a land (Fig. 3).

• The overflow of the Black Sea resulted “. . . by the river water which flow into

it. . .”

From this amazing, revealing, and scientifically interesting story of Diodorus

Siculus [27], we can extract a geomythological interpretation of what is mentioned.

Thus, it appears that: (1) During the prehistoric times, and for a certain time period,

the communication between the Aegean and the Black Sea must have ceased

(Table 1 and Fig. 3). This cessation must have happened when the sea level in the

Black Sea and the Aegean Sea was lower compared to the highest level of the

bottom of Bosporus and Dardanelles. (2) The present-day Bosporus and Darda-

nelles straits were valleys, obviously drained by a river.

Fig. 3 Palaeogeographic evolution of the North-Eastern Aegean Sea during the last 18,000 years,

caused by the sea-level changes (18,000 BP coastline: cyan area. 12,000 BP coastline: blue area.
5,500 BP – Present coastline)

Ancient Greece and Water: Climatic Changes, Extreme Events, Water Management. . . 11



Physical and Geological Dating of the Samothrace Flood

One of the most important questions rising from the study of Diodorus’ text is
whether it is possible to verify this story. In other words, is this cataclysm actually

the oldest of all mentioned in world mythologies?

Despite the purpose of several projects which applied the state-of-the-art geo-

logical techniques of sediment analysis, seismic profiles and dating of the samples

which were taken from drill cores in different points and different depths from the

Black Sea [7–11], the occurrence, timing and direction of possible flood events

from the Aegean to the Black Sea and vice versa since the last glacial maximum is

still debatable [8, 12–15]. However, scientists agree that during the oldest flood

melt water moved from the Black Sea towards the Aegean Sea [12, 15].

In order to date the Samothrace flood, a method named “physical-geological

dating method” [16] has been used. To apply this method, we need to know:

1. The climatic changes of the last 18,000 years (Fig. 1).

2. The way the sea level changed in the Aegean and the Mediterranean Sea during

the last 18,000 years (Figs. 3 and 4, and Table 1).

3. The changes of the water quantities and those of the landscape, such as:

a. The hydrographic systems (rivers) that flow into the Black Sea.

b. The sea bottom relief of Bosprorus straits, Sea of Marmara (Propontis), and

that of the Dardanelles straits (Hellespontus).

c. The coastal changes in the wider area around Samothrace Island and the

north-eastern Aegean Sea, due to the climatic–eustatic changes.

Table 1 The approximate

global sea level during the last

18,000 years, due to the

glacio-eustatic

movements [6]

Approximate global sea-level

7,500–6,800 BP � �10 m

9,000–6,800 BP � �15 m

9,400–7,300 BP � �20 m

9,800–7,700 BP � �25 m

10,200–8,200 BP � �30 m

11,300–8,500 BP � �35 m

10,000–9,000 BP � �40 m

11,400–10,000 BP � �45 m

12,200–11,400 BP � �49 m

13,000–12,200 BP � �52 m

13,500–13,000 BP � �57 m

13,800–13,500 BP � �61 m

14,000–13.800 BP � �67 m

14,700–14,000 BP � �73 m

15,000–14,700 BP � �94 m

16,000–15,000 BP � �100 m

18,000–16,000 BP � �115 m

18,000 BP � �125/�150 m
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The reasoning for the dating of the Samothrace flood, taking into account all the

aforementioned, is as follows: Since the present sea level and consequently the

hydraulic regime between the Black Sea and the Aegean Sea was finalized during

the Climatic Optimum of the Holocene, which happened about 6,000 years ago,

then the flood of the Aegean by the freshwater of the Black Sea must have taken

place before this period. This is the necessary preposition, in order for the fresh-

waters to arrive to the Aegean Sea from the Black Sea, as the sea level of the

Aegean should have been lower, compared to that of the Black Sea. Consequently,

the first partial conclusion, and at the same time the first dating approach, is that the

flood mentioned by Diodorus must have happened earlier than 6,000 BP. But how

much earlier?

As mentioned above, in order for the water to flow from the Black Sea to the

Aegean Sea, it is necessary not only for the Aegean Sea level to be lower than the

present-day one, but also for it to be lower than the highest area of the Bosporus

bottom, i.e., the area that formed a morphological swell, i.e., a “natural barrier,”

which blocked the hydraulic communication between the Black Sea and the Sea of

Marmara at first, and then between the latter and the Dardanelles straits. The

present-day minimum depth of the Bosporus bottom at the location of this natural

barrier is about 35 m. Consequently, if we accept that the morphological relief of

the Bosporus seafloor has not changed dramatically during the last ca. 10,000 years,

in order for the water to flow from the Black Sea into Bosporus and then to the

Marmara Sea, the Black Sea level should have been slightly higher compared to the

above-mentioned depth (35 m) and, at the same time, the Aegean Sea level should
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have been lower than the present-day one (lower than 35–40 m). This is a necessary

condition since, if the global sea level was slightly higher than 35 m, then a

hydraulic regime similar to the present-day would have been established, as the

water from the Aegean Sea could flow to the Black Sea. Based on the data of the

curves in Fig. 4 and Table 1, it can be proposed that the Aegean Sea level was at this

point at about 11,000 BP. But this seems difficult to have happened, since the Earth

had just come out of the Younger Dryas (12,500–11,400 BP) cool stadium, and as

mentioned previously, the sea level at the Black Sea should have been lower than

the Bosporus bottom ridge.

If we further accept that: (1) the Mediterranean sea level follows the changes of

the global sea level, (2) the results from the studies carried out by Demek and Kukla

[17], which have shown that around 8,000 BP, a dry climate dominated central

Europe and consequently the yield of the rivers flowing into the Black Sea should

have been significantly less than those of the previous periods, (3) the confirmation

that, during the time period between the Younger Dryas period till 7,600 BP, the

communication between the Black Sea and Aegean had ceased, (4) the highest

sea-level at the Black and Caspian Seas was observed during the period before the

cool period (stadial) of Younger Dryas, it emerges that the Samothrace flood, as

described by Diodorus, and more specifically its first stage, should have happened

earlier than 12,500 BP. But how much earlier?

Based on the temperature curve (Fig. 1), the rise of the sea level in the Black Sea

should have started right after 18,000 BP, as soon as the increase of the global

temperature and the melting of the continental glaciers. It is estimated that the sea

level of the Black Sea could not have reached the highest point before 14,500 B.P.

So, the Samothrace flood must have happened somewhere between 14,500 and

12,500 BP. This is in agreement with other scientific evidence [5, 15, 18, 19]. Con-

sequently, the description of Diodorus Siculus for the approximate time period of

this event seems to be correct. This means that the flood is, by many thousand years,

older than the most popular cataclysms, such as that of Noah and Deucalion and

many others.

When exactly the water flow from the Black Sea to the Aegean ceased is not

possible to determine, but it is certain that at the beginning of the Younger Dryas

glacial stadial, the hydraulic communication should have ceased, because the sea

level in the Euxenean Pontus dropped so much, that the overflow over the “subma-

rine barrier” of the Bosporus bottom was not possible.

If the findings of the physical–geological research that has been carried out till

our days will not be revised from future studies, then these results are fascinating

and change many views related to the ancient Greek civilization and prove that

Greek Mythology is not a nice fairytale, a fiction of imagination of the ancient

Greeks, but it represents the very old history of the inhabitants of this land which,

many thousands of years later, was named Hellas (Greece).
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4 Water Management in Ancient Greece

4.1 The Prehistoric Hydraulic Works

During the second millennium B.C., in the Hellenic region, many hydraulic and

land reclamation works were carried out, such as drainage and flood prevention

works constructed mainly during the Mycenaean period (1600–1180 B.C.). How-

ever, it is possible that many of these works may potentially date earlier than the

Mycenaean period. The most famous works were constructed by the Minyans,

mainly in the regions of Kopais, Aitoloakarnania, Argolis, Thessaly, and Arcadia.

Figure 5 presents a map of Greece showing the locations mentioned in the text.

4.1.1 Hydraulic Works of the Minyans: The First Hydraulic

Civilization in Europe

The Drainage Works in Kopais Basin (Boeotia)

The Minyans were a Protohellenic or Pelasgian tribe from Thessaly, which came

to Boeotia and started to drain the ancient lake of Kopais, around sixteenth century

B.C., whereas other archaeologists believe that all these works started long before

the twentieth century B.C.

The Kopais basin represents a seismically active, neotectonic graben, formed by

composite and continuous geological processes such as active tectonics (faults) and

erosion of the carbonate rocks (karstification), which explains the large caves at its

margins. It is a rather large polje. Two main rivers, amongst many other minor

streams, meet in Kopais basin: the Boeotian Kifissos and the Melas Rivers. Today,

the mean annual discharge of the Boeotian Kifissos River is estimated to be

200 million m3. The Melas River carries the water of the karstic springs of Hariton

(Orchomenos) and has a mean annual discharge of 80 million m3. All this water

quantity was discharged in the Kopais basin, which was transformed to a lake since

it didn’t have surface drainage and comprised a hydrologically closed system.

Nowadays, this drainage is taking place through many minor draining troughs

and a major one that transports water to Yliki Lake.

After Knauss [20, 21], “. . .the technical installations constructed and operated

by the Minyans in the MH (2050 – 1550 B.C.) and LHIII period (� 1300 B.C.) in

order to reclaim land from lake Kopais must be characterised as extraordinary and

ingenious, fully justifying the claim for the “first hydraulic civilization in Europe”.

In fact, to drain the lake of Kopais, the Minyans started to gradually construct

several flood prevention embankments and soil dams around the sixteenth century

B.C. At the northern margin of the basin, they constructed a draining canal (Fig. 6)

with a total length of 27 km. This canal, which was initiating from the city of

Orchomenos, gathered the waters from Boeotian Kifissos and Melas rivers. The

location of the diversion of the Boeotian Kifissos River towards Melas River must

Ancient Greece and Water: Climatic Changes, Extreme Events, Water Management. . . 15



have been in Orchomenos area. They had constructed a 3–4 m high earth embank-

ment. It was 35 m wide at the base and around 30 m at the top, with a 100%

impermeable core made of clay material. The core was reinforced by a less

permeable casing, whereas the whole earth construction was covered by rock

blocks, to avoid the erosion by water flow. They had also sealed the bottom of

the canal. The canal water was transported to the northeastern margin of the basin

and from there, through the large cave at Neo Kokkino (Fig. 7), known as “Heracles

cave,” it drained into the North Euboic Gulf. The most important feature, from a

technical point of view, is that the water level within the canal was 1.5–2 m higher

in relation to the bottom of the drained lake in which the Minyans began to

Fig. 5 Map of Greece with locations of prehistoric hydraulic works and myths
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construct their towns. The canal was used for flood prevention, irrigation, and

transportation [20, 21].

According to the Greek Mythology, Heracles from Thebes (Thivae) demolished

a rock from the ceiling of the great cave-sinkhole of Neo Kokkino, a city next

to Kopais basin, in order to destroy the anti-flooding works of Minyans, resulting to

the sealing of the entrance and the destruction of the embankments due to

overflowing. In this way, the Kopais basin turned back to a lake.

Fig. 6 The canal constructed by the Minyans during the Mycenaean period

Fig. 7 The entrance of the “Cave of Heracles” at Neo Kokkino
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The Drainage Works in Arcadic Orchomenos

Three physical–geographical terrain types exist in Arcadia (Central Peloponnesus),

i.e., the mountainous region, the flat land, and the coastal area. The flat land

represents the known Arcadic plateau, which is composed of various drainage

basins, the largest of which is the Tripolis plateau. Other smaller, similar basins

are Stymfalia and Feneos. From a geological point of view, the Arcadic plateau is

made of mainly intensely karstified carbonates. In many cases, the water is drained

through sinkholes and from there to the karstic springs of Lerni, Kroi, Kiveri, and

others, mainly near the coasts of Argolis. Each spring has its own history and myths.

The basins of the Arcadic plateau are closed hydrological systems. As a result,

many regions are being flooded for shorter or longer time periods. For the people to

utilize this land, they had to find ways and techniques, not only to drain these areas

in order to cultivate them, but also at the same time to use the water for irrigation.

This is the reason why the prehistoric inhabitants of Arcadia constructed dams in

every basin.

The prehistoric settlement of Arcadic Orchomenos was founded at the foot of the

Acropolis, while during historic times the city was moved on a low mountain,

where the most important monuments (Agora, Theater, etc.) are also situated. At the

plain area, artificial constructions for drainage and for the rearrangement of river-

beds during prehistoric and later times have been identified (Fig. 8).

Fig. 8 The prehistoric hydraulic works of the Minyans, on the slopes of the artificial trench, which

may constitute watermill installations. In the background is the big Kandela polje – the Lower

Field of Pausanias – where a dam and a reservoir have also been constructed. The road in the

background has been constructed on the prehistoric earth dam
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The Hydraulic Knowledge of the Minyans

As it is concluded from the study of the remains of hydraulic works, 4,000–

3,500 years ago, the Minyans must have possessed good scientific and technical-

geological knowledge. They had the knowledge of modern hydraulic engineers,

hydrogeologists, etc., otherwise it would not have been possible for the embank-

ment to be maintained until today.

They must have been familiar with:

• The behavior of the karstic formations (voids, caves, etc.)

• The flooding charges of rivers and overflowing mitigation.

• The rocks’ and soils’ physical and mechanical properties (permeability, cohe-

sion, etc).

• The topographical methods, to estimate the gradient and the velocity of water,

for the flow to be linear and not turbulent.

• The calculation of the dip, the slope stability, as well as the methods of erosion

protection.

• The stratification and compaction of the soil.

• Knowledge of management and organization of large worksites.

4.1.2 Water Management in the Minoan Era

The urbanization in the Aegean and the Peri-Aegean area is very old, while

freshwater resources are scarce in this area. This was the main reason to develop

water resources management technologies, such as wells, groundwater hydrology,

aqueducts, and cisterns [22, 23]. The best examples are the public works in Crete

(Fig. 9), where the urbanization started as early as the Bronze Age (ca. 3500–

2000 B.C.). Apparently, the knowledge of the hydraulic engineers of this very old

time must have been very high. It is remarkable that the Minoans knew the use of

siphon and the principle of the communicating vessels. The remains of their water

installations are proof of the quality of their work since many closed pipes of that

time were so flawless, that they are still in operation.

4.2 Hydraulic Works in the City of Athens

The city of Athens has a long history, whereas the urbanization had already started

during the prehistoric times. To cover the freshwater needs of the city, the

Athenians constructed many wells. Nevertheless, as the water demand was contin-

uously increasing, they started to construct aqueducts, to transport freshwater from

springs, located far from the ancient city (Fig. 10). The following are examples of

some of these.
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Fig. 9 Well (a) and cistern (b) from Zakros Minoan palace (eastern Crete)
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4.2.1 The Pelasgian Aqueduct

It is the most ancient one. It must have been constructed long before the times of

Heracles and Theseus, i.e., before the thirteenth century B.C. Its route began

probably from the area of present-day Kaisariani and it was ending in the pass

between the hills of Acropolis and Philopappos. The water would have come from

the springs located on the NW flanks of Hymettus, the mountain to the east of

Athens plateau.

4.2.2 The Aqueduct of Theseus

Theseus, who is considered the first king of Athens, lived in the beginning of the

thirteenth century B.C., i.e., during the Mycenaean Times. He coexisted with

Fig. 10 Topography map of the Athens area, showing the trace of both the Peisitratian

(ΠΕIΣIΣΤΡΑΤΕIΟ) (orange line) and Adrianeion (ΑΔΡΕIΑΝΕIΟ) (green line) Aqueducts
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Heracles, but he was a bit younger. The water in Theseus aqueduct came from the

springs located on the west side of Parnitha Mt.

4.2.3 The Aqueduct of Peisistratus

Based on the laws of Solon and the growing needs of the city of Athens due to the

increase of population and living standards, Peisistratus (approx. 600–527 B.C.), a

ruler – tyrant of Athens, constructed a great aqueduct between 540 and 530 B.C.

The Peisitratian Aqueduct is still functional, more than 2,500 years later. The water

originates from the springs of Hymettus Mt., located east of the Pelasgian aqueduct.

Later, a great number of smaller aqueducts were constructed, to cover the needs of

various parts of the growing city.

4.2.4 The Aqueduct of Adrianus (Adrianian Aqueduct)

In 117 A.D., Adrianus was crowned emperor of Rome. He is considered a bene-

factor of Greeks because of the many public works he had constructed in Athens, in

Arcadia, in Corinth, and elsewhere. One of the most important ones was an

aqueduct, named after him, the “Adrianian Aqueduct.” Its construction begun in

125 A.D. and finished in 140 A.D. Adrianus never saw it completed, since he died

in 138 A.D. The “Adrianian Aqueduct” supplied Athens with water for about

1,800 years. Its water came from springs located between the mountains of Parnitha

and Penteli.

4.3 Solon’s Water Supply Laws

Because of the lack of precipitation in Eastern Greece (where Athens is located) and

the Cycladic islands (400–600 mm/year), besides the constructed technical works,

laws were voted in order to protect and manage water resources. They were the laws

of Solon (640–560 B.C.) and those of Plato (428–347 B.C.). Solon’s “water supply”
laws regulated the citizens’ rights on water well use and the distance between water
wells and their depth. According to these laws, a special service was established,

as well as a special “water law enforcement” body comprising the following

institutions:

1. The “Hydrognomon,” that is the “water inspector,”

2. The “Crenophylax,” the “fountains guard,”

3. The “Commissary of the fountains,” who was elected, and was responsible for

the city’s policies on water supply. It is worth mentioning that Themistocles was

elected in this honorary position before the naval battle of Salamis.
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4. The “Agronomist,” who was responsible for the maintenance and the irrigation

of the fields, as well as for the safe keeping of the forests, and

5. The “Hydronomeus” who was responsible for the water allocation.

5 Heracles and Water

Heracles, the son of Zeus and Alcmene, the wife of Amphitryon, who was the King

of Thebes, is perhaps the most famous mythical hero worldwide. In modern times,

Heracles gives the impression of a heavily built man with muscles, a tough man

dealing mainly with wild mythical creatures. This wrong impression of the hero is

directly linked to the erroneous view that the Greek Mythology is a figment of

imagination of the ancient Greeks.

Heracles is known mainly for his twelve labors. Beyond these labors, Heracles

was also involved in other “heroic” acts – myths, mainly far away from Greece,

e.g., in Hyperborea (far to the north of Thrace) and near the Polar area (after

Plutarch). From the 12 labors, 6 were realized in Peloponnesus, 2 in the geograph-

ical region of Thrace and Caucasus, 1 in Crete, and 2 in Western Europe and NW

Africa.

Regarding the topics of the labors, many of those as well as the lesser-known

works of Heracles are related to greater and smaller interventions to the hydrolog-

ical and hydrogeological regime. Such myths are those related to the Lernean

Hydra, the Stymphalian birds and the Augean stables, the destruction of the flood

prevention works of the Minyans in Kopais basin, the battle of the river Acheloos,

and others. Additionally, the labor referring to the Nemean Lion is said to be related

to the adjustment of the surface waters in the broader area of Nemea and the

homonymous river.

5.1 Heracles and the Lernean Hydra

The myth of the extinguishing of the Lernean Hydra, which is the 2nd labor of

Heracles, is one, which confirms the direct connection between the hydrogeological

conditions of Lerna area and the myth.

A repulsive, snake-formed beast, named Lernean Hydra, used to live in the

region of Argos (NE Peloponnesos), near the Lake Lerna. It had an enormous

serpentine body, ending at several snaky tresses, with a head at each edge.

The beast’s breath was poisonous and often Lernean Hydra would spit out fire

while, even asleep, it used to destroy everything in the Argolic plain, including

crops, trees, animals, and even people.

Τhe myth of Heracles and Lernean Hydra could be interpreted through the

hydrogeological conditions of the karstic springs system of Lerni [24], if we take

into account the following:
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• The area of Lerni is located a few kilometers south of Argos whereas, not far

from it, two other karstic spring systems exist, that is the Kefalari spring to the

north and the submarine spring of Anavalos, by Kiveri village to the south.

• The springs’ altitude: The present altitudes of the springs vary. Specifically,

Kefalari spring are at 24 m above the present sea level; Lerni springs are at 0.50–

1.0 m a.s.l., while the group of Anavalos springs discharge under the present sea

level, at a depth exceeding �5 m.

• The spring yield: The spring yield varies annually and seasonally, as naturally

expected. So, in 1965, the mean annual yield of Kefalari spring was ffi80 � 106

m3/year, the yield of the main Lerni spring wasffi60� 106 m3/year, whereas that

of Anavalos springs was approx. 100 � 106 m3/year.

• Despite the fact that the mean annual discharge at Lerni spring is relatively lower

than the Kefalari one, dry up of the central spring has never been observed. The

myth says that the “central head” of the Lernean Hydra was immortal.

• At Lerni, the discharge occurs at several points.

The number of points, from where the karstic aquifer is being discharged, as it is

expected, differs and depends on three factors: (1) the season of the year, (2) the

mean annual height of the atmospheric precipitation in the mountainous region of

Arkadia and Korinthia provinces, and (3) the interval of the climatic period

(whether the possible wet year is of 100, 500, or even 2,000 years returning period).

In this way, one may interpret the number of heads of Hydra as the different

points of discharge of the karstic aquifer, which, as stated before, varies according

to the existing climatic conditions during a longer or a shorter climatic period.

According to what has been described, it is obvious that the myth of Lernean

Hydra and Heracles is directly linked with the prehistoric and the present day

hydrogeological conditions of Lerni springs.

The myth informs us on two more actions of Heracles and on a skill of Hydra,

that is:

• Heracles faced Hydra with a sword, a cudgel, or stones, and

• When a head was cut, two new ones were sprout.

Heracles trying to exterminate Lernean Hydra started by decapitating, one by

one, the beast’s heads. The decapitation of each head which, in our opinion,

represents a spring’s discharge at a karstic point may become possible by the

placement of a rock at the point where the water discharges, in order to prevent

its exit or to force it to follow another route. It is well known, among geologists, that

the karstified rock body, through which the underground water circulates on its way

to the spring, represents a complex system of underground, intercommunicating

erosion pipes or ducts. In addition, the tectonic discontinuities, even if the

karstification is not very intense, are also permeable. So, if someone places a rock

in front of the mouth of a karstic spring, the water will come out from two other or

more points. That is the reason why in the place of a Hydra’s head that Heracles cut,
two others would sprout.
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Concerning the sword, Heracles should have been using it in order to cut the

thick vegetation that usually exists in front of a spring (swamp). Despite the fact

that enormous quantities of water are pumped today by several drillings constructed

in the area, it is easy to perceive that the vegetation of this hydrobiotope of

prehistoric Lerni should have been quite rich, probably richer than that of the

present period, especially during the period of the climatic optimum, when the

sea level was higher than today. Heracles probably used the cudgel in order to

smash the limestone at the spring mouth and Iolaus used the sickle in order to cut

the vegetation and facilitate Heracles’way to the karstic springs, that is the heads or
the central head.

5.2 The Struggle of Heracles with Acheloos River

The myth mentions that Heracles visited the Aetoloakarnania province in Western

Greece, after an invitation from Aetolians, in order to settle their issues with the

Akarnans people, created by the changes that Acheloos River was causing on

the riverbanks. At this point, it should be mentioned that the Acheloos River

represented the borderline between them. During these times, Oeneus, the king of

Calydon had a beautiful and dynamic daughter, Deianeira. River god Acheloos was
in love with her. Acheloos had the ability to transform himself. He could transform

to a dragon, a bull (Fig. 11a), or a reptile (Fig. 11b). These transformations had

scared Deianeira.

When Heracles arrived, she fell in love with him and they decided to get married.

Deianeira told Acheloos that she did not want him and then Acheloos challenged

Heracles to a fight. In Fig. 11a, b the fight of Heracles with Acheloos is depicted.

Heracles grabbed the bull from the head and cut one horn. In Fig. 11a, b, the reptile

body of Acheloos can be seen, the head with the horns and the cut horn, which is

called the “Amalthea’s horn.” If we relate the geomorphological characteristics of

the river delta and the banks (Fig. 11c), we can see that the two figures match.

The Amalthea’s horn is related to prosperity and wealth. In this case, it is known
that the isolated lobes of river meanders are more fertile than the surrounding areas.

What really happened in reality? Essentially, Heracles, constructing various

hydraulic–geotechnical works on the riverbed, managed to accelerate the water

flow in the Acheloos delta and turned away the water in order to avoid flooding, in

order to create healthy conditions (minimize stagnant waters). Where do the works

start? They start at the “head.” Where is the “head” of a long river? It is the delta.

Heracles didn’t carry out works at the upper river course since this part of the

river was not causing issues between the Akarnans and the Aetolians. The problems

existed in the lower parts of the river, in the delta region, where the riverbanks – for

various reasons – were changing frequently causing problems to the societies of

those times. In the Acheloos case, the myth is directly associated with the

geo-environmental changes.
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6 The Rivers in the Greek Mythology

6.1 Mythological Characteristics of the Rivers

According to the Greek Theogony, which was composed by the great poet Hesiod,
rivers were “born” by the couple of Titans known as Oceanus and Tethys. These

Titans gave birth to over three thousand rivers and to an equal number of Oceanides

(sea nymphs, Fig. 12, fourth generation of Gods).

In order to honour the river gods, great artists had created many statues. Statues

devoted to Kifissos River (Athens and Boeotia), Ilissos (Athens), Maiandros

(Asia Minor), Alfeios and its tributary Kladeos (Peloponnese, Olympia), etc. The

Acheloos River, for example, is depicted with a body of a bull and a human face

(Fig. 11a), while at the southern end of the eastern pediment at the temple of Zeus

in Olympia, Alfeios and Kladeos rivers are depicted as humans at the northern

pediment. At the Parthenon pediment, there are human-like representations of the

Kifissos and Ilissos Rivers.

Fig. 11 (a, b) Representation of the struggle between Acheloos and Heracles, (c) geological map

of the Acheloos river delta area and the cut-off meanders formed during the evolution of the delta
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Some of the mythological characteristics of the rivers are the following:

• The rivers were considered as the Patriarchs of their regions, whereas, during

puberty, the youngsters were dedicating their long hair.

• Most rivers are children of Titans Ocean and Tethys. Several exceptions exist,

for example, river Evrotas that runs through the Sparta basin (Laconia,

S. Peloponnesus). This exception is related to the special characteristics of the

physical–geological evolution of Sparta basin.

• Another common characteristic is that they had the names of kings. For example,

Inachos in Argolis, Acheloos in Aetoloakarnania, Maiandros in Ionia (Asia

Minor), etc., whereas their name changed more than once, e.g., Acheloos was

initially named Thoas, then Axenos, and then Thestios. Nile’s name changed

from Egypt and Maiandros to Anevainon, etc.

• Nowadays, rivers are considered sacred in India (e.g., the Ganges River).

• It is worth noting that since Homeric times, they refer to underground karstic

rivers as well. There, the souls were going through a transition stage till the

return to the surface. Such rivers are Acheron, Cocytus, Pyriphlegethon, and

Styx that Plato refers to as a lake.

• Rivers are considered as the spawners of many islands or kings that gave their

name to islands. For example, the Asopos River is mentioned as the spawner of

Euboea, Aegina, Salamis, and other islands. The Acheloos River is considered

the spawner of the Echinades islands, and Nile of Egypt.

The reason for the latter correlation is related either to the sea level changes due

to climatic changes, probably because it was generally accepted that rivers are

responsible for the rise of the sea level, or for the Delta development as in the case

of the Nile (the part of the river in the Lower Egypt that developed after the

Holocene Climatic Optimum). This belief, of course, is not scientifically valid.

Today, we are aware that the sea-level rise is due to climatic–eustatic movements

that relate to the glacier meltdown.

1st Generation

2nd Generation

3rd Generation

4th Generation

Pontus Graeae Ladon Mounta
-ins

Gorgons Uranus

Erebus Night Eros Gaea Tartarus

Uranus’ blood Echidne Typhon

Chimaera Orthus

Giants
MeliaeErinnyes

Tethys OceanusCronus

Ekatogheires Cyclopes Titans

Rhea

Leto

Poseidon Hera Demeter Hestia Hades Zeus

3000
Rivers

3000
Oceanids

(Asopus, Nile, Inachus, etc.)

Asterie

Crius CoeusPhoebeHyperionTheiaThemis Clymene lapetus

Lion of Nemea Sphinx

CerberusHydra

Chaos

Fig. 12 The genealogy of the first four generations of Greek Gods, according to Hesiod
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6.2 The Deification of Rivers

Rivers are the only physical geographical systems that have been deified. It is also

remarkable that neither the Mountains nor Pontus (the oceans), the other large

physical geographical systems, which belong to the 2nd generation, had been

deified. Rivers have defined the cultural process of human societies, especially

not only those who lived in the Aegean and Peri-Aegean regions, but also those who

lived in regions surrounding the Eastern Mediterranean and the Black Sea. This is

the reason that Greek Mythology also refers to rivers, which are located beyond the

Greek territory like the Nile, Istrus (Danube), Eridanus, Borysthenes (Dnieper),

Tanais (Don), and/or at the Hyperboreans Land.

In order to approach the rivers deification issue and attempt to answer this

fundamental question, the following must be taken into account:

1. Residents were mainly choosing the deltas or the river banks and, in particular,

the higher river terraces for their settlement, which were formed in the past and

therefore provided safety in case of floods.

2. The deltas are not stable physical-geographical systems.

3. Water quantities and sediment supply were fluctuating, causing disasters with

many casualties. It has been observed that even small climatic changes can cause

major changes in riparian zones (e.g., [25]).

However, for us to comprehend the essential reasons, we must become more

familiar with the periods that followed the beginning of the interglacial period that

were the most important for the rivers’ evolution. Therefore, according to what is

known so far, it seems that three periods can be identified.

The first period extends from 18,000 BP up until right before 12,500 BP, that is,

just before the start of the Younger Dryas cold stage (see Fig. 1, practically between

15,000 and 12,500 BP). The main reason for this is related to the fact that during

that period a rapid rise in temperature occurred, which resulted at the rapid glaciers

meltdown. In the greater Circum–Aegean region, this meltdown is related to the

glaciers of the mountainous regions. Additionally, the rise in temperature was

followed by an increase of rainfalls. Therefore, the residents who lived in the

riparian zones, the river terraces, banks, and palaeo-deltas must have suffered

from floods, cataclysms, and sediment supply deposits responsible for extensive

disasters and casualties.

The second period starts with the end of the “Younger Dryas Period” (12,500–

11,400 BP) and extends till the 6,000 BP, i.e., approximately until the start of the

Holocene Climatic Optimum. During that period, the main physical–geological

change is the rise of the sea level which had the following two major consequences:

(a) the continuous flooding of the old Deltas (which was completed till 18,000 BP)

and (b) the continuous formation of new islands due to climatic–eustatic move-

ments and the inundation of the coastal areas of the older, greater palaeo-islands.
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The third period, that starts at 6,000 BP and continues up to our days, is

characterized by the stabilization of the sea level, the start of new Delta formations,

and their gradual development.

Therefore, the question that arises is when and in which of these three periods the

deification of rivers occurred. It is my personal belief that as the first period, i.e.,

18,000–12,500 BP, is the most significant one then the deification of rivers must

have occurred at that time. This view is also supported by the fact that many

descriptions of the Greek Mythology refer to the same period, with the most

representative myth being that of Acheloos River and the creation of the Echinades

Islands at the Ionian Sea, between Kefalonia Island and continental Greece.
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Natural Processes Versus Human Impacts

During the Last Century: A Case Study

of the Aliakmon River Delta

Michael Styllas

Abstract The Aliakmon River flows down from the northwestern mountains of

Greece and is one of the largest fluvial systems in the Greek territory. Basin climate

and geology favour the high rates of sediment production and transport and, conse-

quently, the formation of an extensive (9.2% of basin area) bird-foot Holocene delta.

Three phases (A, B and C) of human impacts over the past 90 years have caused

pronounced changes on the natural evolution of the delta. During Phases A and B, a

50% increase of deltaic sedimentation rates in relation to Holocene pre-anthropogenic

rates and an enrichment of deltaic deposits with heavy minerals occurred. Phase C,

characterised by damming, increasing agricultural and industrial activities and popu-

lation growth, resulted in 90% decrease in sedimentation rates compared to Phase B, a

regulated hydrological regime with high electrical conductivity and nutrient concen-

trations of surface water, enhanced erosion of river channel and deltaic deposits and

degradation of habitats along the lower Aliakmon River delta. Future climate scenar-

ios and increasing environmental pressures are not compatible with current water use

strategy and, given the vulnerability of the system (reservoirs and delta) to projected

climate trends, stress for a new strategic natural resource management plan.

Keywords Aliakmon River, Deltaic sedimentation, Human impact, Natural

resource management, Water quality
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1 Introduction

River deltas are linked to the evolution of many civilisations since the Stone Age. In

many cases, coastlines have been formed by the interaction between fluvial and

marine processes, while deltaic plains are the areas where agriculture was initially

established. Since the early Bronze Age, when Sumerian, Babylonian and Assyrian

empires evolved in the lower Tigris–Euphrates River, river deltas have been re-

claimed and modified by humans. A detailed understanding of the local biogeo-

chemical processes driving deltaic formation and evolution is essential in assessing

the extent and magnitude of human impacts as well as in order to provide estimates

of natural resource availability and proper future planning.

The Aliakmon River, which is the second largest fluvial system exclusively laying

in Greece, exhibits a strategic status in terms of water resource and deltaic plain

management. It is a mountainous river originating in northwestern Greece, discharg-

ing water and sediment into the Thermaikos Gulf (Fig. 1). Since the 1930s, different

types of human impacts have disturbed its deltaic natural evolution, thus turning the

lower Aliakmon River from natural to a human-controlled system with adverse con-

sequences on water and sediment regimes.

The natural evolution of the Aliakmon River delta during the last century is

presented here through estimates of selected quality and quantity parameters for

water and sediment. A number of anthropogenic modifications on the watershed

and delta for the past 90 years are cited. Natural (unregulated) fluvial water and

sediment discharge estimates are derived through numerical modelling, as data se-

quences do not extend prior to 1925, when the river is considered to be undisturbed.

On the contrary, the effects of anthropogenic pressures on water and sediment

budgets are described by means of sample analyses, as the river lacks a monitoring

network. Comparison of specific parameters between natural and disturbed periods

provides useful conclusions about the present-day functionality of the lower course
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of the Aliakmon River delta. The present study aims in providing a comprehensive

review of the current environmental status and also of the environmental threats of

Aliakmon River delta under climate change scenarios. The work presented here is

considered as the basis that will comprise a useful tool for the political initiatives

and future planning of Greece’s most important fluvial system.

2 Thermaikos Basin

2.1 Geological Evolution and Sedimentary Depositional
Regime

The Thermaikos basin is strongly related with the geological evolution of Aliakmon

River basin. The thickness of Cenozoic deposits in the Thessaloniki–Giannitsa plain

Fig. 1 General setting of the study area with all geographical elements cited in the study. A:

Aliakmon River watershed with major subbasins (total area, 6,100 km2). B: Peripheral Canal

watershed with major subbasins (added to Aliakmon River basin in the 1930s, following Phase A

of human interventions; total area, 2,223 km2). C: Pieria subbasins (contribute water and sediment

to Aliakmon River delta during the Holocene; total area, 453 km2). D: Aliakmon River Holocene

delta (defined from satellite elevation and topographical data and geomorphological land obser-

vations; total area, 567 km2). Total drainage area of A, B, C and D sums to 9,343 km2, the present-

day surface area of Aliakmon River basin. E: Aliakmon River Holocene delta apex (the river’s exit
to the valley). F: Asomata reservoir. G: Sfikia reservoir. H: Polyfyto reservoir. J: Agios Ilarionas

dam. K: Junction of Aliakmon River with Peripheral Canal. The Neolithic settlement of Nea

Nikomedeia and the capital of Macedonian Empire Pella are also shown
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and the Thermaikos Gulf is 3,000 m [1]. Within the Thermaikos basin, the existence

of molasses and lignite layers indicates the changing nature of depositional envi-

ronments during the first cycle of basin subsidence, which is dated between Upper

Oligocene and Lower Miocene [2]. The early Neogene phase of the Thermaikos

basin subsidence is related to the opening of the Aegean back-arc basin that resulted

from the southward retreat of the Hellenic subduction zone [3]. From Middle to

Upper Miocene, the Thermaikos basin entered a period of sea-level regression that

was characterised by extensive formation of red oxidised soil layers. A second phase

of tectonic subsidence and deposition of lacustrine and shallow-marine sediments

began in Early Pliocene. Continuous faulting along basin margins associated with the

dextral motion of the western end of North Anatolian Fault [4] resulted to the de-

position of volcanic tuffs of trachyandesite (felsic) composition [2].

Between Pliocene and Pleistocene, the basin entered another period of sea-level

regression due to intense uplift that resulted in thermal spring activity and deposi-

tion of travertines along the basin margins. During the Pleistocene and the Holo-

cene, sediment transport regime from the marginal rivers towards Thermaikos basin

was mainly defined from eustatic and isostatic movements.

2.2 Oceanographic Setting

The Thermaikos Gulf (Fig. 1) is a semi-enclosed embayment at the NW part of the

Aegean Sea. The oceanography of the gulf is characterised by low-energy wind,

wave and tide regimes. Prevailing winds generally blow from north-northwestern

directions, their velocities exceeding 15 m/s less than 1% of the year [5]. During the

winter, northerly wind outbreaks of gale force (with velocities of 20 m/s) known as

‘Vardaris’ are funnelled to the gulf mainly through the river valley of the Axios

River, resulting in abrupt surface water temperature lowering and cyclonic circu-

lation pattern along the western coast of the gulf. Northern winds tend to be weaker

and less frequent during the summer months [6].

Mean annual significant wave height is less than 0.5 m, and significant wave

heights exceeding 3 m have been recorded at a frequency of 1%. Tidal range across

the gulf varies between 30 cm at mean spring tides and 5 cm at mean neap tides

[5]. In this relatively calm and tideless environment, the formation of the Aliakmon

delta has been largely determined by the interaction between water/sediment dis-

charge and wave action, the wave power not exceeding 30 W/m2 with maxima ob-

served between mid-spring and mid-autumn [7] coinciding with the period of low

water and sediment discharge of the Aliakmon River.
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3 Aliakmon River Watershed and Delta: Physical

Characteristics

3.1 Basin Geology

The Aliakmon River originates on the northeastern side of the Pindus Range in

continental Greece. The river’s basin has a wave-shaped form and a surface area

of 6,100 km2 at the exit to the plain of Thessaloniki–Giannitsa (Fig. 1, E). The high-

est altitude of Aliakmon River watershed is located on the summit of Grammos

Mountain (2,520 m.a.s.l.). Average drainage basin elevation is 836 m.a.s.l. with 32%

of the total basin area being confined between 600 and 800 m.a.s.l., while average

relief ratio is 1.7 10�2 [8].

The Aliakmon River length is 310 km along which the river drains four geotec-

tonic zones, each of them corresponding to a different paleogeographical setting.

Processes, such as uplift, erosion and intrabasin deposition during two major cycles

(2.1), have created a variable basin lithological composition: felsic rocks 14.5%,

mafic rocks 9.2%, volcanic rocks 0%, carbonates 15.7%, flysch–molasse 29.6% and

Neogene and Quaternary sediments 31% [9].

The first erosion–deposition cycle took place during the Tertiary (Upper Oligo-

cene and Lower Miocene) and resulted in excessive intrabasin and down-valley

deposition of Neogene terrestrial, fluvial and lacustrine deposits. The second cycle

of erosion is placed along the Pliocene–Pleistocene boundary and resulted in the

incision of the Aliakmon gorge and the formation of the river’s deltaic plain that

was gradually silted up during the Quaternary.

3.2 Basin Climate

The Aliakmon River basin climate is characterised as ‘continental’ along its main

watershed becoming ‘Mediterranean’ towards the deltaic plain [7]. Annual average

values of main hydrological parameters demonstrate a west-east gradient. Higher val-

ues to the west result from the orographic effect of Pindus Range to the wet fronts

arriving from the Adriatic Sea, gradually decreasing towards the eastern part of the

watershed.

Data collected between 1963 and 1999 in the Agios Ilarionas dam (Fig. 1, J), a

location representing 82% (5,005 km2) of basin area (Fig. 1, A), provide annu-

al average values of precipitation 764 mm, air temperature 12.2�C, evaporation
and transpiration 435.4 mm (representing 56.2% of precipitation) and total runoff

339.4 mm/y representing the remaining 43.8% of total annual precipitation [10],

while the entire watershed precipitation and temperature annual averages are 750 mm

and 16.5�C, respectively [11].
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3.3 River Discharge

Limited measurements at the river exit to the valley during 1930s indicate mean

annual discharge values of 95 m3/s [12], whereas hydrological model output esti-

mates spanning a 40-year period (1960–2000) data reanalysis from the entire basin

provide a better estimated mean annual discharge of 70.6 m3/s [10], with minimum

and maximum average monthly discharge values ranging between 21 and 137 m3/s,

respectively [11]. Measured discharge values at the river mouth during the 1997–

1998 METROMED project [13] averaged 34 m3/s, illustrating the effects of anthro-

pogenic impacts on river Aliakmon’s discharge. During periods characterised by

rain on snow events, the Aliakmon River has exhibited discharge values higher than

3,200 m3/s, resulting to frequent flooding of the lowlands since the ancient times [12].

Spectral analyses of monthly precipitation and discharge suggest that river dis-

charge annual distribution peaks occur during the winter months (December–March)

in contrast to double peaks of precipitation maxima occurring during October–

December and April–June, respectively (Fig. 2). This discrepancy is explained by

the high infiltration rates that result from basin lithology (75% of Aliakmon basin

formations are either soft sediments or carbonates), from sparse vegetation and basin

climate, with dry summers characterised by high evaporation rates (56% of total

Fig. 2 Time series of (a) precipitation and (b) discharge monthly average values of Aliakmon

River at Agios Ilarionas (Fig. 1, J) gauging station and (c, d) their associated spectra
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precipitation) and thick unsaturated soils (high denudation). Such hydrological condi-

tions require large amounts of precipitated water to provide adequate surface runoff

during the autumn rain period, resulting to delay of the high discharge period. Increased

discharge values are observed at the end of the autumn rain period (December) peak-

ing during early spring (March), the maxima explained by snowmelting, rain on snow

events and saturated soils.

The chemistry of Aliakmon River surface water is determined by basin climate and

basin lithology as both factors control the type of weathering. The geochemical signal

of river water is dominated by calcium (Ca2+ 38.5 mg/l), magnesium (Mg2+ 31.3 mg/l),

silica (SiO2 11.4 mg/l) and chloride (Cl� 5.6 mg/l) contents. While the main portion of

major ions is related to weathering of recent (Neogene and Quaternary) sediments,

magnesium and silica are also derived from mafic rock weathering [9, 14].

3.4 Deltaic Stratigraphy

In sequence stratigraphic terms, the Holocene delta of Aliakmon River is divided into

three systems tracts: (1) LST, a low-stand systems tract of variable thickness, com-

posed of fluvial gravels and sands (alluvial fan) of the Late Pleistocene, as well as from

red oxidised clays (alluvial plain); (2) TST, a relatively thin (2–8 m) transgressive

systems tract composed of fluvial channel sands, overlain by a thin transgressive sand

bed of coastal origin, characterised by fining upward (FU) grain-size trends that in-

dicate a phase of sea-level transgression; and (3) HST, high-stand systems tracts (5–

35 m), constituted by a variety of stratigraphic units, stacking patterns and depositional

environments (fluvial channel, levee channel, coastal lagoon, marsh, delta front and

floodplain); characterised by coarsening upward (CU) sequences, representing both

aggradational (sea-level rise rate ¼ sedimentation rate) and progradational (sea-level

rise rate < sedimentation rate) facies; and dominated by the presence of three distinct

progradational wedges associated with climatic (high sedimentation rates) and/or eu-

static (still stands, tectonic uplift) oscillations [15].

The estimated volume of Holocene deltaic deposits derived from the underground

mapping of TST and HST from drill profiles by using a measured (100 samples)

average-specific weight value of γ ¼ 1.49 g/cm3 is 26.3 � 109 m3.

3.5 Deltaic Sedimentation

For the purposes of the current study, natural deltaic sedimentation rates have been

estimated by the following methods: (1) From application of an empirical power

law function on annual water and sediment discharge data measured by the Greek

Public Power Corporation at the Agios Ilarionas dam (Fig. 1, J) and extended by

linear interpolation to cover the entire drainage basin (Fig. 1, A + C + D). The results

suggest average annual estimates at the present-day river mouth of 6.75 � 106 t/y.
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(2) From estimates of Aliakmon Holocene delta (Fig. 1, D) accommodation space

derived from drill data that penetrated the Pleistocene–Holocene boundary (Sect. 3.4).

Drill data suggest average sedimentation rates of 2.5 m/ky in agreement with the find-

ings of [8] that employed geophysical methods and estimated the bottomset and fore-

set deposition to be 0.5 and 3.0 m/ky, respectively. Such sediment accumulation rate

values, together with the underground mapping of the Holocene (10 ky BP) lower

boundary, marked by transgressive systems track deposits (Sect. 3.4), provide an av-

erage annual Holocene sedimentation rate of 6.52� 106 t/y. (3) From estimates of the

Holocene deltaic sequence thickness at the Aliakmon River mouth, derived from

seismic profiling and quantification of shoreline and bathymetric changes from dig-

itised hydrographic maps between 1850 and 1916, a period lacking substantial human

impacts on watersheds and delta. This method provided natural sediment discharge

values at the present-day mouth of 6.63 � 106 t/y [16]. All three methods are in

general agreement suggesting that average natural sediment discharge of Aliakmon

River at its present-day mouth is 6.6 � 106 t/y. The relatively high annual sediment

yields of 462 t/km2/y [8], combined with high flood discharge values (Sect. 3.3) and

low wave energy (Sect. 2.2), have resulted to the formation of a bird-foot delta during

the Holocene, still evident from high-resolution topographic data (Fig. 3).

The geochemical composition of Aliakmon River deltaic sediments is defined by

weathering processes on the watershed and biochemical processes that follow sedi-

ment deposition in a variety of environments along the delta. On average, Aliakmon

River deltaic sediments contain low organicmatter concentrations (2.4%), while high-

er concentrations (5%) are observed within lagoonal and marsh environments [15].

Fig. 3 Digital elevation data (SRTM 90) superimposed on satellite imagery (LANDSAT 97)

illustrating the Holocene delta of Aliakmon River with its most prominent morphological features

and human impacts. Extensive cut-off of the river’s meander zone was realised in the 1930s for

flood control. Abandoned channels, former lobes and the bird-foot shape of the Holocene delta are

also evident
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Calcium carbonate (CaCO3) average concentration is 13% and reflects basin lithol-

ogy and/or biological activity confined within delta marshes and back barrier lagoons,

while observed down-core increase of CaCO3 is attributed either to a decalcification

process that results from a transient drop of pore water pH or to temporal decrease of

biological activity.

Deltaic sediment sand fraction is rich in minerals containing silica (quartz 48.5%),

calcium (epidote 13.8%, augite 2% and plagioclase 1.6%), magnesium (hornblende

5.8%) and potassium (muscovite 7.4%, feldspar 3.7%). Considerable amounts of un-

derdetermined rock fragments (11.5%) and traces of biogenic silica (2.15%) are al-

so present [1]. Clay mineralogy of river Aliakmon deltaic deposits is dominated by

chlorite and kaolinite (up to 30%) that result from mechanical weathering of mafic

rock formations, while smectite is more abundant in offshore (Thermaikos Gulf)

locations [11].

3.6 Deltaic Evolution

The Aliakmon River delta plain has an area of 567 km2. Holocene delta morphol-

ogy derived from elevation and sedimentological data analyses is partitioned in three

major units: The delta apex (12.5–30 m.a.s.l.) covering an area of 88.2 km2 (15%)

is registered as morphological Unit A and characterised by coarse-grained deposits

(boulders, gravel and sand). Morphological Unit B is made up of sandy deposits of

various origins (delta front, river channel, channel levee and floodplain) and covers

an area of 151.8 km2 (26%), its elevation bounded between 2.5 and 12.5 m.a.s.l.,

while morphological Unit C is characterised by fine-grained sediments, covers the

majority (59%) of the Holocene delta surface (348 km2) and is bounded between the

0 and 2.5 m.a.s.l. elevation contours (Fig. 3).

The subaqueous part (delta front and prodelta) of Aliakmon River modern delta

interfingers with the prodeltas of the closely located Axios River and other minor

rivers (Gallikos, Loudias), extending almost 50 km to the southeast and characterised

by smooth gradients. Altogether, this complex system covers an area of 51,000 km2

of the Thermaikos Gulf continental shelf, down to a depth of 200 m.b.s.l. [17].

The stratigraphy and morphology of the Aliakmon River delta are indicative of a

mountainous river, characterised by high sediment transport rates and a rapid grow-

ing delta. The delta’s central lobe rapid progradation that followed the stabilisation of
sea level during mid-Holocene is partly responsible for the siltation and abandonment

of the ancient harbour of Pella (Fig. 1) at 2,350 y BP [18]. Late Holocene stages of

deltaic evolution still evident in aerial and satellite photos and topographic maps are

characterised by delta progradation, flooding, lobe switching, frequent abandonment

of active channels, high sinuosity meandering and avulsion of the main channel to the

southeast, a result of the interplay between climatic, oceanographic and tectonic forc-

ing. Further studies are required to define the later evolution stages of Aliakmon

River delta.
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4 Human Impacts on the Aliakmon River

Human presence along the western part of Aliakmon river delta dates back to the early

Neolithic, in a settlement close to the present-day village of Nea Nikomedeia [19]. The

excavated Neolithic settlement is considered as the oldest farming village in Greece

[20]. Except farming, other interventions on the natural evolution of the Aliakmon

River had not been realised until the beginning of the twentieth century.Major political

events in 1922 resulted to the migration of more than 150,000 Greek refugees from

Asia Minor to Northern Greece, forcing the Greek government to reclaim the plain of

Thessaloniki–Giannitsa by means of hydraulic works along the channels of the main

rivers, both for social health condition improvement and for the initiation of systematic

agriculture in the area. Based on their timing, expanse and type, human impacts along

the Aliakmon River watershed and delta are divided into three major phases.

4.1 Phase A (1925–1934)

The primary goal of the ‘Reclamation Project of Thessaloniki–Giannitsa Plain’ was
the drainage of swamps and lakes through canalisation of rivers and streams drain-

ing the eastern (Mount Vermion) part and discharged directly onto the plain. These

rivers were canalised along their lower courses as their water and sediment loads

were diverted into a trapezoidal concrete drainage channel, the Peripheral Canal

(Fig. 3), which was constructed between 1925 and 1930. The Peripheral Canal joins

the Aliakmon River approximately 40 km upstream of its present-day mouth (Figs. 1

and 3, K). Along with drainage of floodplains, artificial levees were constructed to

prevent flooding, thus protecting the newly established agricultural areas. In the case

of the Aliakmon River, an artificial levee 38.5 km long and 6 m high was constructed

along the left (north) bank of the channel and resulted to the cut-off of the river’s
meander zone (Fig. 3).

In contrast to the Aliakmon channel length reduction, the addition of the Periph-

eral Canal basin resulted to a drainage area increase of 2,223 km2 but of different

lithological composition (felsic rocks 4.9%, mafic rocks 12.3%, volcanic rocks 9.6%,

carbonates 34.5%, flysch–molasse 8.1%, Neogene and Quaternary sediments 23.7%)

most notably marked by the presence of Almopia volcanics.

4.2 Phase B (1934–1974)

Following drainage and protection of delta plain from flooding, reclamation of the

land and initiation of systematic agriculture, the need for an irrigation network became

apparent. Even though small-scale interventions never stopped after the termination of

Phase A, it was not until the mid-1950s that the second phase of human impacts was
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more evident in the area. Hydraulic works included the construction of a diversion

dam and water reservoir at the exit of the Aliakmon River gorge (Fig. 3) as well as of

an extensive irrigation network (started in 1963 and completed in 1988) along the

river’s deltaic plain. The irrigation network expands beyond the boundaries of the

Aliakmon River Holocene delta spanning an area of 774 km2, nearly 70% of which is

supplied with water from Aliakmon River [21].

In addition to the irrigation network, numerous roads and artificial sea walls along

the coastal zone were constructed. The construction of the latter took place due to the

continuous subsidence of the drained areas, a result of prodelta fine-grained deposit

compaction. Even though Phase B had no direct impact on deltaic sedimentation and

water quality, it did raise water demand issues and the need for additional human

interventions that affected the evolution of the Aliakmon delta.

4.3 Phase C (1974–Today)

The fact that 95% of Axios River watershed belongs to FYROM and the amount of

water reaching Greece and its delta is regulated from the neighbouring country

raised the issue of the construction of a succession of hydroelectric dams along the

Aliakmon River. The Greek government decided to construct the first of the four

reservoirs in Polyfyto (Fig. 1, H). Construction began in 1970 and operation of the

hydroelectric power plant (HEP) in 1974. In addition to Polyfyto (reservoir capac-

ity, 1.937 � 106 m3) HEP, two more HEPs were completed in 1985, the HEPs of

Sfikia (Fig. 1, G; reservoir capacity, 103 � 106 m3) and Asomata (Fig. 1, F; re-

servoir capacity, 53 � 106 m3), the three of them covering a total area of 81 km2

[22]. At present, the fourth HEP of Agios Ilarionas (reservoir capacity, 520� 106 m3)

has started to operate, while the Greek Ministry of Environment, Energy and Climate

Change and the Public Power Corporation are opting to construct additional minor

reservoirs for electrical power generation and irrigation needs.

The construction of dams divided the river into two parts: upper Aliakmon (up-

stream of the dams) and lower Aliakmon (downstream of the dams). Phase C was also

characterised by significant increases of fertiliser and pesticide use and urban and

industrial activities (fruit and vegetable canning units) along the Peripheral Canal and

by sandmining for highway construction, all leading to significant landscape and func-

tionality changes of Aliakmon fluvial system.

5 From a Natural to a Human-Controlled System

The three phases of human impacts on river Aliakmonwatershed and delta have had a

direct impact on deltaic evolution. Despite the fact that Aliakmon is one of Greece’s
most important fluvial systems, it is lacking a thorough description of its present-day

condition. The man-caused alterations of sedimentary and water regimes associated
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with these impacts stress for an accurate account of the human impact effects on the

delta.

5.1 Effects on Water Regime

Isolation of lower Aliakmon from its headwaters and water regulation caused by

damming, together with an increase of population and industrial activities in the

vicinity of Peripheral Canal, had a significant impact on the Aliakmon River flow

regime and ecological quality. The upper part of the river transports water, sedi-

ment and pollutants (domestic effluents and fertilisers) into the Polyfyto reservoir.

The estimated annual organic load of the lake is 2,000 tonnes (BOD units), ap-

proximately 80% of which is transported by the Aliakmon River [23]. The Sfikia

and Asomata reservoirs receive water from the Polyfyto reservoir but are largely

unaffected and free of any sources of pollution, as indicated from the application of

ecological monitoring (benthic macroinvertebrate abundance, BMWP taxa and val-

ues of biotic scores) at downstream locations from the Asomata reservoir [24].

The lower part of the Aliakmon River, below the reservoir of Asomata, flows

through its Holocene channel belt bounded by an artificial levee along its left bank

(Sect. 4.1). Released water discharge is considerably lower than natural, as indicated

by the comparison of modelled and released discharge data at the Asomata reservoir

between 1986 and 1999 (Fig. 4a), together with a shift of the high discharge period

from spring to summer (Fig. 4b). On a daily basis, the Aliakmon River flow had been

largely controlled by the operational needs of Asomata HEP and irrigation needs,

hydrologically expressed as daily freshwater pulses [6]. This phenomenon ceased in

2008 with the construction of an additional reservoir downstream of Asomata HEP,

which regulates a steady flow for the Aliakmon River with minimal discharge of

4.5 m3/s (Aliakmon River Hydro Group – PPC, personal communication).

Aliakmon River water geochemical composition close to its present-day mouth

[25] differs from the river’s upper part (Sect. 3.3). Calcium concentrations are higher

by a factor of 2 (Ca2+ 66 mg/l), an increase explained by the fact that the watershed

between the Polyfyto and Asomata reservoirs is composed of carbonate rocks. Mag-

nesium concentrations are similar to the upper part (Mg2+ 29 mg/l), while increased

chloride concentrations result from polluted water (urban sewage) transferred to the

lower Aliakmon River through the Polyfyto reservoir (Cl� 34 mg/l at the exit of

Asomata reservoir) and Peripheral Canal (Cl� 40 mg/l close to the river mouth). As a

result, electrical conductivity of the Aliakmon River surface water along its lower

course exceeds the EU-suggested levels (250 mS) for drinking water (EU Council

Directive for Drinking Water 80/778/EC).

The intersection of Aliakmon River with Peripheral Canal (Figs. 1 and 3, K)

comprises a significant point of water quality degradation. Water of ‘poor’ quality
from Peripheral Canal [24], which receives substantial loads of effluents and other

compounds from urban (sewage and detergents), agricultural (fertilisers and pes-

ticides) and industrial (fruit and vegetable cannery) sources, is transported to the
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Aliakmon River. During low-flow season (September 1995), the Peripheral Ca-

nal nutrient (NO2-N, NO3-N and PO4-N) concentrations exceeded EU levels. A

strong seasonal signal of the Aliakmon River water quality deterioration close to its

mouth is evident during summer and autumn months, associated with the intensi-

fication of agricultural and industrial activities as well as the abstraction of water

for irrigation [24].

In the absence of a monitoring network, nutrient long-term trends, as derived from

sparse data mainly referring to the autumn (low discharge) season, indicate a remark-

able increase in total nitrates and phosphates and a subsequent degradation of the riv-

er’s water quality through time. During Phase B (1969), a sampling field campaign

highlighted the ‘excellent’ quality of Aliakmon and Axios Rivers’ surface waters [1].
Seventeen years later (1985), the Aristotle University of Thessaloniki (Civil Engineer-

ing Department) conducted a study concerning the ‘Water Quality of Thermaikos Bay’
and pointed out potential eutrophication issues for Aliakmon River surface waters as

total nitrate concentrations were considerably high (Table 1). Twenty years later, the

sampling during 2005 indicated total nitrate and phosphorus concentrations to be con-

siderably higher [25] than the previous decade.

Fig. 4 The effects of human impact on the Aliakmon River hydrological cycle. (a) Reduced

discharge at the river’s exit to the delta plain (Asomata HEP). (b) Temporal displacement of the

river’s high discharge period, a result of irrigation and electricity demand
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Increase in nitrate results from agricultural runoff and waste waters, as 1985 and

2005 values exceed EU values (NO3-N 5.6 mg/l) for drinking water (EU Council

Directive for Drinking Water 80/778/EC). Phosphorus was 6–12 times higher than

previous (1985, 1995) measurements, an increase probably attributed to fertilisers,

increase of industrial units along the Peripheral Canal and increase of population as

urban (household) pollution contributes large amounts of phosphorous into surface

water bodies.

Periods of high agricultural and industrial activity (summer–autumn) coincide with

periods of low discharge and are characterised by very low water quality [24, 25] with

immediate impacts on delta flora (degradation of riparian vegetation) and fauna (re-

duction of aquatic life habitats). As a consequence, the human-controlled lower thres-

hold of 4.5 m3/s appears inadequate to maintain the river’s purification capacity, so

locations close to the river mouth exceed EU levels for conductivity, nitrates and

phosphates. Poor environmental quality at the Aliakmon River mouth is expected

to have an immediate impact on local fishery and mussel farming units when 80%

of Greece’s mussel production units are located off the mouths of the Axios and

Aliakmon Rivers. Moreover, according to the Aliakmon Hydropower Group, the four

major HEPs on the Aliakmon River upper course account for an average of 4% of the

total generated electric power in Greece, while their reservoirs have a total capacity of

1.937 � 109 m3, the equivalent of the river’s annual natural discharge.
The main concern for the Aliakmon River delta rises from the ever-increasing

demand for water consumption. The Aliakmon River is the main water contributor for

the city of Thessaloniki with average annual water volume of 88.3� 106 m3. Annual

irrigation needs of more than 750 km2 of land across the plain of Thessaloniki–

Giannitsa require 520� 106 m3 of water. The Polyfyto reservoir contributes annually

35 � 106 m3 to irrigation needs in locations upstream of the reservoir, yet another

65 � 106 m3 is used for cooling four thermoelectric power plants located in close

proximity to the reservoir. In addition, the Aliakmon River lower part contributes

water for industrial needs with 32� 106 m3 annually, while 14� 106 m3 is the river’s
minimal annual discharge, less than 2% of the volume consumed for all other (ir-

rigation, industrial, drinking, etc.) needs combined. In the near future, the Aliakmon

River is planned to cover the irrigation needs of its right bank (south) agricultural area

(340 km2), to provide water to the Pella irrigation network (50 km2), while the annual

water transfer to the city of Thessaloniki calls for a rise up to 220 � 106 m3.

Despite sparse sampling and non-existing monitoring that prohibit quantitative

conclusions to be drawn, the evidence presented here undoubtedly shows that Phase C

Table 1 Long-term nutrient concentrations (mg/l) at the Aliakmon River delta

Date NO2-N NO3-N PO4-P

October 1985a 0.02 6.18 0.30

October 2005b 0.006 7.92 1.82
aAfter AUTH, Civil Engineering Department (1987)
bAfter Ilias et al. [25]
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has caused a significant deterioration of the Aliakmon River delta surface water qual-

ity and a considerable reduction of water discharge.

5.2 Effects on Sedimentary Regime

The primary impact of damming on deltaic regions is the reduction of sediment load to

the river mouth and coastline erosion. During Phases A, B and C, the Aliakmon River

delta underwent major hydrological (Sect. 5.1) and sedimentological changes. Phase

A resulted in the reduction of channel length by 20 km. The addition of the Peripher-

al Canal basin, together with channel straightening and the construction of artificial

levee, increased sediment transport to the delta. The Peripheral Canal natural sedi-

mentation rates are estimated between 2.32 and 3.14 � 106 t/y [10], while additional

in-channel load due to increased sediment transport capacity of the straightened

(higher flow velocities) and steeper (higher hydraulic gradient) channel is expected

to have reached the Aliakmon River mouth during Phases A and B. As a consequence,

delta progradation proceeded with faster (60 m/y for channel levees) than normal rates

[26] and led to the development of a new bird-foot delta (Fig. 5a, b). Average annual

Fig. 5 General review of human-induced changes on Aliakmon River Holocene delta’s morphol-

ogy and sedimentary regime during Phases A, B and C. (a) 1945 aerial photo. (b) 1960 aerial

photo. (c) 1979 aerial photo. (d) 2000 LANDSAT satellite image. (e) Natural (blue line) versus
human-induced (black line) average sediment discharge values at Aliakmon River mouth
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sediment discharge at the mouth of the Aliakmon River, between 1916 and 1956

(Phases A and B), has been estimated [16] at 9.9 � 106 t/y (Fig. 5e), a value in

agreement with the sum of estimated natural rates of the Aliakmon River (Sect. 3.5)

and Peripheral Canal.

Furthermore, the Peripheral Canal drainage basin contribution has altered the min-

eral composition of deltaic deposits with an observed enrichment in heavy minerals.

Measured values at the river mouth indicate high concentrations of Mn, Ni, Co and Cr

[27], most likely derived from the weathering of lateritic deposits within the Periph-

eral Canal basin (northeastern Vermion) [28]. In contrast, mineral compositions of

deltaic deposits from sediment cores provided no evidence of heavy mineral trans-

port from the upper Aliakmon River (3.5). Deltaic sediments are characterised by low

concentrations of Cu, Pb and Zn [7], a phenomenon linked to the lack of heavy in-

dustrial activities along its lower course.

Damming during Phase C caused a 90% reduction of deltaic sedimentation (es-

timated load 1.03� 106 t/y), compared to Phase B.More recent (1995–2000) estimates

of sediment discharge of the Aliakmon River mouth suggest even lower values of

0.1 � 106 t/y [29]. Consequently, human-induced changes on the sedimentary regime

had an immediate impact on the shoreline evolution of the Aliakmon delta, with

erosion of the northern part and subsequent siltation of the Methoni Bay (Fig. 5d).

In addition to human-induced alterations of the Aliakmon River sediment trans-

port regime, Phase C caused a pronounced change of channel and deltaic sediment

grain-size distributions. Enrichment of deltaic deposits with finer sediments resulted

from the reduction of coarse (fine gravel and sand) sediment availability and transport

capacity (low discharge).

6 Conclusions

The natural evolution of the Aliakmon River delta has been affected by human

activities since the Palaeolithic. During the past 90 years, there has been an intensi-

fication of anthropogenic pressures on the river’s watershed and delta along three

major phases. The former Phases A (1925–1934) and B (1934–1974) of human im-

pacts included a series of hydraulic works that aimed at flood interception, the

drainage of swamps and low-lying areas and the construction of an extensive irriga-

tion network. These works were necessary, initially for the hygiene of the newly

located immigrant populations and, to a further extent, for the economic development

of the area through initiation of systematic agriculture. During these phases, the

Aliakmon River delta experienced a 50% sediment transport increase in relation to

Holocene pre-anthropogenic rates, an enrichment of deltaic deposits with heavy min-

erals and higher than normal delta progradation rates. Water quality during this peri-

od was ‘excellent’ as population along the entire watershed was significantly lower,

agriculture was confined in smaller than present areas along the delta and the area was

lacking industrial units; a few units contributed to limited sources of surface water

pollution.
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Phase C marked the beginning of a heavily impacted period for the Aliakmon

River delta. Damming along the rivers’ upper course, population growth along its

lower part, use of fertilisers and pesticides for agricultural activities and establish-

ment of food and fruit cannery industrial units, coupled with the ever-increasing

demand for electrical power and water, have resulted in a human-controlled system

characterised by intense environmental pressures.

More specifically, during Phase C, the Aliakmon River delta experienced a re-

duction of water discharge towards the river mouth, an alteration of its hydrological

regime, a deterioration of its water quality characteristics and a 90% reduction of

sediment transport rates compared to Phase B. Reduced water discharge and the

interception of sediment transport from the river’s upper reaches have resulted to

enrichment of river channel and delta front deposits with finer sediments. Fine

sediments trap pollutants, enhancing river and seabed pollution, and are easily eroded

by waves and longshore currents. As a result, the Aliakmon River delta is currently

undergoing erosion and the shoreline is retreating (Fig. 5d). Immobilised material

from the Aliakmon River mouth and delta through the prevailing cyclonic circulation

is deposited in the Methoni Bay and other locations south of the river mouth,

enhancing siltation and degradation of proximal to delta beaches, on which major

touristic units have developed during Phase C. Also, the ever-increasing need for

water, for urban, industrial and agricultural use, along with increasing pollutants and

decreased water discharge in the vicinity of the Aliakmon River, has left very little

space for proper regulation of the ecological quality of lower Aliakmon and the

deltaic region. Water abstraction poses as a major threat to coastal aquifers, through

salinisation.

The future evolution of the entire Aliakmon River fluvial system is not restricted to

its lower course and delta but is of great importance to the broader region of Northern

Greece. More than two million people directly involved on primary and secondary

production and touristic sectors depend in many ways on the Aliakmon River water

and sediment resources. Various scenarios of future climate change have demon-

strated the vulnerability of the Aliakmon River human-controlled system to even

minor hydrological changes. Currently, as Greece is making significant efforts to

overcome the ongoing economic crisis, there appears a unique chance for the country

to look back to its own natural resources in a financially realistic and environmentally

sustainable way. By taking into account the findings of this review, the call for a new

realistic strategic plan concerning the future evolution of the Aliakmon River delta,

based on a long-term monitoring study, should be put into effect to prevent the

continuous degradation of this fragile and otherwise protected (RAMSAR, NATURA

2000) area and to open a new chapter in the economy of Northern Greece.
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The Biogeographic Characteristics of the River

Basins of Greece

Stamatis Zogaris and Alcibiades N. Economou

Abstract Biogeographic regionalizations provide frameworks for a holistic under-

standing of river basin areas and their inland water ecosystems. Here we employ the

freshwater ecoregion concept to outline biogeographic aspects of the aquatic and

semiaquatic biota and river ecosystems in Greece. Emphasis is given to freshwater

fishes which cannot readily disperse over mountain watershed barriers and marine

areas; they are utilized as primary biogeographic indicators. Although various

biogeographic regionalization maps are surveyed, the Freshwater Ecoregions of the

World (FEOW) initiative is adopted, and this review helps redefine certain recently

published ecoregional boundaries in Greece. Along with freshwater fishes, other

animal and plant distributions and knowledge of geological history and climatic

patterns help guide the boundary definition of eight freshwater ecoregions in Greece.

Gaps in knowledge concerning species distributions and taxonomy as well as the bio-

geographic understanding of each freshwater ecoregion are assessed.

Keywords Aquatic biota, Conservation, Freshwater biodiversity, Freshwater

ecoregions, Freshwater fishes
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1 Introduction

River basins are virtually “biogeographic islands” for freshwater biota. At a re-

gional spatial scale, large areas with aquatic ecosystems that share species assem-

blages can be described as “ecosystem regions” or ecoregions. Robert Bailey [1],

who championed in ecoregional cartography, defined ecoregions as “major ecosys-

tems” . . . “resulting from large-scale predictable patterns of solar radiation and

moisture that, in turn, affect the distribution of local ecosystems and their compo-

nent plant and animal species.” For the realm of inland water ecosystems, these

regional entities are appropriately termed freshwater ecoregions [2], and they have

become key geographical units for aquatic ecosystem inventories, monitoring, and

conservation planning in recent years [3]. Ecoregions are also important conceptual

frameworks to describe and evaluate a country’s biodiversity and natural aquatic

resources.

Ecoregional classifications have been widely used as a first-tier screening in pro-

cedures for classifying water resources, and they are also a key geographical cri-

terion for river typologies within Europe’s Water Framework Directive – WFD

2000/60/EC [4]. Many researchers have called for a hierarchical river classification,

where a regional or ecoregional typological criterion tops the standardized classi-

fication framework (e.g., [5, 6]) (Fig. 1). In 2008, a global assessment to delineate

the Earth’s freshwater ecoregions was promoted by conservation organizations [8, 9].

54 S. Zogaris and A.N. Economou



This project produced practical classification and regional delineation criteria and a

first baseline charting freshwater ecoregions on a global scale.

The Freshwater Ecoregions of the World (FEOW) project is primarily a fresh-

water biogeography scheme. It is guided by the influences of freshwater species’
phylogenetic history, paleogeography, and ecosystem distribution patterns in order

to delineate regions exhibiting relative homogeneity of aquatic ecosystem structure

[8]. This regionalization mainly utilized freshwater fish species distributions as pro-

xies for the distinctiveness of wholly aquatic biotic assemblages [3]. FEOW utilized

watershed lines and deep marine waters as criteria for boundaries, unlike the older

“terrestrial” ecoregional schemes which give overriding value to potential natural

vegetation and general physiographic and climatic characteristics [10–12]. Expert

judgment was important in making final boundary decisions and a prestigious panel

of biodiversity experts contributed to the freshwater ecoregion delineations [9].

Regionalization schemes such as ecoregion mapping show varying scales of

regional analysis. The freshwater ecoregional scale is definitely spatially restricted

relative to the much broader “biome” scale or the recently redefined “major zoo-

geographical region” scale [13]. For the smallest freshwater ecoregional units, it is

difficult to define a size limit; they usually extend for several hundreds of kilome-

ters and often include at least several dozens of more or less biotically similar river

basin areas (i.e., a simple rule of thumb being that “each basin is a state, each eco-

region a country”). However, in exceptional cases there are some rather small fresh-

water ecoregions, such as some very large tropical lake systems and large islands

which are characterized by millions of years of isolation and outstanding evolution-

ary divergence [2]. Greece, for example, is a country on a “biogeographic cross-

roads” where rather small ecoregions meet. The territory of Greece includes eight

freshwater ecoregional units, the largest number of ecoregions of any EU country

(Fig. 2).

In this chapter, we explore the biogeographic ecoregions that encompass Greece’s
river basin areas, and we survey and interpret the FEOW ecoregional delineations.

Controversy and disagreements on boundaries persist, and the issue of completing an

accurate ecoregional map for the freshwater realm is still in progress. After many

Fig. 1 Scales of river classification that are now part of policy-relevant river management, con-

servation planning, and monitoring; ecoregions or other biogeographical regions top the hierarchy

(adapted from [6] as presented in [7])
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years of working with the ecoregional framework at the Hellenic Centre for Marine

Research (HCMR), we propose specific boundary changes to the FEOWmap and we

document them, but this is not the place to do this exhaustively. Although we use the

relevant biogeographic literature and previous fish-based biogeographic analyses, we

do not dwell on describing the historical biogeography in detail (i.e., interpreting

biogeographic dispersal episodes or routes or the genesis of current biotic assem-

blages). The ultimate goal here is an introductory regional-scale review of freshwater

lotic ecosystems and their biota.

2 Previous Biogeographic Delineations

Due to its remarkable position among three continents and its diverse and fragment-

ed mountain chains and archipelagos, Greece has been a focus area for biogeogra-

phic research (e.g., [16, 17]). However, the overwhelming majority of research has

focused on terrestrial biogeography; terrestrial species of plants and animals on the

islands have dominated biogeographic work for long periods [18–20]. The Aegean

is one of the world’s hotspots for island biogeographic research, and many new theo-

retical and analytical approaches and interpretations have been produced in this area

[21–24]. This biogeographic research has also helped to integrate a huge body of

Fig. 2 The freshwater ecoregion delineations of Greece and the surrounding lands as developed

by the Conservation Science Program of World Wildlife Fund and The Nature Conservancy [9].

There are still disagreements among some of the boundaries; see text (numbers have been super-

imposed and correspond to Table 1). Map extracted from FEOW [9]
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literature from various research endeavors, including geology, paleontology, archeol-

ogy, climatology, botany, zoology, ecology, and conservation science. Biogeography

is particularly important for exploring systematics and taxonomy, especially in areas

where species have evolved in isolation or retained relic populations. As a result of

decades of biogeographic research, many disparate biogeographic maps have been

published, using very different indicator taxa groups (e.g., terrestrial invertebrates,

reptiles, the paleofauna, endemic terrestrial flora, potential natural vegetation, etc.).

Botanists have contributed significantly to biogeographic regionalizations in Greece.

Turrill [19] in 1929 was the first to divide the country into six phytogeographical

regions. Later, Rechinger (1943) [18] first addressed the phytogeographical peculiari-

ties of the Aegean and discovered the important biogeographic boundary along the

mid-Aegean trench, known now as “Rechinger’s line” – the biogeographic divide

between the European and Asian Aegean [17]. Ganiatsas [25] also produced a phyto-

geographical map based largely on Rechinger’s work (Fig. 3a). Some years later, Strid

[17] divided Greece into 13 phytogeographical regions, and this practical compart-

mentalization, also based on the previous phytogeographical regionalizations, has

remained unchallenged and is widely used today [27, 28].

The zoologists also charted biogeographic boundaries in Greece. Often these “zoo-

geographical maps” were exclusively for specific taxonomic groups, including on some

occasions freshwater aquatic and semiaquatic groups (Fig. 3b, c). Distributional knowl-

edge of the amazing array of arthropod diversity in Greek aquatic ecosystems is limited

in part because of the lack of local taxonomic specialists and the relatively late

beginning of taxonomic studies. It should be pointed out that by the late 1970s and

early 1980s, zoogeographic interest in Greece helped establish the International Con-

gress on Zoogeography of Greece and Adjacent Regions (ICZEGAR) first promoted by

Prof. I. Matsakis and by many “philhellene” European biologists who had been

collecting biological material throughout Greece. ICZEGAR is still a hive of develop-

ment for biogeography in Greece and the wider region [29].

Regarding aquatic animals, freshwater fishes dominate biogeographic research

in Greece. We owe a lot of baseline work to Prof. PS Economidis, an

Fig. 3 Important biogeographical delineations for various biotas: (a) Plants [25]; (b)Hydraenidae
beetles [26], and (c) major freshwater biota assemblage breakpoints (key barriers to dispersal)

mainly using fish distributions (this study); gray-colored areas in map (c) show areas where

intermittent and ephemeral stream flows dominate lotic waters, due to seasonally semiarid

conditions and geology (adapted from [7])
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intrepid explorer who collected and collaborated with many ichthyologists since the

late 1960s (e.g., [30, 31], and references therein). However, most modern fish-based

biogeographic maps are either rather repetitive or their boundaries vary with respect

to changing species taxonomies (nomenclatural changes) and species subsets uti-

lized in the analyses (e.g. [32–34]). Different spatial scales in the regionalizations

also influence biogeographic boundaries; broadscale applications necessarily create

unconventionally much larger and fewer regional units (e.g., the Europe-wide

analysis of Reyjol et al. [35]). In recent ichthyogeographic delineations, only the

most prominent boundaries resulting from the river basin fish assemblage classifi-

cation analyses are charted, and specific criteria for boundary setting are set [36, 37],

while more sophisticated quantitative methods are applied (e.g., [38, 39]).

Compared to fishes, there is limited work on other freshwater biota in Greece or

the neighboring Balkan and Asian countries. At the continental scale, with respect

to the European freshwater biota, spatially broad and rather crude freshwater bio-

geographic regional delineations were originally proposed by J. Illies [40] in his

multi-taxa freshwater zoogeographical compilation Limnofauna Europaea. How-
ever, Illies’s freshwater ecoregions have been seriously criticized and are now con-

sidered outdated and partially flawed [36]. Despite this dispute, Illies’ boundaries
were used for partitioning European ecoregions for Europe’s Water Framework

Directive [4] inland water typologies. One reason for the difficulty of producing

freshwater ecoregional maps has been the many varied and disparate distributional

patterns of very different “freshwater” biota; some taxa are wholly aquatic, large-

sized poor dispersers (such as mussels), while many are semiaquatic or can even

disperse terrestrially by flying across biogeographic barriers (i.e., many semiaquatic

insects). A major problem with aquatic invertebrate work is that inventories

and distributional surveys for many species are incomplete or poorly surveyed

[41, 42].

Biogeographic ecoregion regionalizations have thus encountered controversy; dif-

ferent spatial scales, statistical methods, and methodological delineation procedures

are used, and many biogeographic maps of the same area give quite different

boundaries. For example, Illies’s [40] biogeographic maps based on many animal

taxa were altered with different published editions and later politically relevant usage

within the WFD, i.e., using state borders instead of biogeographic characteristics

(Fig. 4).

Aquatic biogeographic cartographers look for common biotic breaks in species

distributions in order to chart regional boundaries. For example, the concept of faunal

break boundaries refers to specific boundary lines of rapid faunal change that are usually

associated with prominent long-standing geographical, geological, marine, and/or cli-

matic barriers to species dispersal, such as watershed lines; see Fig. 3c. Faunal break

boundaries are obviously scale dependent, and the degree of dissimilarity will vary

based on taxonomic groups used, their dispersal abilities, and several other parameters.

Misinterpretations or differing opinions easily get published [36].
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Finally, we should mention that regional syntheses based on terrestrial ecoregional

concepts are probably even more difficult to standardize than the freshwater biogeo-

graphic approaches, since even more parameters are introduced to the “ecoregional”

perspective [10, 43]. Since distributional patterns of many freshwater taxa and the

ecosystem processes that sustain them do not usually correspond well to terrestrial

ecoregion boundaries, we endorse the development of separate freshwater and ter-

restrial frameworks for conservation-based analyses [2].

Generally, modern terrestrial ecoregional maps vary among scientific teams and

subdisciplines, and this has sometimes created confusion [44]. A recent conservation-

relevant procedure focused on terrestrial ecoregions of the world [11, 45] using

potential natural vegetation categories and various species distributions among

other criteria (Fig. 5). The authors of this map do warn that “no single biogeographic

framework is optimal for all taxa and ecoregions reflect the best compromise for as

many taxa as possible” [11]; boundaries rarely form abrupt edges but are bound by

ecotones and mosaics. Our opinion is that this work is a gross generalization and does

not compare well with the diversity of other potential natural vegetation renditions in

Southeast Europe [46] or even traditional biogeoclimatic cartography [47] for the re-

gion. Olson et al.’s [11] global terrestrial ecoregional map was significantly revised

in some parts of the Earth’s surface (i.e., Arabian Peninsula) in its reissue in 2017

[45], but the ecoregional delineations in the Balkans remain unchanged. Nonetheless,

the conservation-relevant gap analyses using this map have produced a very useful

global conservation evaluation [45].

3 Geological Setting

Greece exhibits a unique geophysical diversity and a tumultuous geological history

in its 132,000 km2 area. It has over 3,000 islands, and if we include islets and rock

stacks, the number surpasses 7,800 islands and islets [48]. Greece is also a land of

Fig. 4 Gradual changes in the broadscale freshwater zoogeographic “ecoregions” of Illies’s
Limnofauna Europaea (the first two maps from the left, with published volume dates) and the

final ecoregion map used in the Water Framework Directive [4]. For ecoregion names, numbers
are provided in Table 1 (figure redrawn from [7])
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hundreds of peninsulas. Although only about 20% of the land area is made up of

islands and islets, there is a uniquely convoluted and incredibly long coastline with

hundreds of autonomous river basin areas. An overwhelming number of river basins

are very small; many small non-perennial streams and torrents dominate in the

islands, peninsulas, and dry coasts. In contrast, some sizable rivers, including large

transboundary basins, exist in the northwest and north. This globally unique geo-

graphical configuration is a result of the tectonically active geology of the southern

Balkans and its surrounding regions [49, 50].

The geological history of the Balkans and the Aegean region is complex, in-

volving dynamic tectonic action and long periods of orogenesis that created an e-

volving geographical scene effecting the distribution and diversity of the freshwater

biota. As outlined by Bănărescu [14] and Skoulikidis et al. [51], the following main

attributes seem to be the major geological events that produced such complex bio-

geographic patterns in the freshwater biota of the southern Balkans:

1. The existence of the former Tethys Sea (in the region between the current

Mediterranean-Danube Valley-Black Sea-Caspian Sea).

2. The orogenic upheaval of the Carpatho-Balkans separating the wider Tethys

into a southern (Mediterranean) and northern sector, the Paratethys, much of

which later formed large lakes or dried out.

Fig. 5 Segment of the terrestrial ecoregions of the world map by Dinerstein et al. [45]. Six eco-

regions are delineated in Greece’s territory: (1) Rhodope montane mixed forests, (2) Balkan mixed

forests, (3) Pindus mountains mixed forests, (4) Aegean and Western Turkey sclerophyllous and

mixed forests, (5) Illyrian deciduous forests, and (6) Crete Mediterranean forests. Extracted map

adapted from Dinerstein et al. [45]
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3. The orogenic upheaval of the long and narrow Pindus cordillera (an extension

of the Dinaric Alps) separating Greece and the Western Balkans into east-west

biogeographic sectors.

4. The existence of many ancient lakes, many derived from various parts of the

Tethys and Paratethys, which host many long-isolated endemic species.

5. Fluctuations of sea levels in the Adriatic enabling faunal exchange between Italy,

the Northern Adriatic and the Western Balkans.

6. The continental contact and separation between the southern part of the Balkans

and Anatolia: until the beginning of the Middle Miocene, the southern Balkans

and Asia Minor comprised a continuous composite landmass (Fig. 6a); this was

interrupted by the Aegean landmass subsidence during the late Miocene (Fig. 6b).

7. The existence of archipelagos due to remarkable tectonic diversity and volca-

nism in the Aegean, including the creation of a distinct southern island mass

(Crete) (Fig. 6c).

8. The desiccation of the Mediterranean at several periods, but especially during

the Messinian Salinity Crisis (from 5.96 to 5.33 MYA), which favored fresh-

water flows and connections among formerly disjunct river basins.

9. The Pleistocene glaciations which dropped eustatic sea levels down to approx-

imately 120 m and created connections among many river basins (Fig. 6d) but

also created climatically benign “refugia” in the southern coastal and lowland

parts of our area.

10. The gradual modification of river networks through repeated river captures (ri-

ver piracy in tectonically active areas) which blended the headwaters of rivers

and helped biota dispersal over previously impenetrable mountain watersheds.

4 Climate

The Mediterranean climate was established about 3.2 MYA [53], and during the

Holocene, most of the territories belonging to Greece have been typically Mediter-

ranean in climate. The Mediterranean climate is diverse, and there are important

variants that affect the water cycle, hydrological flow regimes in surface waters, and

the aquatic communities. Precipitation is irregularly distributed across Greece, rang-

ing from 1,300 mm annually in northwestern Greece (especially in the Tzoumerka

mountains) to 300 mm in the southeast coastal rain shadow areas [54]. The west

side of Greece, west of the Pindus mountain range, is much wetter and more humid

than the eastern part. In much of eastern continental Greece, rain shadow areas

create pockets of seasonally arid conditions with high evapotranspiration rates and

a long summer drought. These rain shadows create conditions where non-perennial

river systems dominate, since long-term droughts define the character of flow re-

gimes [55]. Hydrology and natural flow regimes vary remarkably among basins and

longitudinally along the river courses, depending on local climate and the geological,
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geomorphological, and topographical conditions. Due to the predominance of calcare-

ous geology in western and southern Greece, karstic springs are very important in pro-

viding steady flow regimes to relatively small rivers [51]. Spring-fed streams are

therefore quite incongruous “oases” and are often associated with geological patterns

and a steep mountain relief. In contrast, disturbance regimes such as flash floods and

severe droughts are also common, often even in small seasonally arid torrents.

Climatic research has shown that important aspects that affect lotic waters and their

biota in the Mediterranean are droughts, and a remarkable variability of precipitation

Fig. 6 Examples of paleogeographic change in Greece: landmasses in dark gray, lakes in white (the
present geography outlined within the images). (a) Middle Miocene 12MYA, with the Aegean being

a continual landmass; (b) late Miocene 8 MYA, first breakup of the Aegean; (c) Pliocene 3.5 MYA;

south Aegean arc islands including Cretan paleo-islands. (d) Middle Pleistocene 0.8 MYA; lowering

eustatic water levels during glacials reconnect islands, and many river basins merge. Selected map

depictions originally from Valakos et al. [52] and modified in Zogaris [7]
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pattern has been documented through the centuries [56]. It is certain that even before

the high-intensity water exploitation of modern times, there have been “epic

megadroughts” that may have had an important role to play in the locally

impoverished state of insular and peninsular aquatic faunas and floras. Finally, the

influence of anthropogenic water abstraction and climatic variability or recent climat-

ic change create mixed stresses on running water ecosystems, and it is often difficult

to interpret what is modified solely by human activities [57].

5 The Aquatic and Riparian Biota

The southern Balkans and Anatolia are famous as acting as biological refugia dur-

ing the past glacial periods, thus conserving many Eurasian aquatic and semiaquatic

species that were extirpated by climate change in much of temperate Europe. Iso-

lation and vicariance (i.e., the splitting of populations by barriers to dispersal) have

created conditions for the evolution of a large percentage of range-restricted spe-

cies, known as local endemics. Endemics can be defined to a geographical entity

(such as a region or the state’s political borders). One of the most outstanding at-

tributes of using biogeographic indicators is the identification of areas where these

range-restricted species concentrate. The territory of Greece has the highest percen-

tage of endemic fishes in the EU [58] and may equally be important as a center of

endemism for aquatic, semiaquatic invertebrates and aquatic species parasites as

well [59]. In contrast, many aquatic microorganisms are generally very widespread

(cyanobacteria, fungi, and microscopic plants) since they are dispersed by atmo-

spheric phenomena or larger animals [41]. Evidence of the cosmopolitan distribu-

tion of lentic planktonic organisms and other microscopic plants and animals has

been documented in Greece [38]. Biogeographic patterns can certainly be gathered

for interpretation purposes from reviewing a wide range of aquatic and semiaquatic

species distributions. Below we provide a summary of some well-known aquatic

species groups with notes on their usefulness as biogeographic indicators (Fig. 7).

5.1 Aquatic and Riparian Plants

Plant distributions and vegetation formations are informative for ecoregional cartog-

raphy [10]. In Greece, most botanists have focused on terrestrial species, terrestrial

vegetation, and particularly on the floral distribution patterns in the archipelagos and

mountains [60]. Aquatic plants were less interesting for early plant biologists and col-

lectors since most of the range-restricted species are actually dry-land species, often

inhabiting rocky outcrops, mountain cliffs, etc. In fact, Greece is a global center of

plant endemism for many such species groups: the country sustains 1,462 endemic plant

taxa (species and subspecies) which roughly amounts to 22% of its 6,600 documented

The Biogeographic Characteristics of the River Basins of Greece 63



taxa [27]. Most of the local endemics are in the southern part of Greece, the islands and

mountains [61, 62].

Unlike the “taxonomically attractive” local endemics, the aquatic and “water-loving”

(hydrophilous) plant species are geographically rather widespread. Many hydrophilous

plants are easily dispersed primarily by atmospheric phenomena, migratory birds, and

other animals. Recent reviews show a poor documentation of hydrophilous species (e.g.,

[27, 63, 64]). Some species distributions are poorly known because their aquatic and

wetland habitats have suffered much change in Greece during the last century, and the

smaller wetland habitats have been poorly surveyed [65, 66].

Since hydrophilous plants are particularly dependent on specific aquatic and hu-

mid habitat conditions, some species that are “intolerant” to drought (or the effects

of seasonal water scarcity) have become locally or regionally extirpated. Despite

their widely scattered distributions, some species groups, even such as the charo-

phytes (macroalgae in the family Characeae), include taxa that are said to have

localized distributions, and some are considered threatened [63]. Species that need

Fig. 7 Various animal taxa that provide biogeographic knowledge. (a) The Freshwater crab Potamon
pelops from the Peloponnese (Alpheios river); (b) unidentified unionid mussels from the Western

Aegean Ecoregion (Spercheios river); (c) endemicRhodeus meridionalis from theMacedonia-Thessaly

Ecoregion; (d) endemic Greek stickleback Pungitius hellenicus and a water snail (Theodoxus sp.) from
the Western Aegean Ecoregion; (e) terrestrial salamander, Lyciasalamandra luschani from the South-

ern Anatolian Ecoregion (Kastellorizo island). (Photos (a) I. Strachinis; (b) A. Christopoulos; (c, d)

S. Zogaris; (e) K. Sotiropoulos)
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deeper waters and stable lentic conditions in rivers, such as water lilies and water

chestnuts, for example, are scarce in the southern half of the Hellenic peninsula and

its islands; these are locally common in the larger river basins of the north and

northwest of the country. In fact, one of the few recent plant extinctions in Greece

includes a water plant, Stratiotes aloides (Hydrocharitaceae), which was used to be

found in north-central Greece [27]. It is unusual that only a very few hydrophilous

plants are featured in the Greek Red Data Book account of 2009 [28]. The Red Data

Book does, however, include some interesting and rare Mediterranean endemic

species such as Callitriche pulchra (Gavdos, Crete ecoregion) and the riparian orchid
Dactylorhiza pythagorae (Samos, Eastern Aegean Ecoregion), but information of

many important species and groups such as the charophytes is scant and poorly

inventoried and documented [63, 66]. Finally, the bibliography on river plants is very

limited for such a rich country in streams and the value of these plants as

bioindicators (e.g., [67]).

Riparian vegetation includes all wetland and riverside or lakeside vegetation that

is influenced by the adjacent water body. European assemblages are very similar to

the water plants in being rather widespread. However, there are several distinct ri-

parian plant communities with biogeographic characteristics defining particular pat-

terns especially in Southern Europe [68] and parts of Greece [69]. Interesting and

widespread riparian trees in Greece include the oriental plane (Platanus orientalis)
and bay laurel (Laurus nobilis); these are relics from the Tertiary period that have

long become extirpated from other parts of Southern Europe. Some very rare woody

plant assemblages exist that have high biodiversity and biogeographic interest. These

include river riparian stands of the oriental sweetgum Liquidambar orientalis on

Rhodes Island and the Cretan date palm Phoenix theophrasti, restricted to Crete and

Southwestern Anatolia. In Greece, a north-south gradient in species richness in river

riparian woody plants can be detected, with northernmontane assemblages beingmuch

richer in species than the south [70]. This pattern may be also due to anthropogenic

degradation since southernmost areas have had much denser human populations along

river valleys than the more extensive mountain areas of the north.

5.2 Aquatic Invertebrates

Although not a single taxonomic group, this is definitely the most important animal

assemblage in terms of sheer biomass and species diversity in inland waters, wet-

lands, and riparian zones. The aquatic invertebrates include many groups such as

arthropods, flatworms, worms, gastropods, bivalves, and a myriad of microscopic

forms that are found in nearly all running water environments, even in intermittent

or near-ephemeral stream conditions. Some of these organisms disperse among wat-

er bodies via the atmosphere (many insects for example have a flying stage); others

use dispersal vectors such as birds [71, 72]. Relatively poor interbasin dispersers are

the wholly aquatic benthic groups such as the bivalves [73] and several gastropods

[74]. Many spring-inhabiting snails are restricted to specific parts of Greece, and
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many new endemic species are still being described [75–77]. Some aquatic insects

such as the aquatic beetles (Coleoptera) in the family Hydraenidae also include

relatively poor dispersers [26, 78], and several other beetle groups also have many

range-restricted species, many endemic to parts of southern Greece [79]. Generally, it

is estimated that Greece has more than 4,000 endemic invertebrate species, an

incredible number for such a small country [80].

Endemicity of macroinvertebrate species seems to be highest in the south and west

of the country and in the islands [81], and this is also reflected in many terrestrial

invertebrates [79, 82, 83]. Prominent barriers to lowland species are the main mountain

chains, especially the Pindus. In some groups such as the planarian flatworms (Genus

Dugesia, Platyhelminthes), initial patterns of distribution are surprisingly similar to aq-

uatic vertebrates [84]. The larger islands and peninsulas have more endemics; Crete,

for example, is an important endemicity hotspot. In the southern part of Greece and the

west, even widely distributed insect groups such as the dragonflies (Odonata) and stone

flies (Plecoptera) have endemic species [80]. Freshwater crabs are widespread in Greek

streams and rivers (species belonging to the genus Potamon), some considered

endemic to parts of Greece. Of the crustaceans, freshwater shrimps and amphipods

are also especially interesting biogeographic indicators as well [85, 86].

Lastly, general patterns also show Greece’s high species richness, since many

species from nearby biomes and zoogeographic regions enter the territory [87–90].

Greece is located way to the east and south on the European continent and hosts

many interesting species that have their centers of origins in Asia, examples being

the huge Bellostomid water bug (Lethocerus patruelis) which just reaches Europe

solely in the extreme southeast and the damselfly Epallage fatime which has mostly

southwestern Asian distribution.

It is remarkable that the aquatic invertebrates are still so poorly studied in Greece;

even work on common and rather large-sized groups is preliminary or at a develop-

mental stage (e.g., [42, 73, 91, 92]). Despite the outstanding importance of the larger

benthic macroinvertebrates, for stream typology and ecosystem understanding, few

works exist on species assemblages in specific running water ecosystem types. Se-

veral works focus on general patterns of distribution at family or genus level (e.g.,

[93, 94])mainly for the purposes of ecological status assessment andmonitoring.More-

over, many crenobionts – the spring-inhabiting aquatic invertebrates – show remark-

able endemism, and many may be threatened with extinction [76, 95]. Unfortunately,

the most recent Greek Red Data Book compilation in 2009 pays little attention to many

groups of aquatic invertebrate species primarily due to the grave lack of completeness

in documented distributional knowledge [80].

5.3 Freshwater Fishes

Freshwater fishes are the most widely utilized biogeographic indicators in inland

waters at the regional scale, and they are rather well studied in Greece. There is much

to be learned by utilizing fishes in conservation biogeography [96], and their
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importance as biogeographic indicators has been corroborated by historical biogeo-

graphic evidence [15, 34] and new analytical methods [97]. Importantly, fish proved

to be good vehicles to explore phylogeography with new and developing genetic

molecular methods and analyses [98]. Extensive collections of genetic samples that

grace museum and academic archives from nearly all fish populations in our area of

study and the surrounding states have been rigorously studied during the last two

decades. The genetic work has assisted in making quantum leaps for taxonomic

clarification and the understanding of biotic affinities among taxa and their constituent

river basin areas [58, 99]. Thus, the overriding importance of fishes in regionalization

work has dominated recent freshwater biogeographically based ecoregional delinea-

tions [8]. The importance of freshwater fish geographical distributions has created

increasing interest in taxonomy, as has the description of many new range-restricted

species, especially in endemic-rich areas, such as the Balkans and western Asia.

Fishes are one of the earliest biogeographic elements explored in the Balkans [100],

and interest in their distribution patterns has continued to produce many and varied

fish-based biogeographic maps.

Greece is the richest country in the EU in terms of its endemic fish species and

one of the most important for fish conservation in the Mediterranean [101]. At least

47 out of its 160 freshwater fish species are now considered exclusively endemic

within the country’s boundaries; several more taxa – at least 15 – are near endemic,

i.e., confined to Greece and the near-border frontier areas with neighboring Balkan

states (i.e., shared water bodies such as Prespa, Doirani, and Butrint basins). Hydr-

ographic isolation and vicariance are the main factors responsible for Greece’s
ichthyofaunal diversity. Fish-based biogeographers are not only interested in the

endemics; they carefully use all species that are more or less intolerant of seawater

and do not disperse through the seas. Primary freshwater fishes are those with little

or no tolerance of brackish water (i.e., water with more than 0.5 g per liter total

dissolved mineral salts), while secondary freshwater species are tolerant of brackish

waters but normally occur in inland aquatic systems rather than the sea, and some

are capable of occasionally crossing narrow sea barriers [102]. Primary or primary-

like freshwater fishes are by nature confined to freshwater island-like basins, and

many of these species have been confined for several millions of years [33, 98]. It

should be noted, however, that the arithmetic figures of endemism attributed to the

country are changing almost every year as range extensions are discovered (e.g.,

particularly in Albania; see [103, 104]). Furthermore, the actual number of inland

water fish species is also not easily determined, as various marine species are often

encountered in the lower sections of inland waters, while new translocated species

are becoming established in the wild, particularly in lake and reservoir systems. Fi-

nally, taxonomic changes continue taking place at a rapid pace, with new species

being described, former synonyms being reinstated, and former “subspecies” val-

idated to species rank. This dynamic state of seemingly perpetual taxonomic change

may be confusing, but the situation is clearing up as detailed checklists are regularly

revised [58, 105].
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5.4 Reptiles and Amphibians

Terrestrial reptiles are at the forefront of zoogeographical research in Greece [16, 23].

The country hosts at least 63 reptile and 23 amphibian species, thus being particularly

rich in European terms [106]. Semiaquatic amphibians are less studied, but there are

very good case studies that inform biogeographic patterns [107]. Endemic amphibian

taxa are confined as endemics to Crete, Karpathos, and some other areas [80]. Also as

in fishes, the Pindus mountain range acts as a prominent biogeographic barrier; a

near-endemic frog and some newt species, and some terrestrial reptiles, are found

only along the west coast of Greece and Albania, bounded by the Pindus [52]. As are

fishes, many reptiles are liable to extinction in more fragmented isolated geographical

areas such as peninsulas and islands [108]. Reptile species taxonomy has seen many

recent changes and much informative phylogeographic research at the genetic level,

similar to the changes seen in fishes in the first years of the twenty-first century.

5.5 Birds

Birds are well studied in Greece [109]. Although they are the best interregional

dispersers and many species undergo mass migrations, there are some species with

distinct biogeographic regional distributions. For example, species with an “eastern

distribution” are found most frequently or in larger concentrations in northeastern

Greece and the larger wetlands of the Eastern Aegean islands [20, 110]. Some

characteristic and iconic waterbirds are collectively near absent from the western

parts of Greece (i.e., west of the Pindus range). Many species seem to be much more

abundant and frequent in northeastern Greece despite the fact that adequate and

extensive wetland habitats exist along the coast of western Greece, and this relates

to the important land bridge migration flyways of Thrace. The long cordillera of the

Pindus mountains is an important boundary that affects bird migration [109], and

even certain long-distance dispersers such as pelicans are known to have different

subpopulations on either side of the Pindus cordillera [111]. In rivers it is difficult to

tally the full number of birds using exclusively aquatic or riparian habitats; many

terrestrial species also use the waters [41]. Finally, birds and especially the waterbirds

are very important for the dispersal of plants, animals, microbes, and fungi (seeds,

cists, spores, etc. attached to the mud on birds’ legs and feathers) [112]. A large suite of

aquatic organisms can also survive passage through the digestive systems of birds

because of a digestive trade-off in many birds [72]. In Greece, the north-south

distribution of many widespread plant and small aquatic invertebrate species probably

has its origin in bird-assisted dispersal along the north-south mass migration routes.
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5.6 Mammals

As everywhere in Europe, a megafaunal collapse has taken place during the late

Pleistocene and early Holocene [113]. This remarkable species turnover is outstand-

ing in the Aegean islands, where several endemics had developed, such as dwarf

elephants [114]. Crete, for example, has one of the best-studied fossil histories of

mammal colonization and adaptive radiation in the Mediterranean [115]. There is

now much evidence that human-induced overkill is the reason for the rapid extinc-

tion of many animals on the Greek islands [116]. During the last 2000 years, several

species have gone extinct on the mainland too; these include lion, bison, aurochs,

and beaver, among others [117, 118] while the Anatolian leopard may have existed

on Samos until little more than a century ago [119].

Greece’s extant mammal fauna is still quite rich; it includes more than 115 spe-

cies [80], although large mammals are noticeably scarce. The mammal fauna of

exclusively semiaquatic or semiterrestrial species is limited, but many species

utilize rivers, lakes, and wetlands. The European beaver (Castor fiber), a keystone
“ecosystem engineer” in running waters, was native in mainland Greece and is said

to have become extinct in the early nineteenth century, perhaps last recorded in the

Alpheios river [117, 120]. However, this is difficult to verify, and there are

conflicting interpretations of past ranges and exact extinction dates for the beaver

in the Balkan countries [121]. Sadly, little has been written about the beaver in the

Balkans or Anatolia, and a thorough review is much needed.

Mammals disperse rather slowly and are prone to extirpation and extinction, and

they are limited by recently created natural and artificial barriers to movement. Ex-

tinction rates are more rapid on islands and peninsulas, and species may go extinct

with little knowledge of how and exactly when (see references to large mammals on

the Aegean islands in [119]). A semiaquatic mammal once thought to be rare and

geographically localized in Greece is the Eurasian otter (Lutra lutra). In fact, it is

quite widespread in mainland Greece but is rare and perhaps declining in xerother-

mic areas with little permanent water, although still found even on some islands,

including very small river basins on Euboea, Kerkira, Lefkada, Samos, Chios, and

Lesbos islands. The species may have existed on other islands, and there is anec-

dotal evidence for extirpation, but this is poorly documented. Interestingly, an en-

demic otter species (Lutrogale cretensis) existed until about the late Pleistocene on
Crete; the genus Lutrogale survives in southern Asia but had a wider distribution in
the past [114]. Terrestrial mammals do show some general biogeographic trends,

some patterns being similar to the reptiles and amphibians, i.e., distinctive eastern

elements in northeastern Greece (e.g., marbled polecat Vormela peregusna and

Eurasian ground squirrel Spermophilus citellus) and the Eastern Aegean islands

(e.g., some Asian bats, a squirrel, and certain rodents). In contrast, the mountains

that run southward toward Greece assist in hosting many “temperate forest species”

that are restricted to the cool forest habitats and not found in the central lowlands or

the south of Greece. As birds, migrating mammals probably played a role as aquatic

biota dispersers for short distances, especially in the distant past.
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6 Charting Biogeographic Ecoregional Boundaries Using

Indicator Species

The object of our biogeographic review here is to describe regional-scale patterns of

aquatic/semiaquatic species distributions along with conditions that help chart

discernible “freshwater ecoregional units.” We do this from the perspective of the

territory of Greece but necessarily must look further beyond the political boundaries

to appreciate the “ecosystem region” patterns over wider areas. This work is largely

based on an aquatic fish faunal survey of river basins [31], and as in the FEOW [9],

the freshwater fish taxa are used as primarily biogeographic indicators.

6.1 Complexity and Uncertainty with Biogeographic
Indicators: Freshwater Fish in a Mixed-Method
Approach

Since it is well known that freshwater fish distributions often largely reflect his-

torical patterns of river basin drainage connections, fish-based biogeographic in-

vestigations continue to develop in Greece and the surrounding countries. Important

distributional and phylogeographic reviews have already been completed for most

freshwater fish species in Greece (e.g., [58, 98]); some detailed molecular genetic

approaches are also investigating fishes at the populations’ level. No other wholly

aquatic group of organisms is so well studied in the wider study area. Despite pro-

gress, there is still a need for taxonomic investigations and detailed distributional

studies since many taxonomic revisions are taking place. Genetic-level screening of

populations is also important in exploring relations among species that may have been

translocated by humans. Fish must be used with care in biogeographic investigations.

The issue of scale is paramount in developing fish-based biogeographic interpre-

tations. At the ecoregion scale, we are initially interested in interpreting the broad

patterns, a continental-scale biogeography [2]. It is therefore permissible to initially

compile information from so-called parent river basins (i.e., the largest hydro-

graphic basin units), ignoring the many small basins that have the imprints of

local or subregion ecological and idiosyncratic historic effects on the fauna (e.g.,

extinctions from stochastic events such as epic droughts, human-induced extirpa-

tions, etc.). Figure 8 outlines the biotically based inventory procedure for compiling

each major river basin’s fish assemblage (presence/absence data) for delineating

freshwater biogeographic regions; Greece’s 23 major “parent” river basins are

mapped. Figure 9 shows typical cluster analysis classification of the species to assess

the “parent” river basin similarities. The major faunal breaks are defined using the

“parent” river basins [7, 36]. Figure 10 produces a different cluster dendrogram when

105 river basins are used in the classification analysis [37]. Despite differences in

species sets used, the major biogeographic boundaries are retained. However, the

latter cluster analysis does create unexpected patterns due to confounding effects such
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as a small number of variant basins. For example, the Thrace ecoregion is awkwardly

clumped near the Southeastern Adriatic since only two basins from the latter are

included (Prespa and Aoos) (Fig. 10). Arbitrary cutoffs in such classification analyses

should by no means be used as a sole guide to chart biogeographic regionalizations.

Finer-scale approaches and the use of other evidence to discern biotic distinctiveness

should be applied.

Mixed-method approaches (integrating quantitative and qualitative information)

based on various assumption-free numerical analyses and through building a broad-

er evidence-based biogeographic understanding must help guide final boundary

decisions. Investigating site-based samples of species abundance, instead of pres-

ence/absence data, may also be very informative [39]. Whatever the numerical ana-

lyses used in exploring interbasin faunal relationships, uncertainties and data gaps

will be better interpreted through a mixed-method approach. Both quantitative ana-

lyses and expert judgment have guided the original FEOW [9] delineations and

earlier works at the ecoregional scale [2].

7 The Current Regionalization Framework: A Review

of the Freshwater Ecoregions of Greece

Here we provide an updated freshwater ecoregion map of Greece (Fig. 11) and a

brief review of each ecoregion. This work is based on the FEOW [9] baseline and

reviews of freshwater fish and aquatic and semiaquatic species distributions. This is

Fig. 8 Mixed-method procedure used to procure data, analyses, and delineations (left) and

“parent” river basins which are larger than 700 km2 and were used in initial analyses of fish-

based classification and ordination: 1. Prespa, 2. Aoos, 3. Kalamas, 4. Acheron, 5. Louros,

6. Arachthos, 7. Acheloos, 8. Evinos, 9. Mornos, 10. Pinios (Peloponnese), 11. Alpheios, 12.

Pamissos, 13. Evrotas, 14. Assopos, 15. Kifissos (Boeotian Kifissos-Kopais basin), 16. Spercheios,

17. Pinios (Thessalian Pinios), 18. Aliakmon, 19. Axios, 20. Strymon, 21. Nestos, 22. Filiouris, 23.

Evros (adapted from [7])
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supplemented by knowledge of geological and climatological characteristics. We

outline justifications for redefining boundaries and any changes made with respect

to the FEOW [9]. Comparison among five important regionalization schemes is shown

in Table 1, which tabulates the disparate biogeographic unit nomenclature as well. Ef-

forts must be made to standardize the ecoregional/biogeographic regional names. We

prefer to use the well-known anglicized names, instead of the local language-specific

names in this review (i.e., Macedonia not Makedonia), but this has not held sway in

earlier publications [14, 58].

7.1 Thrace

This is a species-rich region for aquatic biota; the so-called Thracian land bridge is

located at the heart of the pivotal crossroads between the Balkans, Asia Minor, and

the Black Sea Region. Freshwater biota has enriched the region due to a former con-

nection with Black Sea and Danubian faunas (e.g., see [51]). It is an area rich in fish

species, with at least 57 native species in the freshwaters of its Greek section [58];

large parts of this ecoregion expand into Turkey and Bulgaria. The Greek part hosts

intriguing and specialized taxa such as lake-isolated shad species (Alosa vistonica,
Alosa macedonica), migratory shemayas (Alburnus volviticus, Alburnus vistonicus),
range-restricted loaches (Cobitis puncticulata), and Black Sea river gobies

Fig. 9 An example of classification analysis of the major river basins based solely on fish species

presence/absence (a subset of 90 lotic species). Cluster analysis (hierarchical clustering using

group-average clustering from Bray–Curtis similarities) revealed four main biotically similar

groups of basins at an arbitrary resemblance of 20%. This defines important faunal breaks on

the watershed boundaries (bold black lines) of Greece’s mainland. In this analysis lesser distinc-

tion is shown in the supra-region of the “Northern Aegean,” area B split only by a dotted line (adapted
from [7])
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(Proterorhinus semilunaris, Neogobius fluviatilis). Many of these species are related to

species that are from the Danubian and Black Sea Region or are distributed further east

in Asia Minor. Many fish genera are shared with the Macedonia-Thessaly region

which also hosts Danubian species. Many other species of freshwater biota, including

a freshwater shrimp (Atyaephyra strymonensis) and even a riparian willow (Salix
xanthicola), are known to be restricted to the European part of this ecoregion. This

richness is mirrored in terrestrial and semiterrestrial animals and many plants as well,

which include terrestrial species from the Anatolian terrestrial fauna and flora as well,

including some rare species restricted to this area within Greece [28, 122].

In Greece, the western limit of the ecoregion is a line of geologically old and

stable mountains forming the watershed roughly between the Strymon and Axios

river basin systems. The western boundary is enhanced by two idiosyncratic realms

on this region’s barrier line: the ancient lakes of the Mygdonia basin (Lake Koronia

and Lake Volvi) and the rain shadow area and varied coasts of the Chalkidiki pen-

insula. The Mygdonia basin is a long-lived lake basin which functions as a refuge

for various species from the Thracian ecoregion, while the Chalkidiki is a species-

depauperate peninsula surrounded by deepwater areas creating a definite barrier to

east-west freshwater species dispersal. The Chalkidiki peninsula is also a definite

barrier for species dispersal between the Thrace and Macedonia-Thessaly Ecoregions

Fig. 10 Cluster analysis (Ward’s method) with the presence/absence of all primary and primary-

like freshwater fishes (120 native species) in 105 hydrographic basins. The arbitrarily defined cut-

off at 12% creates four groupings: (a) “Thrace and Southeastern Adriatic”, (b) Macedonia-Thessaly,

(c) “Western Aegean and other islands,” and (d) Ionian. The breakpoints between these groups are

approximately projected on the inset map (adapted from [37])
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due to the deepwater marine areas around the peninsula (i.e., no significant conflu-

ences among major rivers where possible here during the Pleistocene sea-level trans-

gressions) [123]. Despite this definite boundary area, in some fish-based biogeographic

work, both Thrace and Macedonia-Thessaly have been charted together [124]; this

supra-ecoregion has been called the “Northern Aegean.”

There are still some poorly defined boundaries encompassing this region, espe-

cially outside the Greek territory. Bănărescu [14] charts the Thrace ecoregion ex-

clusively in Europe, while Abell et al. [8] delineate it straddling both European and

Asiatic shores of the Marmara Sea (Fig. 2). Since, during the last glacials, Thrace

was fully connected with the northwestern basins of Asia Minor, the boundary of

Abell et al. [8] should be justified; however, evidence for the specific boundary out-

line in Asiatic Turkey is required [125]. Finally the inclusion of the Northern Aegean

islands of Limnos and Aghios Efstratios in this ecoregion should be better explored

since they lie south of the North Aegean Trough which created a definitive deepwater

Fig. 11 Ecoregions of Greece, boundaries follow Zogaris [7] and the present study. Ecoregions

numbered as in Table 1. See Fig. 2 for differences from the FEOW [9] of the study area
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zone separating the “European” continental shelf islands with the latter islands, which

are geographically closer to the continental shelf area of the Troad of Asia Minor.

Moreover, immediately to the south of the Troad, lies Lesbos, in the Eastern Aegean

Ecoregion. Evidence-based guidance is needed to validate the proper ecoregional

boundary around these islands since although the current boundary agrees with the

phytogeography [17], others place a biogeographic boundary on the mid-Aegean

Trough, i.e., between Samothraki and Limnos [22].

7.2 Macedonia-Thessaly

This diverse region is biologically closest to Thrace but with several important dis-

tinctive aspects and some different Danubian elements as well [33]. Its river basins

include areas rich in wetlands and varied lentic surface waters, including several

important ancient lakes, such as the Vegoritis basin lakes, Lake Kastoria and Lake

Doirani. The last lake hosts at least one valid endemic fish species, and the former

lakes have genetically distinct populations of fishes and invertebrate taxa. Like Thrace,

Table 1 The present study redefines some boundaries proposed initially FEOW [9] and reviewed

in Zogaris [7]

Present study FEOW [9]

Bănărescu

[14]

Maurakis et al.

[15] (with

subdivisions)

WFD 2000/60

ecoregions [4]

1 Thrace Thrace Thraki Ponto-Aegean:

Thracian-East

Macedonian

Eastern Balkans (7)

2 Macedonia-

Thessaly

Vardar Macedonia-

Thessaly

Ponto-Aegean:

Macedonia-

Thessaly

Eastern Balkans and

Western Hellenic Bal-

kans (7 and 6)

3 Southeastern

Adriatic

Southeastern

Adriatic

drainages

South

Adriatic-

Ionian

Paleo-Hellas:

Adriatic

Western Hellenic Bal-

kans (6)

4 Western

Aegean

Aegean

drainages

Attika-

Beotia

Paleo-Hellas:

Attika-Beotia

Western Hellenic Bal-

kans (6)

5 Ionian Ionian

drainages

South

Adriatic-

Ionian

Paleo-Hellas:

Ionian

Western Hellenic Bal-

kans (6)

6 Crete Undefined

region

Undefined

region

Undefined region Western Hellenic Bal-

kans (6)

7 Eastern

Aegean

Western

Anatolia

Undefined

region

Undefined region Eastern Balkans (7)

8 Southern

Anatolia

Southern

Anatolia

Undefined

region

Undefined region Eastern Balkans (7)

The table compares nomenclature with four other ecoregion maps covering the study area. Some

schemes had undefined areas, and these undesignated entities are mentioned. See Fig. 11 for

delineations of the present study

The Biogeographic Characteristics of the River Basins of Greece 75



Macedonia-Thessaly is also a fish species-rich area, hosting at least 49 native species

in its freshwaters [58]. This rather small ecoregion hosts several range-restricted en-

demics, more than the Greek part of the Thrace ecoregion. This is due to the existence

of more and older ancient lakes and to the unique geological history of the Thessalian

Pinios basin as well [14]. The Pinios lowlands were a former lake bed, and it hosts

three local endemic fish species (Cobitis stephanidisi, Knipowitschia thessalus, Gobio
feraeensis) and several other genetically distinct fish taxa (i.e., local variant of Barbus
macedonicus, etc. [58]). Paleogeographic research in the Thermaicos Gulf has shown

that despite these distinctions, the Pinios was a tributary of the greater Axios paleo-

river about 24,000 years ago [126].

As explained in Sect. 7.1 “Thrace,” Thrace and Macedonia-Thessaly have been

shown to be ichthyogeographically closely related in numerical taxonomic classifi-

cations [124]. When solely considering riverine fishes, a relatively modest

ichthyogeographic difference is detected between the Axios (Macedonia-Thessaly)

and Strymon (Thrace) [36](Fig. 9). However, this close relation requires further

investigation. If one adheres to the FEOW delineation of Thrace, which includes

territory in NW Asia Minor, the ichthyological distinctions will carry more weight

(i.e., if more river basins are included in the analysis). Nearly all holistic biogeo-

graphic publications support the ecoregional boundary between Macedonia-Thessaly

and Thrace [7, 8, 14, 37, 39]. A frequently stated biogeographic hypothesis for such a

different assemblage in Macedonia-Thessaly is that the Axios valley functioned as a

dispersal “roadway” leading south for Danubian Morava-origin rheophilic fish and

invertebrate species [14], and this is a key distinction between this ecoregion and

Thrace for its fish fauna [31]. The relationship and possible biotic connections

between the Axios and Danubian Morava may be explained by possible episodes

of “river capture” (river piracy) since the headwaters of these rivers are in close

proximity within Southern Serbia. Recent reviews show that new fish species splits

are eminent in the Macedonia-Thessaly region, and new interpretations of the

ichthyofaunal provenance of some species should prove the area as being even more

ichthyologically distinct in the near future (see [58, 98]). This complex fish-based

boundary controversy shows the importance of providing mixed-method evidence for

delineations in precautionary incremental steps.

Finally the name Macedonia-Thessaly was proposed by Maurakis et al. [15] and

Bănărescu [14], and we use this instead of “Vardar” as proposed in FEOW

[9]. Vardar is a Slavic name for a single river (Axios/Vardar) in this otherwise

very diverse and culturally prominent region; we feel it is proper to use the classical

geographical names that best help distinguish the region.

7.3 Southeastern Adriatic

Although most of the region lies within Albania, parts of the Aoos and Prespa Lake

tributary basins are in Greek territory. This ecoregion is one of the most

endemic species-rich; however, its aquatic species taxonomy, phylogeography, and
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general biogeography are poorly studied. This ecoregion holds a long-isolated fish

species assemblage and one that has evolved and diverged due to important vicari-

ance events and the existence of long-lived lakes (Ohrid, Prespa, and Skadar)

[14]. The region is rich in fish species [127]; about 20 native freshwater species are

recorded in the part of these basins that belong to Greece [58]. There are only very few

affinities with the Thrace and Macedonia-Thessaly regions (i.e., some Danubian

genera that have since diverged [98, 103]). This region has remarkable differences

with the adjacent Ionian region to the south; however it has many “shared species

absences” with the Ionian since relatively few Danubian fish species exist in both the

Southeastern Adriatic and Ionian. The region also has a higher percentage of regionally

endemic fishes than Macedonia-Thessaly or Thrace.

The southern boundaries of this region are fairly distinctive. A rather abrupt

faunal break exists in the southern rim of the Aoos basin watershed divide, i.e., bet-

ween the Aoos and Butrint/Kalamas basins. The Butrint basin includes the Bistrica

river, located just north of the Greek-Albanian border but belonging to the Ionian

ecoregion. This boundary was originally charted by Bianco [128], but it was not

identified in a later descriptive analysis [33]. Bănărescu [14] showed this boundary

on a map, but in his detailed description, he defined a broader regional unit, the

“Ionian-South Adriatic,” as a single biogeographic region. Zogaris et al. [36, 37],

Oikonomou et al. [124], and Economou et al. [39] confirm the Butrint/Kalamas-Aoos

boundary (although it was erroneously charted in the FEOW (2009) map (Fig. 2)).

The coastal marine depths between the Aoos and Butrint basin help define the

southern boundary. The steep sloping continental shelf along the southern Albanian

coast (Strait of Otranto) effectively separates the Butrint from the Aoos basin, pre-

sumably even during sea-level regressions which took place during the Tertiary and

Quaternary [123]. It is possible that the Southeastern Adriatic biogeographic unit

has been influenced by incursions of species from the Danube due to river piracy

among the Danubian Sava and Drin tributaries. This makes it distinctly different

from the Northern Adriatic also [124].

Finally the ancient lakes of Ohrid and Prespa represent a world-renowned en-

demicity hotpot, and they are biogeographically related to the faunas of the north and

south of Albania, respectively [127]. Phylogeographic relationships of several fresh-

water fishes of Prespa with the southern Albanian drainages (formerly endemics of

Prespa) have been recently clarified [129]. The unresolved taxonomic status of

several fishes in the area and poor knowledge of their distribution have created

difficulty in charting biogeographic boundaries. We therefore propose one should

not consider the Prespa lake basin (or a wider entity including Ohrid) as a distinct

biogeographic region as has been published by Oikonomou et al. [124]. Ohrid has a

higher overall endemicity than its shallower sister Lake Prespa, and their faunas are

remarkably different [130]. Both lakes as is Lake Malik are hydrologically connected

to the Adriatic. Finally the Prespa basin area, which has an areal cover of about

2,520 km2, does not constitute a large enough areal entity to be considered an

“ecoregion” (as compared to other biogeographic regional units or the freshwater

ecoregion areas [9]). Nevertheless, Lake Prespa and Lake Ohrid are globally impor-

tant biodiversity hotspots and should be considered distinct parts of the Southeastern

Adriatic freshwater ecoregion.
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7.4 Western Aegean

This is a rather small freshwater ecoregion and the most geographically fragmented

such entity in Greece. For a long time, the eastern coast of mainland central Greece

south of and including the Spercheios basin was called the Attiko-Beotian region

[15, 131]. The FEOW [9] expands this region; it now includes the Western Aegean

islands (Cyclades, Euboea, Northern Sporades) and the northeastern parts of the

Peloponnese peninsula. Zogaris [7] corroborated the general regionalization but mod-

ified these boundaries to follow watershed lines belonging exclusively to the Aegean

basin, as presented in Fig. 11. This ecoregion includes an extensive rain shadow area

that sustains a seasonally semiarid area with frequent prolonged droughts (this is a

climatically homogenizing effect created by the Pindus cordillera). Most of the area is

made up of dry-land calcareous mountainous landscapes with rather scarce running

water ecosystems and many small-sized seasonally arid river basins. Although the

area’s “small waters” (i.e., springs, rivulets, etc.) host many interesting local endem-

ics – especially of smaller aquatic animals such as spring-inhabiting aquatic snails

[75–77]– the region is generally considered species-poor for aquatic life. Although

this is so for fishes and many larger aquatic plants due to the scarcity of larger per-

manent waters, its aquatic invertebrates are poorly studied and may include many un-

described taxa [76, 91].

This is a difficult ecoregion to delineate. Some boundaries are still poorly jus-

tified in a biological sense [7]. The region hosts about 30 native fish species in its

waters and most are actually widespread marine migrants and transients; some

species need further taxonomic research, including the Alburnoides and Rutilus of
the Spercheios, Squalius of Euboea, Aphanius, and Knipowitschia [58]. This geo-

graphically fragmented complex of peninsulas and islands hosts only three major

“parent” river basins holding substantial fish faunas (i.e., Spercheios, Kifissos-Kopais,

and Assopos). The region sustains very few lakes, one of them a marshy extensive

ancient lake area, the greater Kopais basin (including the Kifissos and Lake Yliki and

Lake Paralimni) in Boeotia. This is the region’s most endemic-rich area with emblem-

atic fishes such as Telestes beoticus, Scardinius graecus, and Rutilus ylikiensis, while
the enigmatic Luciobarbus graecus is shared with the Spercheios. Further north, the

river Spercheios is exceptional since it is a biogeographic crossroads also hosting se-

veral fish genera from the Macedonia-Thessaly freshwater ecoregion [39]. Fish phylo-

geography also provides evidence for a connection between the Spercheios and the

Pagasitikos Gulf to the north (the Pelion peninsula being a biogeographic barrier).

Ecoregional boundary justification becomes difficult especially in the southern

part of this region. The remarkably dry limestone landscapes of the eastern Pelo-

ponnese, the Saronic and Argolic Gulfs and the Cycladic islands, have very few

stretches of perennial streams or other permanent water; this is one of the driest

parts of the country. The eastern Peloponnese is also a rain shadow area with many

“shared species absences” with the Attiko-Beotian heartland. In this way the eastern

Peloponnese is similar to the other Western Aegean drainages, but the boundary lines

are difficult to set precisely. Taxa-particular distributional idiosyncrasies complicate
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boundary issues, since in some parts of this region, as in the Ionian ecoregion, many

spring-inhabiting endemics thrive [95]. Many zoologists have considered the Pelo-

ponnese a distinct biogeographic unit (see [7]), although some who study aquatic biota

have also provided evidence for an east-west split (e.g., [26]). The east-west boundary

within the Peloponnese, as prescribed in this study, requires further research.

This region includes the Cyclades islands which during the Pleistocene glacia-

tions were much larger “mother-island” entities surrounded by smaller islands. The

Cyclades were also probably connected via Attika and Euboea, during the middle

Pleistocene, ca. 180–140 kya BP [132]. Despite their current aridity, the Cyclades

surprisingly host several endemic aquatic insects [91, 133] and many terrestrial

invertebrates as well [134]. Euboea is Greece’s second largest island, a true con-

tinental island that was connected to Boeotia and Attica during the early Holocene,

a few thousand years ago. However, Euboea’s long and rather high mountains are

geographically and geologically isolated, creating river basins that are long inde-

pendent from the mainland’s basins. This long mountainous island is unusual in being

relatively rich in significant spring-fed perennial flowing streams that also host en-

demic macroinvertebrates [75] and even two endemic fish taxa, an undescribed chub

Squalius sp. and the critically endangered Evia barbel Barbus euboicus [58].
Since the Western Aegean’s aquatic animals are still rather poorly inventoried

[14, 84, 91] and perennial surface water features are patchy and isolated, the

particular biogeographic boundaries have never really been precisely charted. The

delineation of the “Aegean drainages” freshwater ecoregion by FEOW [9] is un-

fortunately inaccurately and coarsely charted since it erroneously includes basin

areas that have no biogeographic relationship to this particular region (i.e., the nor-

thern Corinthian Gulf drainages which obviously drain into the Ionian basin and

parts of Thessalian Northern-Pelion and Mavrovouni mountains which have rela-

tions with the fauna of northern Greece) (see Fig. 2). Therefore, this ecoregion’s
final delineation is obviously in need of documented evidence in order to verify the

redefined boundaries in our revised map (Fig. 11).

7.5 Ionian

Greece’s west coast surface waters are collectively the most endemic species-rich

freshwater ecosystems in the country. A small part of this ecoregion also belongs to

the southernmost part of Albania (the Butrint basin and Bistrica river, south of the

Aoos watershed). Many endemic fish and other aquatic animals are extremely range

restricted in this, or in isolated parts of this, ecoregion [31]. The region has about

48 native fish species in its freshwaters [58]; however, basin-scale species richness is

much poorer than Macedonia-Thessaly or Thrace [39]. In mainland Greece native fish

distributional patterns clearly indicate that the Pindus mountains create a prominent

long-term biogeographic discontinuity that separates distinct freshwater biogeo-

graphic regions east and west of the Pindus, something well depicted in many

biogeographic studies of the wider region [33, 124]. The Pindus biogeographic barrier
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has been corroborated by the distributions of many animals and plants including

selected amphibians [107]; semiaquatic terrapin; Emys orbicularis, among other

species [135]; floristic assemblages [60]; and selected aquatic invertebrates, such as

the Hydrobiidea gastropods [14] and freshwater shrimp [85]. Despite its remarkable

isolation by the ribbonlike Pindus mountain chain, there is much variation within this

ecoregion.

One of the most outstanding aspects that characterize this ecoregion is the re-

markable diversity at the subregional level. Parts of the region have unique water

bodies, isolated in the past by former inland lakes, such as the Corinthian Gulf, or

long-standing fairly large river basins with extant long-lived lakes, such as the

Acheloos. The lotic waters around the ancient lake of Trichonis are especially in-

teresting [136], and new species are still being described in this global biodiversity

hotspot. Distinctive and long-isolated basins such as the Evrotas, for example, are

unique and idiosyncratic for their range-restricted endemics and depauperate biocom-

munities, well adapted to non-perennial and spring-fed stream conditions [57]. Of the

river basins included in this heterogeneous ecoregion, the so-called northern Ionian

(northwest of the Acheloos watershed line) seems to create a distinctive

subregional entity. Many species of fish are restricted to this area, including distinct

species of the genera of Pelasgus, Squalius, Telestes, Knipowitschia, Valencia, and
Cobitis. Work on aquatic invertebrates in the Ionian ecoregion will reveal very

interesting biogeographic interpretations, including new species and informative

subregional patterns; a productive area is research on freshwater mussels [137],

freshwater shrimps [85, 138], and fish parasites [59]. More research into the fishes

and other aquatic life of the Ionian ecoregion is required, and new species will

certainly be described in this relatively understudied “center of endemism.”

All the offshore Ionian Islands are definitely a part of the Ionian ecoregion, and

they constitute a species-depauperate area compared to the varied biotic riches of

the adjacent mainland. An exception to this is Kerkira, which is really a recently

isolated continental island, being connected to the mainland 8,000 years ago [50].

The island waters were obviously connected to the Kalamas and Butrint basin, and

today the island still sustains diverse stream and wetland ecosystems [104, 139]. As

would be expected, the Ionian Islands’ aquatic fauna is very similar to the mainland.

For example, the Ionian Islands share a similar caddisfly fauna (Trichoptera) with

the mainland’s west coast, in contrast to the many endemics found in the Aegean

islands [81]. Similarly, the flora of the islands also has more connections to the main-

land than in the endemic-rich Aegean [140]. Even some species of isolated fish are

genetically closely related to the west coast mainland species [141], and there are no

endemic fish species known to be restricted to any of the islands [104].

7.6 Crete

Crete has been called a small “continent” due to its distinctiveness and diversity

[142]. Van der Geer et al. [114] refers to Crete as an “oceanic-like island” for its
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unique geological and zoogeographical history. This proposed freshwater ecore-

gional unit includes Crete and its satellite islets and the Karpathos archipelago (with

three main high-relief islands and about 20 very small islets). Controversy about the

biogeographic ecoregional status of Crete and its surrounding islands persists.

Phytogeographically,Crete is a separate floristic region, noted as “Kriti +Karpathos”

in the Flora Hellenica map [17, 60]. With respect to the Karpathos archipelago cluster,

Raus [143] concluded that botanic relations are to the west, to the “European” Cretan

and south Aegean flora, rather than to the Asian flora of the other Dodecanese Islands.

The Karpathos archipelago has several faunal elements not found in Crete but exhibits

many “shared species absences” relative to the species-rich Dodecanese, which are

nearer to the Asian coast. However, nearly all zoologists traditionally group the

Karpathos islands toward the Asian Dodecanese and not with Crete. The Karpathos

archipelago has been geologically isolated from the Cretan landmass for over

10 MYA; however, inclusion within a broader Crete ecoregion is justified based on

the internal endemism seen among the different former “paleo-island” sectors of

Crete. In this way the Crete Freshwater Ecoregion can be conceptualized as an

“insular” ecoregion linking isolated but geographically proximate and geologically

similar areas together. The FEOW [9] global freshwater ecoregion delineation did not

classify the Cretan area to a particular ecoregion; Crete along with Karpathos-Saria-

Kassos was labeled as “undesignated” on the global FEOW map. During the devel-

opment of the expert-guided process of the FEOW project, there were differing

opinions about the place given to the island, and one of the early maps had erroneously

lumped the island to Southern Anatolia and Cyprus (Abell, R. pers. com). In contrast,

Crete is a distinct ecoregion in the terrestrial ecoregions of the world map but without

the Karpathos archipelago [11, 45] (Fig. 5). Crete was proposed as an independent

freshwater ecoregion in Zogaris [7], and in this account we suggest a distinct fresh-

water ecoregional status for Crete and the Karpathos archipelago.

The wider geological context here is important for interpreting the proposed eco-

region’s boundaries and its relationship and affiliation to other geographic areas [114,
144–146]. For nearly six million years, Crete have been completely isolated from the

continent. About 15 MYA Crete belonged to a large subcontinent that extended from

the Western Balkans to Asia Minor. The Aegean landmass subsided under the sea

beginning 10 MYA, and only the higher mountains, the so-called Cretan paleo-

islands, remained above water. This period of vicariance within the island chain

augmented evolutionary development in many species [62, 83]. The Karpathos

archipelago was also isolated from Asia, long before Rhodes, and it has been isolated

from Rhodes for at least 3.5 MYA [145]. Around 2 MYA, the wider region of Crete

was tectonically uplifted andmuch land emerged, and the palao-islands were joined to

form Crete’s present-day outline. Crete is characterized by an impressive and ancient

mountain range system with four steep massifs and more than 20 satellite mountains.

Karpathos, Saria, and Kassos although very narrow and steep islands also have very

high mountain ridgelines and gorges similar to Crete.

Climatic conditions and hydrology also connect Crete and the Karpathos archi-

pelago. The eastern part of Crete and the Karpathos archipelago are located within a

prominent rainshadow (created by the Cretan mountains), and this produces some
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of the driest conditions in Europe in Eastern Crete [142]. Crete’s running waters are
diverse, but many are non-perennial flowing and subterranean; surface water eco-

systems are stressed due to both high evapotranspiration rates, climatic variability,

and widespread human-induced water over-abstraction [147]. Naturally arid ephe-

meral streams dominate in Eastern Crete and the Karpathos islands, and some are

nearly like semidesert wadis. The eastern part of Crete and the Karpathos area are a

very windy part of the Aegean compared to the more leeward relatively calm con-

ditions on Rhodes [148]. In this way climatically and geologically, the Karpathos

archipelago shows more affinity with Eastern Crete than the more humid conditions

and gentle landscapes of Rhodes.

Since geologically isolated islands such as Crete are prone to natural and anthro-

pogenic extinctions, these islands have very few native fish species. Crete is de-

finitely one of the poorest ecoregions for native fish fauna in the Mediterranean as

nearly all native fishes in inland streams and lakes are of marine origin (about

11 native species). Actually only a very few native species live all their life cycle in

inland waters, namely, the localized river blenny Salaria fluviatilis and landlocked

smelt Atherina boyeri [149]. For this reason, invertebrates, the fossil record, and

perhaps water plants should be better explored for the region’s freshwater biogeo-
graphic description. Although, endemism among the extant terrestrial plants and in-

vertebrates is impressively high, most aquatic species distributions are not well

studied [42]. Also, the aquatic biodiversity of Crete is probably characterized by the

extirpation of several aquatic species due to modern anthropogenic wetland and sur-

face water degradation [65, 142].

Today, Crete and the Karpathos archipelago certainly have a depauperate fresh-

water biota relative to the large continental islands or peninsulas of the Balkans and

Asia Minor, but there is a relatively high number of endemic freshwater and wetland

invertebrate life forms, including endemic aquatic insects (e.g., Trichoptera, Cole-

optera, Heteroptera, Plecoptera, among other groups), freshwater crabs, a freshwa-

ter shrimp, and endemic amphibians. Because the Crete ecoregion is a long-isolated

“former” island chain, its overall uniqueness is well known [146, 150], but further

study of its aquatic and wetland species is definitely required for a complete bio-

geographic review. Finally a thorough evaluation of the freshwater biogeographic

affinity among Crete and the Karpathos archipelago must be researched. For now,

we take a precautionary approach and suggest union of the Karpathos archipelago

with Crete.

7.7 Eastern Aegean

Most of the Greek islands in the Eastern Aegean show biological affinities to the

faunal assemblages of Asia Minor, but freshwater assemblages are comparatively

species depauperate to the adjacent Asian continent. Unfortunately, the aquatic bio-

ta remain poorly studied, and new species have been recently recorded and de-

scribed in the area, such as on the wetland-rich Lesbos island [151]. The Eastern
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Aegean islands have few freshwater fish; although at least 18 native species inhabit

freshwaters, only six are confirmed primarily freshwater fishes. All native primary

freshwater species show strong affinity to Asia Minor [58, 152]. Abell et al. [8]

correctly regard the Eastern Aegean islands as part of their so-calledWestern Anatolia

Freshwater Ecoregion (see Table 1); other researchers use the name “Eastern Aegean”

to be consistent with marine area geographic terms often used in other

regionalizations [35].

The literature provides full biogeographic support to the notion that these insular

ecosystems should constitute part of an ecoregion that belongs to western Asia

(Anatolia) [119, 153–155]. Botanists, such as Strid [17], call the biogeographic line

at the mid-Aegean trench “Rechinger’s line” which in his words “constitutes the

phytogeographical borderline between Europe and Asia” in the Aegean. However,

there are varied patterns in the aquatic biota distributions among the different is-

lands. Some islands such as Tilos, Fournoi, Nissiros, and Kalymnos, for example,

have very little surface water, and their freshwater biota is relatively unknown. Some

islands were rather recently connected to the Asian mainland less than 10,000 years

ago (Lesvos, Chios, Samos, Kos), while others, such as Rhodes, had separated

approximately three million years ago [145].

Rhodes is especially interesting due to its long-term insular isolation, its south-

ern location near the Southern Anatolian shores, and rather diverse stream ecosys-

tems. Although the island has a unique endemic fish (Ladigesocypris ghiggi), it also
sustains a species of freshwater shrimp (Palaemon colossus), which it shares with

the Southern Anatolian Ecoregion [85]. Rhodes is also remarkably isolated from the

southernmost of the Dodecanese Islands, Karpathos, and Kassos – totally separated

perhaps for at least 3.5 MYA [24] – while these two islands are attributed by

phytogeographers to the Crete ecoregion. Baseline species inventory work and

research are urgently required on both Eastern Aegean islands and the adjacent

Anatolian shores in order to explore freshwater biotic relations and provide for

potential subregional delineations and a thorough biogeographic interpretation.

7.8 Southern Anatolia

Greece administers a tiny island cluster of just 11 rocky islets and sea rocks, the

Kastellorizo cluster, along the Mediterranean coast of Southern Anatolia. This is-

land cluster lies just 2 km off the Anatolian shore and lies east of the Western

Aegean-South Anatolia division boundary as charted by Abell et al. [8] and other

terrestrial and aquatic biogeographic delineations of Asia Minor (e.g., [125, 156]).

The Kastellorizo island group has no large wetlands apart from tiny micro-springs

and temporary pool-like depressions, sometimes flooded in the winter season; the

stream courses are only ephemeral gullies, and there are a few artificial cisterns, wells,

and a tiny modern reservoir [157]. The tiny artificial water bodies hold a very few

hydrophilous plants [158]. Of course, no native freshwater fishes exist on the island. It

does host a terrestrial amphibian, that is definitely a species of Southern Anatolia, the
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Lycian salamander (Lyciasalamandra luschani) (Fig. 7), but we have no knowledge

of its hydrophilous invertebrate fauna in its few aquatic/semiaquatic ecosystems. The

biogeographic boundaries of Southern Anatolia are not well explored [125]. Research

is needed to confirm the Eastern Aegean/Southern Anatolian ecoregional boundary and

to better define the latter.

8 Discussion

8.1 Freshwater Ecoregions as a First-Tier Biogeographic
Framework

The current freshwater ecoregional map of Greece provides a holistic regionaliza-

tion framework, grouping river basins based on major biotic similarities and rele-

vant geological and climatic attributes. As Bailey [1] has said: “such exercises in

regionalization approach truth by a series of approximations.” Despite this current

map’s mixed-method approach and expert-guided procedure with the associated ca-

veats [7], the ecoregional units have already been very useful in inventory and

conservation research (e.g., [39, 58, 159]). The freshwater ecoregion map is suited

for in-depth, intraregional analysis that could better support boundary validation and

the definition of biogeographic “subregions” in order to further assist river basin class-

ification [160]. Finally, we reiterate Forman’s [161] wise words: “Regional ecology is
a little-understood research frontier that will noticeably strengthen conservation, plan-

ning, sustainability, and land-use policy. We had better learn the ecology of regions.”

8.2 Taxonomic Complexities and the Taxonomic
Impediment

Freshwater fish distributions have traditionally guided aquatic biogeography. One

current problem with solely using fish in regionalizations is taxonomic. An unprec-

edented percentage of European fish species name changes has taken place in the

last two decades [127]. Most of the changes have resulted from the application of

new taxonomic concepts and methods, especially the adoption of the phylogenetic

species concept (PSC), which has now replaced the biological species concept (BSC)

(for a review, see [31]). Traditionally, under the BSC, a “species unit” is a group of

actually or potentially interbreeding populations. The PSC, by contrast, considers “spe-

cies” as the smallest diagnosable cluster of individuals within which there is a parental

pattern of ancestry and descent. In this context, the PSC accepts the evolutionary po-

tential of a lineage that has just started to separate from other lineages as the main

criterion for defining species. Thus, under the PSC, there are no subspecies. As a

result, many taxa recognized as subspecies under the BSC have often been raised to
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the species rank. As taxonomic research continues, former species and subspecies will

either tend to be “split” into distinct species or “lumped” within already valid species

[141]. Several new freshwater fish species are expected to soon arise through this

research within the area of Greece’s territory [58]. Ongoing research in the fish pop-

ulations’ systematics and phylogeography will continue to guide constituent freshwater

biogeographic boundaries.

These taxonomic complexities obviously spread to all species, not just fish. If

current species distributions are to be utilized in biogeographic analyses, adequate

taxonomic and phylogeographic information must be inventoried, organized, inter-

preted, and published. Part of the reasons for very different approaches to freshwa-

ter biogeographic delineations is that Southeastern Europe’s species-level taxonomy

is still far from being resolved, and there are still data gaps in basic biodiversity

distributional knowledge [41]. There is no better time to restate the value of orga-

nizing a broadscale effort for a full biodiversity inventory of inlandwaters.We believe

foreign and Greek professional researchers and amateur naturalists should coordinate

and participate in collections in Greece. The “taxonomic impediment,” reflecting a

global shortage of taxonomists and systematists which negatively impacts biodiver-

sity conservation, is a worldwide problem [162]. Organized biological collec-

tion campaigns, taxonomy, and phylogeography should become defining priorities

for conservation-relevant aquatic research in Greece and other Mediterranean

countries [163].

Finally, a rising issue in biogeography is xenobiodiversity, the increase and spread

in non-indigenous species that are artificially dispersed by humans. Here too, due to

the taxonomic impediment, this issue has been poorly monitored in inland waters in

Greece [164]. This concerns both alien species from abroad and locally translocated

species from nearby ecoregions. In some cases, it is difficult to be sure if certain pop-

ulations are translocated or have a naturally disjunct distribution. An example is the

unusual Caucasian goby (Knipowitschia caucasica) population in a coastal stream

near Karystos on Euboea Island; its genetically closest relatives are in the Thracian

Ecoregion [165]. Since a genetic screening of other Western Aegean Knipowitschia
gobies has never been done, we cannot be sure if the Karystos population is natural or

introduced by humans. Evidence for species translocations across ecoregions, involv-

ing both vertebrates and invertebrates native to Greece – but not indigenous to the

river basin areas they currently inhabit – is a serious conservation concern (e.g.,

[84, 159]). Monitoring for biodiversity must necessarily study xenobiodiversity to

interpret patterns, trends, and impacts to local biodiversity.

8.3 Freshwater Ecoregion Delineation Difficulties

Hartshorne [166] described the concept of region as being characterized by “rela-

tive homogeneity in prescribed characteristics, selected for their salience in high-

lighting areal differences at the regional scale.” In Greece, it has been repeatedly

shown that freshwater fish assemblages can effectively depict dispersal barriers and
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the influence of hydrographic history and paleogeography [15, 34]. However, fish-

based classification of river basin relatedness does have limitations in species-

depauperate areas dominated by very small basins and islands [36]. These chal-

lenges are instrumental in terms of identifying basic needs for evolving better

methods to delineate ecoregion boundaries [2, 44, 167].

Greece and the surrounding Eastern Mediterranean countries are also challeng-

ing areas for tracing biogeographic patterns at the regional scale because of the in-

tensive influence humans have had on ecosystem modification and cultural landscape

patterns [116]. In zoogeographic and vegetational sense, this has been most intensive

in the southern half of Greece and the islands [116, 168]. Species-depauperate

conditions in some areas of the south may point to recent anthropogenic extirpation

instead of “natural” biogeographic patterns; a potential example of this is the species-

poor riparian zones in more populated and degraded river basins of southern Greece

[70]. Humans have also transported/translocated many species, especially on the

islands (e.g., [116, 169]), in reservoirs, and in larger river basins [159]. Humans

have shaped the landscape patterns in such a way as to sculpt the evolution of

so-called cultural landscapes, where human-modified habitat types now dominate

[168]. In the Greek islands, human influence has been widespread for at least

8,000 years [48, 142].

It should be made clear that on the islands and peninsulas, there are naturally in-

creased extinction rates [108]. Detailed work to define exact ecoregional (and subecore-

gional) boundaries is needed in the islands and the southern half of Greece’s mainland

due to the natural (or human-induced) species-depauperate conditions. Macroinver-

tebrates are important target groups for biogeographic research here, and their com-

munities may differ markedly from adjacent mainland conditions, e.g., the near-natural

streams of Samothraki Island [170]. Many small streams in the islands may sustain

macroinvertebrate communities that have survived totally isolated for millions of years

[133], and many of these are still poorly explored [14, 42, 171]. Inventory and tax-

onomic work will provide scientific justification for the legislative conservation of the

so-called small waters of the islands and xerothermic Mediterranean coasts; many of

these areas’ small streams and wetland conservation values have long been underap-

preciated [76, 163].

9 Conclusions

Ecoregional maps may inspire controversy, but they are also powerful organiza-

tional, educational, and exploratory tools. Charting biogeographically based fresh-

water ecoregional units has been especially challenging in Greece since tectonic,

climatic, sea-level, and anthropogenic changes have created outstanding complex-

ity. The eight freshwater ecoregion delineations that encompass Greece’s territory
are akin to the “Freshwater Ecoregions of the World” [9] delineations, but specific

boundaries have been redefined in this review. We strongly suggest a revision of the

FEOW [9] boundaries based on the incremental revisions in this study for Greece.
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Although Greece is a living laboratory for biogeographic studies, many of the

aquatic biota have been poorly studied. Extensive aquatic and semiaquatic species

distributional inventories will be required for a full review and more complete

interpretation of freshwater biogeographic patterns. Particular emphasis must be

given to key indicator aquatic groups for inland waters, such as the EU WFD’s
biotic quality elements: fishes, benthic macroinvertebrates, and aquatic plants. This

will help couple policy-relevant EUwater management with biodiversity conservation

initiatives. A detailed fish atlas (and associated archive of specimen and genetic

collections) is an imperative for furthering any kind of organized fish-based biogeo-

graphic and phylogeographic work. Fish populations require genetic screening, and

novel molecular analytical methods now help speed up the inventory process. Cur-

rently, data on the taxonomy and precise distributions of aquatic macroinvertebrates is

particularly poorly developed in Greece, and these groups are highly important

aquatic biogeographic indicators. Researchers from Greece and other countries must

cooperate to increase the intensity of organized field collections. Biogeographical

research should provide an impetus to coordinate more productive taxonomic and

phylogeographic research that will ultimately assist scientifically guided conservation

actions.
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Şereflişan U, Sobral C, Sousa R, Teixeira A, Varandas S, Zogaris S, Lopes-Lima M (2016)

Phylogeny, phylogeography, and evolution in the Mediterranean region: news from a fresh-

water mussel (Potomida, Unionida). Mol Phylogenet Evol 100:322–332

138. Christodoulou M, Antoniou A, Magoulas A, Koukouras A (2012) Revision of the freshwater

genus Atyaephyra (Crustacea, Decapoda, Atyidae) based on morphological and molecular

data. ZooKeys 229:53–110. doi:10.3897/zookeys.229.3919
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Lymberakis P (2013) Comparative phylogeography reveals distinct colonization patterns of

Cretan snakes. J Biogeogr 40:1143–1155

170. Skoulikidis N, Lampou A, Karaouzas I, Gritzalis K, Zogaris S (2014) Stream ecological

assessment on an Aegean island: insights from an exploratory application on Samothraki

(Greece). Fresen Environ Bull 23(5):1173–1182

171. Malicky H (2005) Die K€ocherfliegen Griechenlands. Denisia 17:1–240

The Biogeographic Characteristics of the River Basins of Greece 95



The State and Origin of River Water

Composition in Greece

Nikos Skoulikidis

Abstract This chapter provides an overview on the hydrogeochemical and pollu-

tion characteristics of Greek rivers and attempts to interpret the origin and spatio-

temporal variability of their composition as it emerges from various natural factors

and processes and human interference. Despite the highly variable

physicogeographic and geological conditions of the country, river basins may be

hydrogeochemically classified into three main geographical zones with distinct

geological, climatic and hydrological features. River hydrogeochemical properties

mainly depend on geochemical, hydromorphological and climatic factors. Catch-

ment geology directly controls solute concentrations and major ion portions and

influences hydrological and hydrogeological factors. The latter indirectly control

water temperature and solute concentrations, as well as pH and carbonate equilib-

rium together with biological activity. In certain river basins, anthropogenic pres-

sures (i.e. inadequately treated municipal wastes, agrochemicals, agro-industrial

and mining effluents) affect aquatic quality, whereas water resources management

(i.e. water overexploitation for irrigation and dam operation) alters the hydrological

regime, thus indirectly influencing solute concentration. In general, rivers located in

western Greece as well as mountainous rivers and streams range from “pristine” to

satisfactory conditions. On the contrary, lowland sections of large rivers are at a

greater risk due to a variety of pressures, such as agriculture, agro-industry, mining,

(illegal) building, and tourism. Despite the great number of internationally impor-

tant sites in river basins and, the recent, major efforts made in implementing the

WFD, Greek rivers are still threatened from insufficient implementation of envi-

ronmental legislation and ad-hoc management practices. The economic crisis may

set environmental conservation at the expense of economic development and/or
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change socio-economical attitudes. thus pushing environmental conservation

forward.

Keywords Aquatic quality, Biogeochemistry, Climate, Geology, Pollution
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1 Introduction

Greece is a small mountainous country with marked relief variability within small

spatial scales so that mountain peaks lie close to plains and the long coastline,

complex geological structures, a palette of microclimates, and a variety of vegeta-

tion cover and aquatic ecosystems hosting rich biodiversity. As a consequence of its

geologically young morphology with mountainous relief (65% of the country lies

over 200 m), high altitudinal differences and steep slopes, prolonged dry summer

period (especially in semi-arid areas), and the high amount of impermeable rocks

(30% of the country’s surface), Greece is characterised by numerous, highly

fragmented, small to medium sized mountainous rivers and streams, with flushy

flow and sediment regimes, running through steep narrow valleys and descending

abruptly to the coast. In semi-arid landscapes and, particularly in islands,

non-perennial streams with intermittent to episodic flow regimes dominate. Large

lowland areas are scarcely diffused within prevailing thrust belts and related rift

valleys. These flat areas are drained by medium and large low-gradient perennial

rivers with runoff of several km3/year, which frequently form extensive flood and

deltaic plains.

Figure 1 presents the main Greek rivers, discussed in the present chapter and

Table 1 presents their physicogeographical features. There are 765 recorded rivers

in total, of which 45 are registered as permanently flowing according to the Ministry

for Development [2], with ten of them exceeding 1 km3/a [3]. From the latter river

basins, the interregional ones, shared between Greece/Bulgaria (Evros and Stry-

mon) and Greece/FYR Macedonia (Axios), together with Pinios, situated in central

Greece, are considered very large (>10,000 km2). There are fifteen large river

basins (1,000–10,000 km2), twenty medium sized (100–1,000 km2) and about ten

small-sized (10–100 km2) ones, with perennial flow, the majority of which drain the
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western part of the country. The total mean annual surface runoff of the Greek

Peninsula is estimated to be around 54 km3 [2], thereby comprising between 16 and

27% of the European river runoff in the Mediterranean (~330 km3/a, [4]; ~200 km3/

a, [5]); 12.6% of the total Mediterranean runoff (430 km3/a, [4]); 2% of the total

European runoff (2,770 km3/a, [6]); and 0.13% of the world’s river runoff

(39,394 km3/a, [6]). These numbers may be considered high since the surface

area of Greece comprises only 7% of the European Mediterranean area,1 and

1.3% of the European area. Despite high total discharge outputs, the spatial and

temporal distribution of surface runoff is highly uneven due to climatic and

geological variability. In addition, the main portion of river basin networks,

Fig. 1 Map showing the geographic (climatic-geological-hydrochemical) zones and the main

Greek river catchments discussed in this chapter

1Including Spain, France, Italy, Slovenia, Croatia, Bosnia-Herzegovina, Montenegro, Albania,

FYROM, Bulgaria and Greece.
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similarly to other Mediterranean countries, is non-perennial as a result of dry

climatic conditions and karstic geological background; a rough estimation showed

that about 39% of the country’s surface area is occupied by basins drained by

non-perennially flowing water courses [7].

Regarding climatic, geological, hydrological and hydrochemical aspects, the

Greek territory may be divided into three basic geographical zones: the north-

eastern zone (zone 1), the north-central zone (zone 2) and the western zone (zone

3) [8, 9] (Fig. 1). Concerning climate, the three zones present distinct characteristics

[10]; zone 3 is marked by maximum average precipitation, particularly in the north

(more than 1,500 mm/a), contributing 1.5 times to the country’s precipitation

relative to its surface area (data: [2]), zone 1 presents minimum precipitation,

whereas zone 2 presents intermediate precipitation and minimum air temperature

[11]. Considering the whole territory, climatic conditions range from typical Med-

iterranean in the plains and towards the coast, to continental in mountainous areas,

and show a strong N–S and E–W gradient with a southward, and a less significant

eastward, increase in evapotranspiration [12]. Thus, in large parts of southern

(Attika, Eastern Peloponnese and Crete) and eastern (Aegean Islands) Greece,

semi-arid climatic conditions prevail [13].

Geotectonically, zone 3 belongs to the External Hellenides, which extend along

the Ionian coast and are bound to the east by the Pindos Mt. range. They were

dominated by the Alpine orogenesis and reveal a rather simple geotectonic structure

made up of sedimentary sequences, predominately flysch and carbonates, imprinted

by karstic features. Situated east of the Pindos Mt. range, zones 1 and 2 fit in the

Internal Hellenides, which were additionally affected by older orogenetic move-

ments, and reveal a complex geotectonic structure, dominated by metamorphic

massifs, plutonic and volcanic intrusions and ophiolite suture zones. Geochemi-

cally, zone 1 belongs to an acid silicate type, zone 3 is termed a carbonate type

zone, whereas zone 2 is characterised by a mixture of carbonate rocks and silicate

rocks mainly of magmatic origin [8, 14].

Surface runoff presents high spatial variability due to the respective variability

of climatic and geological features. Lotic systems are more abundant in zone 3 and

are marked by high specific discharge (in general over 13 l/s*km2) due to increased

precipitation. However, specific discharge and the abundance of river networks

diminish when going south, due to dryer climatic conditions (Table 1). As a result

of carbonate substrates, river basins with minimum stream density predominate in

this zone. In zones 1 and 2, surface runoff is scarcer. Rivers present low specific

discharge (in general below 13 l/s*km2) and many river stretches have temporary

flow regimes especially towards the south and east. Due to the prevalence of

impermeable silicate rocks in zone 1 basins, stream density is maximum compared

to the other zones. Finally, the geologically mixed zone 2 hosts catchments with

intermediate stream density [8, 9].

River basin geological, morphological and climatic characteristics shape mor-

phological features of river and stream corridors; in zone 3, V-shaped valley forms

with narrow floodplains and deep and wide riverbeds characterise the calcareous

river basins. In zone 2, V-shaped valleys and riverbeds with medium width and
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depth predominate, while floodplains are rather narrow. Finally, zone 1 is domi-

nated by water flows with U-shaped valley forms and wide floodplains but narrow

and shallow riverbeds as a result of highly impermeable rock formations that

dominate this zone [9].

Greek rivers tend to have naturally high sediment fluxes due to high relief ratios,

high seasonal climatic variation, easily erodible rock formations, and sparse vege-

tation. Sediment fluxes have further increased bymassive deforestation, fire, grazing

and other human activities such as mining [8]. As a result of sediment transport and

deposition, most major Greek rivers form deltaic plains. The Axios together with the

adjacent Loudias and Gallikos Rivers form the most extensive deltaic area in Greece

(600 km2), followed by the Nestos Delta (434 km2). The Arachthos River creates,

together with Louros River, a large double delta of 350 km2. The Evros Delta

extends over 188 km2 and the Alfeios Delta covers 113 km2. The Sperchios River

has a dynamically expanding delta of 196 km2.

From a hydrochemical point of view, considering 39 river basins, ranging from

small to very large, the three zones show differences in water temperature, con-

ductivity, and calcium, magnesium, bicarbonate, sulphate and silicate concentra-

tions [9, 15]; in general, zone 3 shows maximum water temperature due to its

karstic nature, zone 1 is characterised by maximum sulphate concentration due to

the dissolution of pyrite ores, followed by zone 3 which is affected by evaporite

dissolution. Furthermore, zone 2 shows maximum silicate concentrations as a result

of ophiolite weathering, followed by zone 1 rivers, which are affected by acid

silicate weathering [8, 9].

Finally, from an ecoregional aspect, zone 1 corresponds to Ille’s ecoregion

7, whereas zones 2 and 3 belong to ecoregion 6.

This review chapter illustrates abiotic water quality characteristics of Greek

rivers and streams both in spatial and temporal scales, and attempts to interpret the

origin and variability of their composition as it results from various natural factors

and processes as well as human interference.

2 Materials and Methods

For the purposes of this chapter, the river database of the Institute of Marine

Biological Resources & Inland Waters (IMBRIW) of the Hellenic Centre of Marine

Research was utilised. The data originate from various European and national

projects carried out by IMBRIW during the period 1996–2015 and refer to river

and stream sampling stations dispersed throughout the country.

Regarding major ions (Ca2+, Mg2+, Na+, K+, HCO3
�, SO4

2�, Cl�) and silicate,2

data from 77 sampling stations (60 rivers and streams) were analysed, and the

hydrochemical composition of mainland and island rivers and streams was

2For the specifications of laboratory analysis see [9].
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compared. The majority of these data originate from IMBRIW’s national and

international projects, whereas 10% of the data set corresponds to long-term

measurements of the Ministry of Agriculture for major rivers [16]. For physico-

chemical characteristics (water temperature, conductivity, pH and dissolved oxy-

gen), data from 394 stations (129 rivers and streams) were used. These data

originate mainly from the National Monitoring Program (2012–2015) and other

IMBRIW’s national and international projects. Regarding nutrients (NO3
�, NO2

�,
NH4

+, TN, PO4
3, TP)2, data from 774 sampling stations (182 rivers and streams)

were used, 97% of which originate from IMBRIW’s national and international

projects, including the National Monitoring Program (2012–2015). Lastly, 3% of

these data were obtained from the Ministry of Agriculture [16] and other literature

sources.

These data were statistically treated in order to gain an overview on the country’s
river hydrogeochemical and pollution profile.

3 Results & Discussion

3.1 Hydrochemical Composition and Classification

Due to the predominance of carbonate minerals in rocks, in recent sediments and in

riverine particulate matter [17], the discharge-weighted concentrations of major

ions in Greek rivers are far higher than both the world and European averages [3]

due to elevated Ca-HCO3 ion content. Mean conductivity is 457.7 μS/cm (Table 2)

and mean Total Dissolved Ion (TDI) concentration is 374.9 mg/l (Table 3). Elec-

trical conductivity ranges between 45 and 100 μS/cm for “pristine” headwater

stream stations draining registrant rock types (mainly found in north-western

mainland Greece and in Samothraki Island), and may reach> 900 μS/cm for

polluted river sections, rivers that are fed by significant karstic inputs, or coastal

stations affected by sea water intrusion. Greek rivers are in general alkaline in

nature (mean pH: 8.03, Table 2) and only three out of 129 rivers are acidic (pH< 7).

Table 2 Basic statistics

regarding water temperature,

electrical conductivity and pH

for 394 river stations

distributed throughout the

country (IMBRIW-database,

period of measurements

2000–2015)

Tw EC pH DO
�C μS/cm mg/l

Average 14.8 457.7 8.03 9.82

Median 14.9 392.7 8.04 10.03

Max 34.2 2740.1 9.47 14.91

Min 6.8 45.5 6.77 2.91

Stdev 3.1 309.4 0.41 1.63

CV 20.6 67.6 5.16 16.64

Tw water temperature, EC electrical conductivity, DO dissolved

oxygen

The State and Origin of River Water Composition in Greece 103



T
a
b
le

3
B
as
ic

st
at
is
ti
cs

fo
r
m
aj
o
r
io
n
s,
si
li
ca
te
,
T
H
an
d
T
D
I
(i
n
m
g
/l
)
co
n
si
d
er
in
g
7
6
ri
v
er

st
at
io
n
s
d
is
tr
ib
u
te
d
th
ro
u
g
h
o
u
t
th
e
co
u
n
tr
y
(I
M
B
R
IW

-d
at
ab
as
e,

p
er
io
d
o
f
m
ea
su
re
m
en
ts
1
9
8
0
–
2
0
1
3
)

C
a2

+
M
g
2
+

N
a+

K
+

H
C
O
3
�

C
O
3
2
�

S
O
4
2
�

C
l�

S
iO

2
T
D
I

T
H

A
v
er
ag
e

5
5
.3
3

1
7
.6
1

1
4
.1
2

2
.5
5

2
0
1
.0
5

7
.8
5

4
7
.2
4

1
7
.4
3

1
1
.7
5

3
7
4
.9
4

2
2
4
.5
4

M
ed
ia
n

5
1
.3
6

1
2
.0
2

8
.9
2

1
.8
9

1
9
9
.0
3

3
.1
5

2
7
.2
2

8
.2
3

9
.6
0

3
2
1
.4
2

2
1
4
.0
4

M
ax

1
5
8
.8
9

6
9
.1
5

9
4
.0
4

1
0
.1
4

4
7
3
.1
2

4
4
.2
6

3
3
2
.7
9

1
3
6
.5
8

1
0
0
.7
5

1
4
1
9
.7
1

5
8
6
.0
0

M
in

4
.1
5

1
.1
7

0
.6
5

0
.7
8

1
9
.7
0

0
.0
0

3
.9
0

1
.1
9

0
.1
0

3
1
.6
4

1
5
0
.0
0

S
tD
ev

3
2
.7
7

1
7
.7
5

1
6
.9
0

2
.0
1

9
6
.0
0

1
1
.0
1

6
1
.2
3

2
4
.5
9

8
.5
0

2
7
0
.7
6

1
3
2
.8
2

C
V

5
9
.2
3

1
0
0
.7
5

1
1
9
.7
4

7
8
.8
0

4
7
.7
5

1
4
0
.3
2

1
2
9
.6
0

1
4
1
.0
6

7
2
.3
1

5
9
.5
6

5
9
.1
5

%
Io
n
/T
D
I

1
4
.7
6

4
.7
0

3
.7
7

0
.6
8

5
3
.6
2

2
.0
9

1
2
.6
0

4
.6
5

3
.1
3

T
H

to
ta
l
h
ar
d
n
es
s
(C
aC

O
3
),
T
D
I
to
ta
l
d
is
so
lv
ed

io
n
s,
%

Io
ns
/T
D
I
p
er
ce
n
ta
g
e
co
n
tr
ib
u
ti
o
n
o
f
ea
ch

io
n
to

th
e
T
D
I

104 N. Skoulikidis



The majority of Greek rivers belong to the calcium carbonate hydrochemical

type (Ca>Mg>Na>K–HCO3> SO4>Cl, meq/l), similarly to the average of

rivers worldwide [18], where bicarbonate is the dominant ion, followed by calcium

[3]. However, there are certain rivers and streams with differing ion sequence

[9]. For example, the Aoos headwaters which flows through mafic rocks are of a

magnesium carbonate type (Mg>Ca), whereas, along the Evros, Acheloos,

Pamisos, Kalamas, Florinis, and Onochonos, in the Nestos headwaters and tribu-

taries (Arkoudoremma and Diavoloremma), and in Aliakmon headwaters, sodium

is the second dominant ion, while chloride dominates in the Acheloos and

Arachthos. Finally, in the Alpheios and Soulou rivers that drain lignite deposits,

sulphate is the dominant anion.

As a result of geological and climatic controls, an increase in river

mineralisation towards zone 3 is evident; on average, TDI concentration (excluding

silicate) ranges from 221 mg/l in zone 1, to 297 mg/l in zone 2, and reaches 463 mg/

l in zone 3 (Table 4). Thus, rivers located in zone 1 show a low mineralisation,

rivers draining zone 2 basins are of a medium mineralisation, and those situated in

zone 3 show high mineralisation. Total Hardness (TH) reveals a similar trend

ranging, according to [28] classification, from hard (average, 140 mg/l CaCO3) in

zone 1, to very hard in zones 2 and 3 (210 and 269 mg/l CaCO3, respectively) (for

TDI and TH classification see [9]).

Rivers and streams adjacent to the sea (located both in the mainland and on

islands) present differing composition. Situated within a semi-arid climatic zone,

Aegean island streams are more mineralised that mainland ones as a result of higher

air temperature and evaporation, and marine aerosol influence (Fig. 2).

3.2 Factors Controlling River Water Composition

A river is a four-dimensional (length*width*depth*time) open system with strong

interactions between its drainage basin and the subsurface. Various abiotic and

biotic processes, such as tectonic dynamics, weathering, erosion and sedimentation,

evaporation, infiltration, flushing, and metabolic and biogeochemical processes, as

well as human factors, interact within the watershed, the river floodplains, the

riparian zone and the water body itself, determining its hydrochemical regime

(e.g. [19]). These factors and processes are combined to create a diverse water

composition that changes spatially and temporally.

Despite the dynamic interrelationships between factors and processes control-

ling river water composition, efforts are made to examine them separately in order

to identify and weight the underlying driving forces that control aquatic quality

composition and its variation in Greek rivers and streams.
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3.2.1 Atmospheric Inputs and River Water Quality

Atmospheric deposition is recognised as a potential source of major ions and

nutrients to river ecosystems [20–22]. According to Table 5, which presents the

ratios between ion concentrations in bulk precipitation to the ion concentrations of

related river basins, the potential contribution of bulk precipitation to river solutes,

and especially to nutrients, is remarkable. For major ions, the potential inputs of

bulk precipitation are largely expressed in basins underlain by resistant rocks [23]

drained by rivers with low solute concentrations and in headwater reaches with

minor pollution pressures, which is the case in the Samothraki Island streams [24]

and the Krathis River basin [25]. The high concentration of nutrients in bulk

precipitation is affected by Greece’s location in the eastern Mediterranean, since

it receives air masses laden with anthropogenic nutrients from industrialised and

agricultural areas of central and Eastern Europe [26].

Focusing on sodium and chloride, about 15% of their riverine content is pro-

vided by precipitation [15]. A significant portion of these ions, in rivers in the

vicinity of the sea, is attributed to marine aerosol [25]. Thus, the ratio of chloride

and sodium between island and mainland streams is at a maximum (3.7 and 2.6,

respectively) compared to the respective ratios for other major ions (ranging

between 1.9 for magnesium to 0.7 for potassium). Moreover, the Na/Cl ratio in

island-streams (1.08) lies closer to the respective seawater ratio (0.86) than in the

mainland ones (1.77).3 The marine influence is also demonstrated by the

Fig. 2 Box plot diagrams for major ion concentrations in mainland (1) and island (2) rivers and
streams for catchment areas up to 1,000 km2

3It should be noted that mainland rivers are subject to anthropogenic pollution pressures more than

island ones. Since municipal wastes enrich surface runoff predominately with chloride ions [15],

the Na:Cl ratio in mainland rivers in absence of pollution would be even higher.
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exponential decrease of these ions with altitude [9] that is consistent with the

findings of Meybeck [27].

3.2.2 Geological Controls

On a global scale, the ultimate source of most dissolved ions is considered to be the

mineral assemblage in rocks near the land surface [28]. Geology, in combination

with microbial processes taking place in soils or in the water/sediment interface,

controls the quality of solutes and affects their quantity together with discharge.

The three geographical zones of the country are differentiated by both climatic

and geological features, therefore it is difficult to distinguish which is the dominant

factor that determines the hydrochemical character of Greek rivers. Nonetheless,

there are signs that spatial geological differences may overwhelm respective cli-

matic variability in controlling solute concentrations [9].

Due to the predominance of carbonate minerals in the geological background of

the country, the main factor controlling Greek river composition is carbonate

dissolution, whereas other factors comprise acid and mafic rock weathering, pollu-

tion and biological activity, as it has been shown for major rivers [15]. Statistical

analyses revealed that major ions, such as calcium, magnesium, hydrogen carbon-

ate, sulphate, sodium and chloride, primarily correlate with the portion of recent

(neogene and quaternary) sediments within river basins of major rivers [15]. In fact,

considering 64 river basins (90 river stations), ranging from very small (<10 km2)

to very large (>10,000 km2), a positive correlation between TDI and the portion of

recent sediments in the river basins is evident (Fig. 3). This trend is initiated by the

fact that recent sediments are more easily soluble than the respective bedrock itself.

For the same reason, when going downstream, solute concentrations increase since

recent sediments are more abundant at low altitudes [15]. However, as alluvial

aquifers are commonly developed within these sediments, the downstream increase

of solute concentrations is additionally triggered by the contribution of these

alluvial aquifers (which are laden with excess solutes, and especially carbonate)

to river runoff.

Moreover, rivers situated in the northern part of zone 3 (Fig. 1) reveal high

mineralisation compared to rivers situated in the other zones. This occurs despite

the fact that these river basins, characterised by low evaporation, maximum pre-

cipitation and maximum runoff coefficients (Table 1), demonstrate maximum

dilution processes compared to the other zones. Also, the concentrations and the

relative portion of major ions in the three zones (Table 4) mirrors the rock

formations of river basins; silicate and magnesium, show maximum concentrations

in basins with mafic rocks (zone 2) due to the weathering of olivine and serpentine

minerals (e.g. [29]); the decrease of potassium concentration, when moving from

zone 1 to zone 3, is attributed to the respective decrease of acid silicate rocks;

sulphate shows higher concentration in particular river basins marked by evaporites

(zone 3), lignite deposits (all zones), or with abundant pyrite ores (zone 1); rivers

draining carbonate rocks reveal low phosphorus concentrations, since carbonate
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minerals may act as a phosphorus sink [8, 25]. Finally, the example of river Nestos,

with vast differences in major ion composition between the magmatic upstream

(low solute concentration with high alkali ion portion) and the calcareous mid

stream reaches (high solute concentration with high earth alkali ion portion),

illustrates the influence of geology on water quality within a single river basin [30].

Geological factors also affect river water composition through rock permeabil-

ity. In fact, since surface/subsurface water interactions increase with increasing

rock permeability, rivers draining alluvial formations are rich in solutes [15]. Par-

ticularly in summer, when river flow is practically base flow (in absence of

precipitation), groundwater composition imprints river water [9].

Finally, geology also controls sediment transport; small mountainous basins

with predominance of flysch, such as the Aoos and Arachthos, show high sediment

transport rates that are comparable to large river basins [8].

3.2.3 Climatic Influence

Like other Mediterranean regions, Greece is marked by a distinct cool and wet

season followed by a warm and dry period, while it is influenced by a sequence of

regular and often extreme drying and flooding periods of unpredictable intensity

and frequency [31].

By controlling air temperature, precipitation and evaporation rates, vegetation

type and cover, as well as biogeochemical processes, spatial and temporal climatic

variations affect the rivers’ hydrological and hydrochemical regimes. Climate

affects river runoff, which is a major driver for river water composition since it

controls solute concentrations by dilution (Sect. 3.2.4). Considering a relatively

homogenous geology within zone 3, climatic factors imprint river water composi-

tion; a southward increase in drought, dramatically diminishes river flow (Table 1),

Fig. 3 Correlation between the portion of neogene and quaternary sediments within river basins

and the respective TDI concentrations for 64 river basins (90 river stations) ranging from very

small (<10 km2) to very large (>10,000 km2)
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especially in summer, resulting to a solute concentration increase in Peloponnesian,

and Aegean Island rivers and streams. Particularly in semi-arid areas, such as Attika

and the Aegean Islands (zones 2 and 3), streams with low flow, or non-perennial

hydrological regimes, dominate, and Island streams show significantly higher

solute concentrations compared to more temperate continental basins (Fig. 2).

As a result of climatic influence, air and river water temperature increases with

decreasing catchment latitude and altitude [9], thus enhancing the rates of biogeo-

chemical and ecological processes (photosynthesis, respiration, mineralisation and

decomposition) [32]. Climatic conditions and vegetation characteristics also affect

soil properties; highland rivers or upstream river sections are more enriched with

dissolved organic carbon than lowland river reaches [15, 33]. In addition,

undisturbed forested catchments show increased TP during floods due to leaching

of soils with high organic matter content [9]. Finally, as a result of climatic controls,

the western part of the country (zone 3) is characterised by poorly leached

soils [34].

Extended drought periods may dramatically affect river water composition; a

drought wave that affected Europe at the end of the 1980s – beginning 1990s, in

combination with excessive water withdrawals for irrigation, caused a dramatic

reduction of river runoff in Greece, leading to a substantial rise of solute concen-

trations (Fig. 4). For example, the conductivity in Axios rose by ~40% compared

with previous years [8, 35]. Droughts may also cause wildfires; in 2007, during

prolonged summer heat waves, heavy wildfires destroyed extended forest and shrub

land areas, causing an increase of surface runoff and erosion rates and elevated

sediment and phosphorus concentrations in receiving water bodies [36]. These facts

reveal the impact of droughts on river water quality, and demonstrate the potential

impacts of future climate change on river hydrochemical regimes.

3.2.4 Hydromorphological Factors

Rivers’ temporal hydrological regime is controlled by climatic (precipitation and

evapotranspiration variations and trends) and geological factors (rock permeabil-

ity). Discharge fluctuations control river water chemistry by determining the vol-

ume of water available to dilute concentrations (e.g. [28]), by influencing the

amount of baseflow in river flow, and by initiating flood events and subsequent

flushing processes (e.g. [37]).

The discharge regime of Greek rivers generally follows that of the rainfall and

snow melting patterns, and consequently exhibits both strong seasonal and inter-

annual variability. In this context, variable geographical distribution of climatic

patterns, considerable geomorphological variations and complex geological and

hydrogeological formations and structures that mark the country, give rise to a high

spatial variety of river and stream hydrological regimes. Malikopoulos (in [38])

distinguishes five seasonal types of runoff regimes for major rivers; a simple rain

type with one winter discharge peak, a complex rain type with two discharge peaks

(where winter peak> autumn peak), a snow-rain type A (where winter
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peak> spring peak), a snow-rain type B (where spring peak>winter peak) and a

spring type with one discharge peak.

All types, besides the spring type, representing karstic inputs that smooth

seasonal variability, reveal a strong seasonal regime, mostly flushy in nature, and

low summer flow. During summer (June–August), when rainfall is scarce, and

autumn (September–October), when groundwater tables are sinking to minimum

levels, surface runoff drops to a minimum and often river and stream stretches cease

to flow, presenting a variety in hydroperiods ranging from intermittent to episodic.

During the phase of desiccation, river reaches may be composed of a series of

connected or isolated pools, or may dry out completely. This is a natural phenom-

enon under the dry climatic conditions and the karstic geology of large parts of the

country [39]. However, temporary flow regimes are additionally triggered by water

resource overexploitation as has been shown for the Evrotas River basin [40].

Fig. 4 Inter-annual variation of mean annual conductivity in major Greek rivers (data Ministry of

Agriculture) and moving averages to smooth out short-term fluctuations and highlight longer-term

trends or cycles. Ach Acheloos, Ev Evros, Nes Nestos, Pi Pinios, Str Strymon, Ax Axios, Dotted
lines present 4-year period moving averages
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High baseflow and low rainfall contribution to river runoff smoothes seasonal

hydrological variations and diminishes the occurrence of floods [8]. Thus, rivers

imprinted by karstic features (where large amounts of water may be stored in

subterranean aquifers) such as the Acheloos, the Louros, the Alfeios, the Evinos,

the Pamisos, the Angitis, etc., show a low to moderate ratio between long-term

monthly maximum and minimum discharge. The ratio in these rivers and the ones

with regulated water courses, such as the downstream portions of Nestos, Aliakmon

and Acheloos, ranges between 1.5 and 7. In contrast, the lower parts of Strymon and

Evros, the upper Aliakmon, the Aoos, the Arachthos, the Pinios, the Sperchios, the

Evrotas, etc., show high seasonal hydrological variations with ratios ranging

between 8 and 20 and are prone to floods [8].

Hydrochemical variations depend on discharge fluctuations and the origin of

waters (surface runoff, interflow, base flow) that contribute to the river hydrogra-

phy. Thus, the seasonal regime of solute concentrations in river water is controlled

by three main processes that are governed by hydrological factors: (1) dilution,

during spring and selectively during winter, (2) concentration, due to evaporation

and base flow contribution, during the dry season (in summer river water is

practically represented by groundwater) and (3) enrichment due to flushing of

soil-salts (e.g. [37, 41]), following flood events, occurring in autumn, winter and

rarely in spring [15]. The relative importance of the aforementioned processes

controls the intra-annual solute concentration variations in a river [14]. For exam-

ple, the strong seasonal hydrological fluctuations in zone 1 rivers (due to the

existence of small groundwater aquifers) cause respective seasonal solute

variations [9].

As a result of dilution processes, specific conductance is lowest during spring

(snowmelt) and winter (maximum rainfall) and peaks during base flow conditions.

Thus, an inverse relationship between discharge and conductivity is commonly

apparent (e.g. Fig. 5). Such rivers are of a “dilution type” [15]. In the case of the

Nestos and Axios, the conductivity during low flow periods increases exponentially

as a result of increased base flow contribution to river flow, intense evaporation, and

pollution [3].

Impact of Droughts

During the dry period (June–September/October), river discharge is at a minimum,

as a result of lack in precipitation and drop in ground water tables. Seasonal drought

commonly leads to the formation of connected and disconnected pools or to

complete desiccation of reaches even in the main stem of large rivers, especially

during particularly dry years.4 In the Evrotas River, where every year particular

reaches dry out in summer, carbonate precipitation occurs due to increased

4When seasonal drought is artificial, i.e. is largely caused by water overexploitation, river

ecosystems are seriously threatened leading to aquatic biodiversity losses [40].
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photosynthesis, while denitrification and ammonification processes dominate in

disconnected pools [39]. River flow (current velocity) controls the accumulation

or release of particulate organic matter in marginal waters and in stream pools, thus

influencing redox potential and mineralisation. These processes determine oxygen

concentration and pH and affect the carbonate equilibrium as well as the concen-

trations and speciation of nutrients.5 For example, in an intermittent river basin in

Crete (Anapodaris River), in marginal waters, where current velocity was

extremely low, sediment organic matter accumulated and dissolved oxygen

approached zero, as a result of respiration [42].

Fig. 5 Correlation between monthly instant discharge and instant conductivity in the free-flowing

portion of the Nestos and Axios rivers according to long-term data series (Nestos: 1974–1993;

Axios: 1977–1994) of the Ministry of Agriculture

5Most of these parameters may affect biota composition and abundance, thus impairing ecological

quality of rivers (according to the WFD).
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Impact of Floods

The concentration of autumn rainfall, in short but heavy storm events, creates flush

floods. During these events, the extension of the drainage network to dry areas,

where a store of readily soluble material is trapped, contributes to increasing

concentrations of sediments, solutes and associated pollutants [43]. This mecha-

nism enriches river water with sediments, major ions and pollutants. The impact of

floods on aquatic quality may be detected even on a monthly basis [3, 25]. However,

when using automatic gauging stations, the results of initial flush floods on river

water composition are clearly visible; initial floods monitored in the Krathis and

Evrotas rivers, revealed significant mobilisation of sediments and associated par-

ticulate nutrients, and specific nutrients surpassed qualitative standards

[25, 39]. Regarding sediment transport, heavy initial autumn rains on desiccated

soils often cause landslides, especially where unconsolidated sediments prevail.

Thus, 50–95% of the annual sediment transport occurs during initial flood

events [44].

Impact of Water Management

In the 1950s, the first large dams were constructed. Nowadays, 164 large dams

(source: International Commission on Large Dams) regulate river runoff and most

large and medium-large rivers are fragmented [8]. Most reservoirs have

multipurpose functions (i.e. hydropower generation, irrigation, urban water supply,

cooling thermoelectric plants, aquaculture, and recreation), with hydropower (H/P)

generation and irrigation covering almost 70% and 30% of the usable volume of

reservoirs, respectively. The most modified river is the Acheloos, in western

Greece. In its headwater and middle sections, seven reservoirs exist (or are nearly

completed), four of which are on the main stem. These reservoirs cover 150 km2

with a total storage capacity of ~6.6 km3. Moreover, ~0.15 km3/year is transferred

to the Pinios basin and an additional 0.6 km3/year is planned to be transferred to the

same basin. Four large reservoirs are located along the main stem of the Aliakmon

River, three along the main channel of the Nestos River within the Greek territory,

two along the Arachthos River, whereas other ten courses of major rivers are also

fragmented [8]. From the major rivers, only the Sperchios and the Evrotas are free

flowing.

Dam operation for H/P generation smoothes hydrological variations and mod-

ifies the hydrological regime, thereby contributing to flood mitigation and retention

of sediments and pollutants. However, impounded rivers exhibit a disturbed hydro-

logical regime downstream of the reservoirs; the Acheloos, Nestos and Aliakmon

rivers exhibit high to maximum discharge in the summer period, due to the

increased needs of H/P production for cooling purposes. Particularly for the

Acheloos River, the second higher annual discharge peak occurs in July (which

prior dam construction revealed the second lowest peak), whereas 30% of the

annual runoff occurs during the summer months compared to 11% prior to dam
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construction [45]. This hydrological disturbance6 initiates an abnormal

hydrochemical regime downstream of the reservoirs; nowadays, in the Acheloos

River, minimum solute concentrations are found in summer. This is due to both the

lowering of carbonate concentrations as a result of photosynthetically driven

carbonate precipitation occurring in the reservoirs, as well as to the outflow of

deep, mineralised waters from the reservoirs during winter [45].

Agricultural land covers 30.2% of the Greek territory, of which 9.5% comprises

irrigated farmlands, whereas agricultural water abstractions account for 89% of

total abstractions [46]. Direct water abstractions take place from both lowland river

reaches and headwater streams [7]. During dry years, farmers are affected by severe

water shortages, particularly interruptions, during the irrigation season and are

forced to construct provisional weirs on river courses for water abstraction. This,

in combination with ground water over-pumping, favours artificial desiccation and

many once perennial river stretches often cease to flow during the summer months

[7, 40]. For example, in the Pinios River basin, intensive water use for agriculture

(that exceeds 95% of the available water resources) deteriorated the water balance,

making it strongly negative even in rainy years [47] and resulted in lowering of the

groundwater tables by several tens of metres, thereby contributing to artificial

desiccation of particular reaches during dry years (e.g. at the end of the 1980s

beginning of the 1990s and in 2006/07). Also, the case of the Evrotas, with

remarkable differences between the long-term rainfall reduction (10.5%) and dis-

charge decrease (51.2%), is quite alarming, since it lost 84% of its initial discharge

within three decades mainly as a result of water resources overexploitation

[40]. Consequently, a vast proportion of its course becomes artificially

non-perennial in particularly dry years; in October 2007, 80% of the river network

dried out completely (Fig. 6), thus restricting irrigation ability and threatening

endemic fish fauna [40].

The vast seasonal decline of river flow makes running waters particularly

sensitive to anthropogenic pressures, especially regarding good water quality avail-

ability. In fact, many artificially non-perennial water courses suffer from eutrophi-

cation, hypoxia and high concentrations of industrial and agricultural contaminants

[39, 48–50].

Regarding sediment transport, the long-term decline in river runoff, combined

with an over 80% retention of sediments in reservoirs, resulted in a dramatic

reduction of sediment fluxes during the past 50 years [8]. Consequently, deltaic

areas of fragmented rivers are not expanding [44] or may have even started to

decrease in size [51]. It is predicted that the sandy beaches and island barriers of the

Acheloos Delta will gradually erode and coastal lagoons will be intruded by sea

water [52]. Global sea level rise may further accelerate the destruction of many

deltaic areas of the country.

6This abnormal hydrological behaviour downstream the reservoirs affects river bed, river bank and

riparian areas’ habitat characteristics, thus threatening biodiversity.
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3.2.5 Effects of Physicogeographical Factors

Natural Controls

Altitude directly affects the equilibrium concentration of dissolved oxygen

[53]. This may be the reason why nearly “pristine” upstream mountainous river

reaches show oxygen undersaturation [54]. In addition, altitude indirectly affects

hydrochemical properties of rivers; lowland rivers or river parts are marked by

higher solute concentrations in comparison with upland reaches due to: (1) the

higher base flow contribution on river flow, (2) the higher residence times of base

flow in lowland aquifers, (3) the increase in floodplains and hence the enhancement

of flushing processes, and (4) the higher concentration of population, mining,

industrial and agricultural activities, creating pollution loads. These factors and

processes, together with the downstream increase of recent sediment deposits,

contribute to a respective enrichment of major ions and nutrients [8, 9, 15].

Slope controls current velocity, sediment transport and determines substrate and

habitat composition. Small and medium sized river basins present an inverse

relationship between water temperature and river valley slope [9]. This is attributed

to hydrogeological factors, since rivers with steep slopes are characterised by fast

running waters and runoff is almost exclusively represented by overland flow. Thus,

steep river basins reflect more directly air temperature variations than those with

smooth slopes of mixed (surface and subsurface) flow. Moreover, as a result of low

base flow contribution in river flow, steep upland catchments include rivers with

low solute concentrations [9].

Fig. 6 Impact of the extreme drought of 2007 on the Evrotas River basin network
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Anthropogenic Controls

Hydromorphological modifications (embanking, sand and gravel extraction, clear

cutting of riparian vegetation in benefit to agriculture, straightening, reservoir

building, etc.) also affect river water quality; the restriction of river floodplains

and riparian vegetation limits natural attenuation causing river water pollution

[55]. Moreover, the reduction of river flows and groundwater recharge in coastal

areas leads to upstream sea water propagation and river water salinisation. On the

contrary, healthy vegetation and soil cover act like a shield against pollution, as

shown in the case of the Krathis River [25].

3.2.6 Effects of Pollution

Agricultural, industrial and municipal effluents cause an increase in nutrients, and

organic and inorganic micropollutants in river water (see Sect. 4). Pollution also

influences major ion composition; for example, rivers affected by lignite mining

such as the Evros, Alpheios and Soulou show increased sulphate content, rivers

affected by agriculture are enriched with potassium, whereas rivers influenced by

municipal wastes show increased chloride and sodium concentrations [15]. Pollu-

tion also indirectly affects the carbonate content of river water; eutrophication and

anoxic conditions produce excess CO2 that may cause carbonate dissolution, thus

enhancing the concentration of calcium, magnesium and bicarbonate in river

water [56].

3.2.7 Biogeochemical Processes

Aquatic biogeochemical processes may be defined as the physical, chemical,

geological and biological processes and reactions that govern the composition of

the aquatic environment. In-stream processes include dissolution–precipitation,

sorption–desorption, acid–base and redox reactions, and ecosystem metabolism.

In addition, biogeochemical processes acting at the interface of water/sediment,

surface/subsurface flow and within the riparian zone may also substantially shape

the hydrochemical regime of rivers and streams in space and time.

Stream ecosystem metabolism is predominately apparent in natural and/or

artificially eutrophic river reaches, such as shallow, slow-moving waters of large

perennial rivers, in reservoirs and river deltas, in river pools during desiccation, and

in river reaches affected by treated and untreated organic effluents (mainly munic-

ipal and agro-industrial wastewaters); for major Greek rivers, 12% of the variance

of the data was explained by biological activity [15], showing that photosynthesis

and respiration influence dissolved oxygen content and pH in eutrophic rivers.

Additionally, small-medium river basins revealed a positive correlation between

the excess of pCO2 and the oxygen deficit [9] indicating the influence of biological

activity on dissolved oxygen and carbon dioxide equilibrium in river water.
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Metabolic processes, together with a series of biogeochemical processes, also

influence carbonate equilibrium, and play an important role in nutrient and organic

matter cycling. Photosynthesis causes oxygen and pH rise, carbonate oversaturation

and precipitation [8, 15, 45, 54], whereas respiration initiates oxygen depletion,

denitrification and ammonification7 (e.g. [39, 42, 57, 58]).

Biogeochemical processes also control the natural attenuation of running waters;

in the Krathis River “pristine” headwaters, almost no ionic N and P concentrations

were found, despite the remarkable nutrient loadings of precipitation. This indi-

cated the operation of various self-purification processes occurring in forest and

riparian soils, at the soil/water interface or in-stream [25]. In contrast, in the almost

“pristine” streams of Samothraki Island, nutrient levels may be affected by the

reverse process; nutrient release from organic matter mineralisation, particularly

leaves, accumulating within small pools that exist along river courses [24].

Wet-dry cycles control the activity of soil organisms, and thus, microbial

biomass, mineralisation, denitrification, gaseous losses and ammonia volatilisation

[59]. As runoff area increases, waters increasingly bypass biologically active soil

profiles, and through leaching, mineralisation and nitrification processes, nutrients

are flushed into the streams. Initial flood pulses that follow the dry period of the year

create “hot moments” chiefly for suspended sediments and associated nutrients as

well as for dissolved nutrients and major ions [25]. For example, flush peaks of

19 mg/l NH4, that surpassed aquatic quality standards, were detected even in the

unpolluted Krathis River during initial autumn floods as a result of rapid organic

matter mineralisation and subsequent nitrification [25]. Finally, in the Evrotas

River, initial flood events initiated a worsening of nitrate and nitrite quality [39].

4 The State of River Pollution

In Greece, mining and industrial activities are limited and locally restricted. The

main anthropogenic pressures are connected with agriculture, i.e. agrochemical

application, agro-industrial waste discharges and land clearing. Regarding munic-

ipal waste impact, over 90% of the country’s population is connected to Waste

Water Treatment Plants (WWTPs) (with 2/3 primary and 1/3 secondary treatments)

[8]. However, small villages still maintain traditional sewage systems (permeable

seep-tanks) and there is evidence of poorly functioning, or even not operating

WWTPs in the smaller towns [8, 57].

According to the major rivers’ long-term monitoring archives [16], river water

shows a satisfactory oxygenation with minimum instant monthly values of

dissolved oxygen ranging from 9.5 (Aliakmon) to 5.8 (Evros) mg/l. Dissolved

oxygen (DO) concentrations <5 mg/l were only sporadically recorded

7Increased respiration in certain time periods may lead to oxygen depletion and ammonia

production that threatens biota and may lead to, commonly reported, massive fish deaths.
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(e.g. Evros: 4.2% of all measurements) [8]. According to the IMBRIW’s data

(394 stations – 129 rivers and streams), the mean DO concentration is high

(9.82 mg/l) (Table 2) and only 7 stations show a DO value below 5 mg/l. However,

as the case of the Sparta WWTP revealed, downstream of inadequately operating

WWTPs, oxygen may temporarily drop to zero values [57].

Regarding nutrient pollution, according to the data of the Ministry of Agriculture

[16], nitrate reached maximum long-term average concentration in the Evros

(3.5 mg/l N-NO3) followed by the Pinios and Axios (1.92 and 1.86 mg/l N-NO3,

respectively). Mean ammonia levels ranged between <36 (Aoos) and

140 (Aliakmon) μg/l N-NH4, and TP was generally below 80 μg/l, and only the

Evros and Axios revealed excessive levels (668 and 634 μg/l, respectively)

[8]. Table 6 presents basic statistics regarding the nutrient levels (and the mean

and median nutrient status classification) from the IMPRIW data base, including

774 river sites. Figure 7 illustrates the quality classification of the monitoring

stations, based on nutrient concentrations, according to the Greek Nutrient Classi-

fication System (NCS) [9]. According to Fig. 7, 58% of the stations reveal high and

good nutrient quality, whereas 42% of the stations show a nutrient quality that is

below the good quality standards. In addition, nitrate, nitrite, ammonia and phos-

phate, in 29%, 34.8%, 45.5% and 71.7% of the examined stations, respectively,

present reference conditions.

In general, nitrogen reference conditions in Greek rivers are low, as nutrient

classification systems developed for the WFD purposes indicate [9, 42]. This is

attributed to the mountainous relief with limited pollution pressures at medium and

high elevations, to the poor soil organic matter of the country, and to natural

attenuation processes [8, 25]. On the contrary, phosphorous reference conditions

are relatively high compared to other European countries, possibly due to high

geochemical background levels.

The range of nitrate concentrations in Greek rivers (0.0015–16.46 mg/l N-NO3)

resembles the range of nitrate concentrations found in European streams and rivers,

which vary between <0.002 in least disturbed catchments, to over 14 mg/l N-NO3

Table 6 Basic statistics regarding nutrient concentrations (in mg/l) river sites (IMBRIW data

base), the nutrient status classification, according to the Greek Nutrient Classification System

(NCS, [9]), and the N/P ratios (by weight) for the Greek nutrient monitoring network
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in the most intensively farmed catchments [60]. However, the mean nitrate con-

centration of Greek rivers (1.11 mg/l N-NO3) is half of the mean nitrate concen-

tration (2.2 mg/l N-NO3) found in European rivers ([61], data 2010). Regarding

phosphate, the mean concentration of Greek rivers (120 μg/l) exceeds the European
average of 78.8 μg/l (1,379 rivers from 33 countries; http://www.eea.europa.eu/

soer-2015/countries-comparison/freshwater, accessed March 2016).

According to Fig. 7, in zone 3, and in the western part of zone 2, good and high

nutrient quality prevails, whereas in the eastern part of zone 2 and in zone 1, rivers

with moderate and poor nutrient quality predominate. Besides the higher discharge

that characterises rivers and streams draining western Greece, thus contributing to a

dilution of pollutants, the predominance of carbonate geology in western Greek

basins may cause retention of phosphorous in the solid phase [25]. On the contrary,

rivers draining central Greece, such as the Voiotikos Asopos and the Pinios, show

Fig. 7 River status characterisation according to the Nutrient Classification System (NCS) for

Greek rivers [9] (data: IMPRIW data base, 774 river stations)
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maximum pollution, whereas interregional rivers entering the country, such as the

Evros and the Axios are among the most polluted rivers in the Balkans [8].

According to the prescriptions of OECD [62], average and median N/P ratios, as

well N/P ratios in the majority of the monitoring stations (61%) present

phosphorous-limited photosynthesis (TNin/P-PO4> 12, by weight). 19% of the

stations show a nitrogen-limited photosynthesis (TNin/P-PO4< 5, by weight),

whereas in 20% of the stations N/P ratios lie between 5 and 12. This finding agrees

with the general consensus that, in freshwater systems, phosphorus is the primary

limiting nutrient, with limitation by nitrogen playing a secondary role [63].

Overall, nutrients exhibit a downstream increase in their concentrations caused

by a cumulative increase in human pressures, with some exceptions due to the

contribution of local point pollution sources. For example, the Axios used to be

significantly polluted with ammonia and phosphorus at the cities Veles and Skopje,

as a result of municipal and industrial inputs, whereas further downstream water

quality improved [8].

Despite the high geochemical background, especially in river basins situated in

zones 1 and 2, dissolved heavy metal levels are generally low, compared to world

averages and background levels [8]. Elevated concentrations occur in a number of

cases due to a variety of factors, including intense agricultural applications, mete-

orological events, industrial effluents, mining activity, and the geochemical back-

ground [64]. Of the Greek rivers, the Axios is one of the most polluted rivers due to

mining and industrial sources in FYR Macedonia8 and the geochemical environ-

ment. Other rivers severely threatened by metal pollution are the Voiotikos Asopos

and the Chalkidiki streams, affected by industrial and mining activities,

respectively.

Regarding pesticide residues, based on the review of Lambropoulou et al. (this

issue), who considered 19 rivers, the following results may be outlined: (1) river

contamination by pesticides follows similar concentration levels and patterns as

reported in most European countries, (2) the levels of some compounds decreased

with time (e.g. organochlorines, atrazine, alachloretc), mainly due to a ban or the

implementation of good agricultural practices; (3) in some areas with intense

agricultural practices the concentrations of pesticides were in non-compliance

with the environmental quality standards (EQS, Directive 2008/105/EC); (4) the

ecological risk ranged from negligible to high depending on the pesticide and the

target organism. For example, regarding algae, herbicides showed low to high risk,

while insecticides showed negligible risk. Herbicides showed negligible risk for

invertebrates (Daphnia magna) and fish (rainbow trout), whereas insecticides

presented low to high risk for invertebrates.

8According to recent information, polluting industries in FYROM have been closed down.
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5 Conclusions

River hydrogeochemical properties predominately derive from a combination of

river basin geological (weathering, erosion, and rock permeability) and climatic

factors (precipitation and evapotranspiration). Due to the distinct longitudinal

geological and climatic characteristics of the country, Greek rivers are grouped

within three N–S extending zones (i.e., from east to west, zone 1, zone 2 and zone 3)

with certain enrichment in specific ions and increasing mineralisation towards the

west. In zone 3, a southward increase in aridity causes a respective rise in

non-perennial river courses and an increase in solute concentrations, especially in

the semi-arid central and southern Aegean islands.

Geological factors, such as the existence of neogene and quaternary sediments in

river basins, essentially control solute concentrations. Therefore, river basins with

high recent sediment portion as well as downstream river sections reveal high solute

concentrations due to the high solubility of these sediments, the contribution of

groundwater aquifers (which are commonly developed within these sediments) to

surface runoff, and the impact of pollution (since human activities are mainly

developed on the lowlands which are commonly covered by sediments). On the

other hand, climatic factors such as multi-year drought periods cause the deterio-

ration of surface runoff and a substantial rise in river water salinisation. In addition,

bulk precipitation potentially contributes significant concentrations of potassium,

nitrogen and phosphorus to river water.

Geological, climatic and morphological factors control river runoff and the

rivers’ hydrological regime. The volume of water available, and thus discharge

fluctuations, determine solute concentrations. Hydrological variations, coupled

with hydrogeological factors, control surface/subsurface water interactions; during

summer, river water is practically represented by base flow, which imprints river

water composition, whereas flood events, especially in autumn, enrich river water

with sediments and associated salts and pollutants in particulate and dissolved

forms. Morphological factors alone determine human activities, surface/subsurface

interactions and flood events, thus indirectly, affecting hydrological,

hydrogeological and hydrochemical properties of rivers.

Land use and water management infrastructures and practices, combined with

climate variability and change, caused a dramatic long-term river flow diminishing

and there is evidence of artificial desiccation of river reaches during the summer

period. Drying out processes affect biogeochemical and metabolic processes, and

threaten water quality and ecological attributes. Adverse ecological consequences

also result from dam operation for H/P production, which may reverse the down-

stream hydrological and hydrochemical regime.

Metabolic and biogeochemical processes affect river water composition, pre-

dominately in slow-flowing river reaches, marginal standing waters, and in reaches

with connected or disconnected pools during summer. The occurrence of organic

matter due to pollution (e.g. due to malfunctioning WWTPs and/or agro-industrial

effluents) enhances those processes. Intense photosynthesis and respiration control
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dissolved oxygen and carbon dioxide, carbonate dissolution and precipitation,

nitrification, denitrification and ammonification. Biogeochemical processes also

contribute to the natural attenuation of river waters.

Regarding pollution, Greek rivers present lower reference levels for N-species

compared to other European countries, and half the nitrate concentration compared

to the European mean. On the contrary, phosphorus shows both higher mean and

higher reference condition concentrations compared to other European rivers,

possibly due to the higher geochemical background of the country. Despite the

high geochemical background, heavy metal concentrations are generally low,

compared to the world’s averages, besides a number of river basins subject to

intense mining and industrial activities (e.g. the Evros, Axios, Voiotikos Asopos

and the Chalkidiki streams). Finally, pesticides follow similar concentrations and

patterns as in most other European rivers, and in some rivers exceed environmental

quality standards.
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Long-Term Hydrologic Trends in the Main

Greek Rivers: A Statistical Approach

Angeliki Mentzafou, Elias Dimitriou, and Anastasios Papadopoulos

Abstract The scope of this research effort was to examine the effect of water

management practices and land use changes on river flow over the last 3 decades, to

identify the dominant trends in the discharge and precipitation time series and to

examine the interrelationship between these two parameters. In order to accomplish

these aims, the annual discharge time series of seven (7) major rivers in Greece

were compared to the annual precipitation of the corresponding watersheds. This

comparison was achieved through trend analysis of each time series, which

involves the determination of basic statistical characteristics (normality, homoge-

neity, stationarity). Due to lack of satisfactory discharge time series at the down-

stream parts of each catchment examined, the results from E-HYPE pan-European

hydrological model was used (European – HYdrological Predictions for the Envi-

ronment). The main outcome of this work concludes that there is no consistent,

single trend for the entire study period for any of the investigated rivers, while there

are some wet and dry periods in the data which are very clear in all catchments and

coincide at a temporal level. The main dry periods were at the end of the 1980s and

the beginning of the 2000s. There is also a prolonged wet period during the last

decade for all study catchments.
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1 Introduction

The need for sustainable management of water resources has become urgent in the

recent decades, due to the substantial decrease of good-quality freshwater

resources, mainly due to over-exploitation and the increasing pollution rates

[1]. However, the usual water management practices at local and wider regional

level are incomplete and are intended primarily to meet the sectorial needs that

bring direct economic benefits, but also include environmental costs and possible

long-term economic consequences [2]. In Greece, a Mediterranean country with

relatively reduced rainfall and therefore moderate to low water resources [3], with a

considerable spatial and temporal heterogeneity [3, 4], the often poor water man-

agement practices have resulted in water scarcity and desertification [5].

Climate change is also another potential adverse factor that can impose difficul-

ties in developing and applying efficient water management practices that can

mitigate the impacts from climate change themselves and ensure economic devel-

opment and environmental preservation [6]. The Water Framework Directive

(2000/60/EC) is a very important legislative framework that attempts to establish

new scientific approaches and practices for designing and applying water manage-

ment plans with its primary target the achievement of a good ecological status in the

European waterbodies by the year 2015. Nevertheless, this aim in Greece has been

significantly delayed due to socio-economic, cultural, political and scientific prob-

lems that obstruct the development of the appropriate tools and methods for the

establishment of acceptable water management plans (e.g. [7]).

One of the important difficulties for developing and implementing water man-

agement plans is the low level of understanding of the aquatic systems functioning

and the lack of appropriate quantification of the relevant processes. To overcome

this problem, challenging scientific work has to be undertaken, requiring
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considerable human resources, sufficient field measurements and long-term, accu-

rate environmental data. Moreover, the lack of appropriate data and the high cost of

acquisition have led many scientists to attempt simulation of physical processes and

their parameterisation based on statistical methods and in combination with other

traditional scientific techniques [8].

The scope of this research effort was to examine the effect of water management

practices and land use changes on river flow over the last 3 decades, to identify the

dominant trends in the discharge and precipitation time series and to examine the

interrelationship between these two parameters. In order to accomplish these, the

annual discharge time series of seven (7) major rivers in Greece were compared to

the annual precipitation of the corresponding watersheds. This comparison was

achieved through trend analysis of each time series, which involves the determina-

tion of basic statistical characteristics (normality, homogeneity, stationarity), in

order to select the appropriate data analysis procedure to the given time series and

to avoid incorrect conclusions. In order to determine the basic statistical character-

istics (normality, homogeneity, stationarity and trend) of annual discharge and

precipitation time series, an adequate number of statistical tests are recommended

to be applied so as to reach reliable conclusions for better decision-making

[9]. Thus, the time series length must have at least 20–25 years length to ensure

statistical validity of the trend results in hydrologic and meteorological

variables [10].

2 Study Areas

In this study, seven (7) of the most important rivers of Greece were examined.

These rivers were Acheloos, Aliakmonas, Axios, Evros, Nestos, Pinios and

Strymonas. These rivers incorporate the largest catchments in Greece and have

significant abstraction schemes and dams along their courses, while some of them

have transboundary management issues as well (Axios, Strymonas, Nestos and

Evros). The catchment sizes range from 6,240 km2 for Nestos River to 53,560 km2

for the Evros catchment (Table 1). Pinios and Strymonas rivers have catchment

areas larger than 10,000 km2 while Axios is the second largest catchment with an

area of approximately 25,000 km2. The main anthropogenic land cover in the study

areas is agricultural land with Nestos having the smallest percentage (19% of the

catchment) and Evros having the largest (56%), followed by Pinios (55%, Table 1)

(Fig. 1).

Forest and seminatural areas range from 77% of the Nestos catchment to 39% in

Evros, while only two out of seven catchments have a percentage below 50%

(Evros and Pinios rivers; Table 1). The main water use in the particular river

catchments is, therefore, irrigation which in many cases in FYROM reaches 73%

of the total anthropogenic water consumption, while in Greece and in Greek and

Turkish parts of the river basins, it reaches 90% (Table 2; [14–17]). On the contrary,
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Table 1 Land cover areas distribution in the study catchments for the years 2006–2007

River

Catchment

area

River

lengtha
Agricultural

areas

Artificial

surfaces and

bare land

Forest and

seminatural

areas Waterbodies

km2 km km2 % km2 % km2 % km2 %

Acheloos 6,468 255 1,508 23.3 342 5.3 4,336 67.0 282 4.4

Aliakmonas 8,874 310 3,725 42.0 149 1.7 4,843 54.6 157 1.8

Axios 24,596 380 10,356 42.1 498 2.0 13,606 55.3 136 0.6

Evros 53,597 550 29,855 55.7 2,222 4.1 20,963 39.1 557 1.0

Nestos 6,242 246 1,196 19.2 162 2.6 4,795 76.8 89 1.4

Pinios 10,739 257 5,887 54.8 276 2.6 4,548 42.4 28 0.3

Strymonas 17,063 410 6,268 36.7 620 3.6 10,001 58.6 175 1.0

Source: Liarikos et al. [11], European Environmental Agency [12]
a[13]

Fig. 1 Map with the study catchments and the hydrographic network
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in Bulgaria, the main water consumption activity is mining and other forms of

industry [16].

3 Data and Methodology

3.1 Precipitation Data

The meteorological data used in this study were obtained from various sources.

More specifically, daily precipitation values were extracted from the Climate

Prediction Center/National Centers for Environmental Prediction/National Weather

Service/NOAA/US Department of Commerce [18]. The global summary of the day

and month data set is obtained on a delayed monthly basis from the Climate

Prediction Center (CPC) of the National Centers for Environmental Prediction

(NCEP). CPC extracts surface synoptic weather observations from the Global

Telecommunications System (GTS) and performs limited automated validation of

the parameters. The data is then summarised for all reporting stations on a daily

basis to current operational requirements related to the assessment of crop and

energy production.

Moreover, precipitation measurements recorded at different time intervals were

obtained from the Hellenic National Meteorological Service; the Ministry of

Environment, Energy and Climate Change of Greece; the Republic Hydrometeo-

rological Institute of FYROM; the National Institute of Meteorology and Hydrol-

ogy of Bulgaria and the Turkish State Meteorological Service.

In all cases, the monthly precipitation amounts were compiled at each station,

then for each catchment area the spatial monthly precipitation distribution was

estimated based on the widely used Thiessen polygon deterministic approach, and

afterwards the annual precipitation of the river basin for every hydrological year for

the period 1980/1981–2008/2009 was calculated.

3.2 Discharge Data

Due to the lack of satisfactory discharge time series at the downstream parts of each

catchment examined, the results from E-HYPE pan-European hydrological model

were used (European – HYdrological Predictions for the Environment). E-HYPE

2.1 is a model application for the entire European continent whereby hydrological

flows and nutrient processes are calculated daily for each class within a subbasin

level. Calculations are made in subbasins with a median size of 215 km2. The model

aims to take into account important processes including both hydrological and

anthropogenic impacts for all regions across Europe (e.g. irrigation, hydropower).

The results delivered for each subbasin in E-HypeWeb are discharge (Q, m3/s) and
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monthly total loads of nitrogen (TN, kg/month) and phosphorus (TP, kg/month)

(including the contributions of discharge and nutrients from all subbasins upstream

of the chosen subbasin). The accuracy of results is improved considerably for

catchments 7,000 km2 or more in upstream area as this is the resolution of the

input forcing data [19, 20].

So far the E-HYPE hydrological model results have not been validated against

river discharge observations in southeastern Europe and Greece. Therefore, the

comparison between average monthly discharge time series from the E-HYPE

model of each subbasin examined and in situ observation was considered necessary.

The behaviour and the performance of the model were examined with efficiency

criteria, which are defined as quantitative measure of performance, goodness of fit

or likelihood [21]. For scientific sound model validation, a combination of different

efficiency criteria complemented by the assessment of the absolute or relative

volume error is recommended [22].

In this study, the criteria used to check the model reliability were the following:

mean error (ME), mean absolute error (MAE), mean absolute percentage error

(MAPE), root mean squared error (RMSE), Pearson’s correlation coefficient (R),
squared correlation coefficient (R2) and Nash–Sutcliffe coefficient of efficiency

(Nr). The efficiency criteria relative error (RE) contains a summation of the error

term (difference between observations and simulated time series at each time step)

normalised by a measure of the variability in the observations. In order to avoid the

cancelling of errors of opposite sign, the summation of the mean absolute (MAE) or

root mean squared (RMSE) errors is often used [22].

Singh et al. [23] state that RMSE and MAE values less than half the standard

deviation of the measured data may be considered low. The Nash–Sutcliffe coef-

ficient of efficiency is commonly used in hydrological modelling and determines

the relative magnitude of the residual variance (“noise”) compared to the measured

data variance (“information”) [24]. Generally, due to the fact that correlation and

correlation-based measures are oversensitive to extreme values (outliers) and are

insensitive to additive and proportional differences between model predictions and

observations, it is recommended that additional evaluation measures (such as

summary statistics and absolute error measures) supplement hydrological model

evaluation [25].

3.3 Statistical Analysis

3.3.1 Normality

Prior to applying any statistical tests to the time series, normality of the annual data

was tested. In order to examine the normality of the annual precipitation and

discharge time series, three (3) statistical tests were employed (Kolmogorov–

Smirnov, KS; Lilliefors, LF; and Shapiro–Wilk, SW). The Kolmogorov–Smirnov

(KS) test [26] is an empirical distribution function (EDF) which finds the difference
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between cumulative distribution of the time series data and the expected cumulative

normal distribution and computes its p-value for the largest. The Lilliefors (LF) test
[27] is a modification of the Kolmogorov–Smirnov test and compares the cumula-

tive distribution of data to the expected cumulative normal distribution. The

Shapiro–Wilk (SW) test [28], which is one of the most powerful normality tests,

is similar to computing a correlation between the quantiles of the standard normal

distribution and the ordered data points of a hydrologic time series [29, 30].

3.3.2 Homogeneity

Homogeneity or consistency implies that the hydrologic time series data belong to

the same statistical population having a time invariant mean. Non-homogeneity

arises due to changes in the method of data collection and/or the environment in

which it is done [31]. Therefore, the homogeneity or consistency tests are based on

evaluating the significance of changes in the mean value [29].

In order to examine the homogeneity of the annual precipitation and discharge

time series, three statistical tests were employed (von Neumann test, cumulative

deviations test and Bayesian test). The von Neumann ratio (N) is defined as the ratio

of the mean square successive (year to year) difference to the variance and has an

expected value of 2 for a homogeneous series, but it tends to be less than 2 for a

non-homogeneous series [32]. The cumulative deviations test is based on the

adjusted partial sums or cumulative deviations from the mean [33]. The Bayesian

test was developed by Chernoff and Zacks [34] and was modified later by Gardner

Jr [35].

3.3.3 Stationarity

A time series of hydrological data is strictly stationary, if its statistical properties

(e.g. its mean, variance and higher-order moments) are unaffected by the choice of

time origin. In this case, the form of stationarity was identified based on tests

concerning the stability of the variance and the stability of the mean. Although

stability of these two properties indicates only a weak form of stationarity, this is

enough to identify a nonstationary time series [36].

In order to apply the parametric t-test and non-parametric Mann–Whitney test

for stability of mean of the time series of discharge and rainfall, each time series

was divided into two subseries and three subseries. Then the stationary tests were

applied for various combinations of the subseries in order to examine whether the

means are significantly different [29, 36, 37].
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3.3.4 Trend

A common deterministic component in a time series is a trend. A trend is a tendency

for successive values to be increasing or decreasing over time [38]. Changes in

hydrologic conditions by natural and/or artificial factors can introduce linear or

non-linear trends into a hydrologic time series. The trend in a time series can be

expressed by a suitable linear or non-linear model; the linear model is widely used

in hydrology [39].

Various tests have been reported for detecting trend in a hydrologic time series.

In this effort, due to, in some cases, non-normal distribution of the time series, the

rank-based non-parametric Mann–Kendall [40, 41] and Spearman’s (Rho) tests for
trend were applied [42–44]; these tests have been commonly used to assess the

significance of trends in hydro-meteorological time series such as river discharge

and precipitation [45].

The sequential version of the Mann–Kendall (SMK) test allows detection of

approximate change of trend with time [43]. The distribution-free CUSUM test is a

non-parametric rank-based method that tests whether the means in two parts of a

record are different for an unknown time of change. In particular, successive

observations are compared with the median of the series in order to detect a change

in the mean of a time series after a number of observations [46]. Finally, the trend

magnitude was estimated based on Sen’s estimator of slope. This non-parametric

statistic is applied in cases of linear trend and determines the magnitude of change

per unit time [47]. Sen’s test for the estimation of slope requires a time series of

equally spaced data [29].

4 Results

4.1 Precipitation Data

For the particular study, 61 different meteorological stations have been used to

estimate the amount of precipitation falling in the seven different catchments during

the past 3 decades (approximately 9 stations per catchment, Table 3). The Thiessen

polygon weights and area of influence for each station have also been estimated and

used in the aforementioned estimations (Table 3, Fig. 2).

4.2 Discharge Data

At Table 4, the statistical characteristics and the efficiency criteria for the validation

of the hydrological model E-HYPE compared to measured discharge are presented.

Based on the results, in all cases the correlation coefficient R was characterised as
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moderate (e.g. Axios River, 0.58) to strong (e.g. Evros, 0.83), indicating the

relatively sufficient performance of the model. Squared correlation coefficient R2

was characterised in all cases as moderate to high and acceptable [48], with the

exception of Axios River where the respective value is smaller than 0.5. The Nash–

Sutcliffe coefficient Nr was in most cases greater than zero, with the exception of

Aliakmonas and Axios rivers, indicating that for these rivers the mean observed

value is a better predictor than the simulated value. Overall, Nr values between 0.0

and 1.0 are generally viewed as acceptable levels of performance [48] (Fig. 3).

It must be noted that by definition the sum of squared errors (RMSE) and the

modelling efficiency (Nash–Sutcliffe coefficient) are sensitive to extreme values

(outliers) and timing errors in the predictions [21]. Taking under consideration that

the observed discharge data of Greek rivers, especially prior to the year 2000, were

obtained manually by scientific or technical personnel in situ, some inaccuracies

especially during high flows should be expected. Therefore, the negative values of

Nr could be partially attributed to the subjective assessment and possible incorrect

measurements of extreme discharge values.

Fig. 2 Thiessen polygons and meteorological stations’ locations
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4.3 Statistical Analysis

4.3.1 Descriptive Statistics

In this case study, annual discharge and precipitation data for the hydrological years

1980/1981–2008/2009 have been analysed and the descriptive statistics of these

time series appears in Table 5. The highest average annual precipitation was

recorded in the Acheloos catchment (1,096 mm) and the lowest respective value

in the Axios catchment (493 mm). For discharge, the highest average annual value

was observed in Evros River (250 m3/s) and the lowest in Nestos River (53 m3/s,

Table 5).

The highest variations in the precipitation values appear in the Acheloos catch-

ment, while the lowest ones in Evros, and similarly for the discharge, the highest

variations appear in Evros River, while the lowest ones in Nestos (Fig. 4).

The scatter diagrams between precipitation and discharge indicate a fairly strong

correlation between the two variables for most of the studied rivers. The correlation

coefficients fluctuate from 0.48 in Nestos River up to 0.82 in Pinios and 0.80 in

Aliakmonas rivers. The high correlation coefficients mean that precipitation

explains most of the interannual variability of discharge in the particular catch-

ments while where the aforementioned coefficients are low, other factors mostly

determine the average annual discharge (e.g. abstractions, evaporation, etc.). The

relationship between precipitation and discharge is well described from the identi-

fied least squares equations in Aliakmonas and Pinios rivers, while the catchment

with the lowest predictability of discharge based on precipitation is Nestos River

followed by Evros (Fig. 5).

Table 4 Statistical characteristics and the efficiency criteria for the validation of the hydrological

model E-HYPE

River N ME MAE MAPE RMSE R R2 Nr

Measurement

site

Acheloos 348 �47.4 52.3 44.1 76.0 0.82 0.67 0.41 Kastraki dam

Aliakmonas 312 29.2 39.4 110.6 59.0 0.78 0.61 �1.44 Polyfyto dam

Axios 136 83.5 113.9 234.9 169.3 0.58 0.34 �1.52 Chalastra

Evros 272 �113.1 131.8 47.2 198.1 0.83 0.69 0.50 Pythio

Nestos 201 6.0 16.1 65.7 26.2 0.76 0.58 0.23 Temenos

Pinios 89 �18.5 34.1 61.8 50.1 0.78 0.61 0.46 Amygdalea

Strymonas 44 �2.2 47.1 107.5 63.7 0.81 0.65 0.61 Mirkino

N number of observations, ME mean error, MAE mean absolute error, MAPE mean absolute

percentage error, RMSE root mean square error, R correlation coefficient, R2 squared correlation

coefficient, Nr Nash–Sutcliffe coefficient
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4.3.2 Normality

Based on the Kolmogorov–Smirnov (KS) normality test applied, the time series

examined can be considered normal, since the p-value is more than 0.05 in all cases

and therefore the null hypothesis of normality cannot be rejected. Likewise, the

results of Shapiro–Wilk (SW) normality test indicated the presence of normality in

Fig. 3 Discharge modelled fluctuations and respective measurements during the last 3 decades
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annual precipitation and river discharge of the time series examined (Table 6). Only

in two cases the p-value is smaller than 0.05 at Lilliefors normality test for the

annual precipitation of Axios and Strymonas rivers, which seems to be attributed to

some extremely wet hydrological years.

Table 5 Descriptive statistics for the annual time series of discharge and precipitation for all

rivers

River/

param.a
Valid

N Mean Median Minimum Maximum Variance

Std.

dev.

Coef.

var.

Pach 29 1,095.50 1,097.20 743.9 1,407.50 35,801.90 189.2 17.3

Pal 29 646.3 663 427.2 889.2 16,503.80 128.5 19.9

Pax 29 492.5 522.5 223.8 673.2 12,627.20 112.4 22.8

Pev 29 637.6 619.1 498.6 832.5 9,938.40 99.7 15.6

Pnes 29 632.6 621.5 460.5 986.3 14,543.90 120.6 19.1

Ppin 29 610.9 627.5 394.5 836.8 14,881.20 122 20

Pstr 29 562.9 582.1 366.2 733.4 9,342.00 96.7 17.2

Dach 29 72.5 72.2 32.2 111.3 503.1 22.4 30.9

Dal 29 72.9 70.2 32.5 112.3 537.9 23.2 31.8

Dax 29 185.7 176.9 89.1 269.5 2,889.70 53.8 28.9

Dev 29 249.7 247.2 86.5 448.7 9,455.20 97.2 38.9

Dnes 29 52.6 50.9 26 84.7 216.5 14.7 28

Dpin 29 74.3 72.5 24 135.9 952.3 30.9 41.6

Dstr 29 87.4 89.9 37.6 146 824.3 28.7 32.9
aThe first letter refers to the parameter (P precipitation, D discharge) and the rest of the letters to

the river name (ach Acheloos, al Aliakmonas, ax Axios, ev Evros, nes Nestos, pin Pinios, str
Strymonas)

Fig. 4 Box plots of precipitation and discharge in each study river
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Fig. 5 Scatter diagrams between precipitation and discharge for each river basin
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Table 6 Results of normality tests

River/

param.

Kolmogorov–Smirnov (KS) Lilliefors (LF) Shapiro–Wilk (SW)

Test

statistic p-value Normal p-value Normal

Test

statistic

p-
value Normal

Pach 0.087 p>0.20 Yes p> 0.20 Yes 0.962 0.37 Yes

Dach 0.076 p>0.20 Yes p>0.20 Yes 0.973 0.65 Yes

Pal 0.129 p>0.20 Yes p>0.20 Yes 0.957 0.28 Yes

Dal 0.111 p>0.20 Yes p>0.20 Yes 0.960 0.33 Yes

Pax 0.189 p>0.20 Yes p<0.01 No 0.933 0.07 Yes

Dax 0.121 p>0.20 Yes p>0.20 Yes 0.952 0.20 Yes

Pev 0.092 p>0.20 Yes p>0.20 Yes 0.944 0.13 Yes

Dev 0.072 p>0.20 Yes p>0.20 Yes 0.972 0.62 Yes

Pnes 0.094 p>0.20 Yes p>0.20 Yes 0.943 0.12 Yes

Dnes 0.107 p>0.20 Yes p>0.20 Yes 0.975 0.69 Yes

Ppin 0.126 p>0.20 Yes p>0.20 Yes 0.953 0.22 Yes

Dpin 0.122 p>0.20 Yes p>0.20 Yes 0.967 0.49 Yes

Pstr 0.139 p>0.20 Yes p<0.15 No 0.955 0.24 Yes

Dstr 0.105 p>0.20 Yes p>0.20 Yes 0.970 0.55 Yes

The results in bold indicate which series have normal distributions for a 5% significance level

Table 7 Results of homogeneity tests

Time series

von Neumann Cumulative deviations Bayesian

N Q/sqt(n) R/sqt(n) U A

Pach 2.069 0.744 0.964 0.154 1.156

Dach 2.161 0.691 0.971 0.119 0.738

Pal 2.475 0.538 0.905 0.081 0.481

Dal 2.208 0.866 1.275 0.101 0.652

Pax 2.003 0.901 1.398 0.177 1.291

Dax 2.110 0.659 1.181 0.093 0.667

Pev 1.633 0.866 1.315 0.113 0.908

Dev 1.638 1.254 1.410 0.332 1.564

Pnes 1.491 1.200 1.597 0.363 2.354

Dnes 1.516 1.102 1.437 0.312 1.765

Ppin 2.052 0.824 1.028 0.124 0.919

Dpin 2.416 0.428 0.731 0.044 0.294

Pstr 1.241 1.189 1.769 0.380 2.070

Dstr 1.800 0.866 1.275 0.175 1.080

Critical values (5%) 1.461 1.240 1.500 0.444 2.420

The results in bold indicate which series are homogeneous at 5% significance level
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4.3.3 Homogeneity

Based on the results of the von Neumann test, the time series examined are

homogeneous, since in all cases (except the precipitation of Strymonas River) the

N ratio is smaller than the critical value at 5% significance level.

In the cases of cumulative deviations and Bayesian tests, all the applied test

statistics (Q, R, U and A) have smaller values compared to their critical values [33]

at 5% significance level. Particularly, this means that the annual rainfall and

discharge series are homogeneous and belong to populations with similar charac-

teristics. The only exceptions are noted in the cases of Evros River annual discharge

and Nestos River annual precipitation at cumulative deviations test, where the test

statistics slightly reach the critical values (Table 7). Based on the results, some

non-homogeneity issues arise, which could be attributed to changes in the method

of data collection and/or the environment in which it is done [31].

4.3.4 Stationarity

Based on the results of the t-test and Mann–WhitneyU test applied on five subseries

of precipitation and discharge data of the major river catchments of Greece, in most

cases the values of the statistical tests are less than their critical values, and thus, the

null hypothesis cannot be rejected at 5% significance level, and the annual dis-

charge and precipitation time series can be considered stationary (Tables 8 and 9).

Only in the cases of Evros River discharge and only for one pair of subseries

(1980/1981–1994/1994 and 1995/1996–2008/2009), Nestos River precipitation

(subseries 1980/1981–1989/1990 and 1990/1991–1999/2000, 1990/1991–1999/

2000 and 2000/2001–2008/2009) and Strymonas River precipitation (subseries

1990/1991–1999/2000 and 2000/2001–2008/2009), the absolute value of the t-
value computed from the t-test was higher than the t-critical at 5% significant

level, while also the z-value from the Mann–Whitney test was higher than the

critical z-value (�1.96) and the U-value was smaller than the U-critical; therefore,
the null hypothesis (existence of stationarity) at 5% significant level in these cases

cannot be concluded. This practically means that there is a relatively strong trend in

these time series that alters their basic statistical characteristics (mean and variance)

through time (Tables 8 and 9).

4.3.5 Trend

Based on the results of various trend detection tests, no significant, single trend at

the 5% level of the overall annual precipitation and discharge was detected, for the

period 1980/1981–2008/2009 (Table 10). This means that there are various trends

that change their characteristics throughout the study period but not a single trend

for the entire time period.
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Table 10 Test statistics of the trend tests for the annual discharge and precipitation

Test

Mann–Kendall Spearman’s Rho

Z
Significance (5% confidence

level) D
Significance (5% confidence

level)

Pach �1.107 No �1.077 No

Dach 0.469 No 0.571 No

Pal 0.394 No 0.344 No

Dal 0.544 No 0.683 No

Pax �0.206 No �0.339 No

Dax 0.394 No 0.315 No

Pev 0.000 No �0.013 No

Dev 1.182 No 1.243 No

Pnes �0.544 No �0.725 No

Dnes 0.825 No 1.035 No

Ppin �0.732 No �0.769 No

Dpin 0.281 No 0.255 No

Pstr 1.182 No 1.361 No

Dstr 0.431 No 0.516 No

Critical value at 5% confidence level: 1.96

Fig. 6 SMK test for annual discharge (a), annual precipitation (b) and variation of annual

precipitation and discharge (c) and CUSUM test for discharge and precipitation (d) of Acheloos

River
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Fig. 7 SMK test for annual discharge (a), annual precipitation (b) and variation of annual

precipitation and discharge (c) and CUSUM test for discharge and precipitation (d) of Aliakmonas

River

Fig. 8 SMK test for annual discharge (a), annual precipitation (b) and variation of annual

precipitation and discharge (c) and CUSUM test for discharge and precipitation (d) of Axios River
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Fig. 9 SMK test for annual discharge (a), annual precipitation (b) and variation of annual

precipitation and discharge (c) and CUSUM test for discharge and precipitation (d) of Evros River

Fig. 10 SMK test for annual discharge (a), annual precipitation (b) and variation of annual

precipitation and discharge (c) and CUSUM test for discharge and precipitation (d) of Nestos

River
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Fig. 11 SMK test for annual discharge (a), annual precipitation (b) and variation of annual

precipitation and discharge (c) and CUSUM test for discharge and precipitation (d) of Pinios River

Fig. 12 SMK test for annual discharge (a), annual precipitation (b) and variation of annual

precipitation and discharge (c) and CUSUM test for discharge and precipitation (d) of Strymonas

River

156 A. Mentzafou et al.



T
a
b
le

1
1

R
es
u
lt
s
o
f
ch
an
g
e
p
o
in
t
an
al
y
si
s
an
d
S
en
’s
sl
o
p
e
es
ti
m
at
io
n

R
iv
er

P
re
ci
p
it
at
io
n

D
is
ch
ar
g
e

P
er
io
d

T
re
n
d

S
en
’s
sl
o
p
e

P
er
io
d

T
re
n
d

S
en
’s
sl
o
p
e

m
m
/y
ea
r

k
m

3
/y
ea
r

S
ig
n

m
3
/s
/y
ea
r

k
m

3
/y
ea
r

S
ig
n

A
ch
el
o
o
s

1
9
8
1
/1
9
8
2

1
9
9
2
/1
9
9
3

D
ec
re
as
e

�4
9
.2
3
4

�0
.3
1
8

*
1
9
8
1
/1
9
8
2

1
9
9
2
/1
9
9
3

D
ec
re
as
e

�3
.6
7
5

�0
.1
1
6

*
*

1
9
9
2
/1
9
9
3

1
9
9
8
/1
9
9
9

In
cr
ea
se

3
5
.1
6
0

0
.2
2
7

1
9
9
2
/1
9
9
3

1
9
9
8
/1
9
9
9

In
cr
ea
se

4
.2
3
0

0
.1
3
3

1
9
9
8
/1
9
9
9

2
0
0
2
/2
0
0
3

D
ec
re
as
e

�6
1
.9
9
7

�0
.4
0
1

1
9
9
8
/1
9
9
9

2
0
0
1
/2
0
0
2

D
ec
re
as
e

�1
8
.6
4
0

�0
.5
8
8

2
0
0
2
/2
0
0
3

2
0
0
8
/2
0
0
9

In
cr
ea
se

1
.7
4
9

0
.0
1
1

2
0
0
1
/2
0
0
2

2
0
0
8
/2
0
0
9

In
cr
ea
se

0
.6
6
2

0
.0
2
1

A
li
ak
m
o
n
as

1
9
8
1
/1
9
8
2

1
9
9
2
/1
9
9
3

D
ec
re
as
e

�2
3
.9
0
5

�0
.1
5
4

1
9
8
1
/1
9
8
2

1
9
9
2
/1
9
9
3

D
ec
re
as
e

�2
.5
6
6

�0
.0
8
1

*
*

1
9
9
2
/1
9
9
3

1
9
9
8
/1
9
9
9

In
cr
ea
se

1
1
.1
2
8

0
.0
7
2

1
9
9
2
/1
9
9
3

1
9
9
8
/1
9
9
9

In
cr
ea
se

3
.5
0
8

0
.1
1
1

1
9
9
8
/1
9
9
9

2
0
0
0
/2
0
0
1

D
ec
re
as
e

�1
2
7
.4
5
6

�0
.8
2
4

1
9
9
8
/1
9
9
9

2
0
0
0
/2
0
0
1

D
ec
re
as
e

�3
4
.9
6
9

�1
.1
0
3

2
0
0
0
/2
0
0
1

2
0
0
8
/2
0
0
9

In
cr
ea
se

1
4
.1
9
9

0
.0
9
2

2
0
0
0
/2
0
0
1

2
0
0
8
/2
0
0
9

In
cr
ea
se

4
.2
8
8

0
.1
3
5

A
x
io
s

1
9
8
1
/1
9
8
2

1
9
9
3
/1
9
9
4

D
ec
re
as
e

�2
1
.1
9
1

�0
.1
3
7

*
1
9
8
1
/1
9
8
2

1
9
9
2
/1
9
9
3

D
ec
re
as
e

�7
.1
1
0

�0
.2
2
4

*
*

1
9
9
3
/1
9
9
4

1
9
9
8
/1
9
9
9

In
cr
ea
se

2
5
.7
5
5

0
.1
6
6

1
9
9
2
/1
9
9
3

1
9
9
8
/1
9
9
9

In
cr
ea
se

1
5
.6
5
4

0
.4
9
4

*
*

1
9
9
8
/1
9
9
9

2
0
0
0
/2
0
0
1

D
ec
re
as
e

�8
5
.8
6
5

�0
.5
5
5

1
9
9
8
/1
9
9
9

2
0
0
1
/2
0
0
2

D
ec
re
as
e

�5
5
.3
8
6

�1
.7
4
7

2
0
0
0
/2
0
0
1

2
0
0
8
/2
0
0
9

In
cr
ea
se

3
.5
9
6

0
.0
2
3

2
0
0
1
/2
0
0
2

2
0
0
8
/2
0
0
9

In
cr
ea
se

6
.1
6
4

0
.1
9
4

E
v
ro
s

1
9
8
1
/1
9
8
2

1
9
9
3
/1
9
9
4

D
ec
re
as
e

�1
8
.7
3
7

�0
.1
2
1

*
1
9
8
1
/1
9
8
2

1
9
9
3
/1
9
9
4

D
ec
re
as
e

�7
.0
2
2

�0
.2
2
1

1
9
9
3
/1
9
9
4

1
9
9
8
/1
9
9
9

In
cr
ea
se

3
7
.0
8
1

0
.2
4
0

1
9
9
3
/1
9
9
4

1
9
9
8
/1
9
9
9

In
cr
ea
se

4
3
.9
9
1

1
.3
8
7

1
9
9
8
/1
9
9
9

2
0
0
0
/2
0
0
1

D
ec
re
as
e

�9
5
.8
2
2

�0
.6
1
9

1
9
9
8
/1
9
9
9

2
0
0
0
/2
0
0
1

D
ec
re
as
e

�1
4
5
.9
3
3

�4
.6
0
2

2
0
0
0
/2
0
0
1

2
0
0
8
/2
0
0
9

In
cr
ea
se

4
.1
5
7

0
.0
2
7

2
0
0
0
/2
0
0
1

2
0
0
8
/2
0
0
9

In
cr
ea
se

1
3
.5
8
0

0
.4
2
8

N
es
to
s

1
9
8
1
/1
9
8
2

1
9
9
3
/1
9
9
4

D
ec
re
as
e

�2
9
.0
8
0

�0
.1
8
8

*
*
*

1
9
8
1
/1
9
8
2

1
9
9
3
/1
9
9
4

D
ec
re
as
e

�1
.7
4
0

�0
.0
5
5

*

1
9
9
3
/1
9
9
4

1
9
9
8
/1
9
9
9

In
cr
ea
se

3
5
.2
9
4

0
.2
2
8

1
9
9
3
/1
9
9
4

1
9
9
8
/1
9
9
9

In
cr
ea
se

4
.7
9
7

0
.1
5
1

1
9
9
8
/1
9
9
9

2
0
0
0
/2
0
0
1

D
ec
re
as
e

�1
0
8
.2
2
8

�0
.6
9
9

1
9
9
8
/1
9
9
9

2
0
0
0
/2
0
0
1

D
ec
re
as
e

�1
6
.4
5
7

�0
.5
1
9

2
0
0
0
/2
0
0
1

2
0
0
8
/2
0
0
9

In
cr
ea
se

1
2
.8
7
6

0
.0
8
3

2
0
0
0
/2
0
0
1

2
0
0
8
/2
0
0
9

In
cr
ea
se

4
.8
8
7

0
.1
5
4

P
in
io
s

1
9
8
1
/1
9
8
2

1
9
9
2
/1
9
9
3

D
ec
re
as
e

�2
3
.9
0
5

�0
.1
5
4

1
9
8
1
/1
9
8
2

1
9
9
2
/1
9
9
3

D
ec
re
as
e

�2
.5
6
6

�0
.0
8
1

*
*

1
9
9
2
/1
9
9
3

1
9
9
8
/1
9
9
9

In
cr
ea
se

1
1
.1
2
8

0
.0
7
2

1
9
9
2
/1
9
9
3

1
9
9
8
/1
9
9
9

In
cr
ea
se

3
.5
0
8

0
.1
1
1

1
9
9
8
/1
9
9
9

2
0
0
0
/2
0
0
1

D
ec
re
as
e

�1
2
7
.4
5
6

�0
.8
2
4

1
9
9
8
/1
9
9
9

2
0
0
0
/2
0
0
1

D
ec
re
as
e

�3
4
.9
6
9

�1
.1
0
3

2
0
0
0
/2
0
0
1

2
0
0
8
/2
0
0
9

In
cr
ea
se

1
4
.1
9
9

0
.0
9
2

2
0
0
0
/2
0
0
1

2
0
0
8
/2
0
0
9

In
cr
ea
se

4
.2
8
8

0
.1
3
5

S
tr
y
m
o
n
as

1
9
8
1
/1
9
8
2

1
9
9
2
/1
9
9
3

D
ec
re
as
e

�2
0
.4
9
3

�0
.1
3
2

*
*
*

1
9
8
1
/1
9
8
2

1
9
9
3
/1
9
9
4

D
ec
re
as
e

�4
.4
1
1

�0
.1
3
9

*

1
9
9
2
/1
9
9
3

1
9
9
8
/1
9
9
9

In
cr
ea
se

3
5
.7
7
3

0
.2
3
1

1
9
9
3
/1
9
9
4

1
9
9
8
/1
9
9
9

In
cr
ea
se

1
0
.4
8
8

0
.3
3
1

1
9
9
8
/1
9
9
9

2
0
0
0
/2
0
0
1

D
ec
re
as
e

�4
7
.0
3
0

�0
.3
0
4

1
9
9
8
/1
9
9
9

2
0
0
1
/2
0
0
2

D
ec
re
as
e

�2
6
.1
2
2

�0
.8
2
4

*
*

2
0
0
0
/2
0
0
1

2
0
0
8
/2
0
0
9

In
cr
ea
se

3
.0
3
9

0
.0
2
0

2
0
0
1
/2
0
0
2

2
0
0
8
/2
0
0
9

In
cr
ea
se

7
.8
8
7

0
.2
4
9

*
S
ta
ti
st
ic
al
ly

si
g
n
ifi
ca
n
t
at

5
%

co
n
fi
d
en
ce

le
v
el

*
*
S
ta
ti
st
ic
al
ly

si
g
n
ifi
ca
n
t
at

1
0
%

co
n
fi
d
en
ce

le
v
el

*
*
*
S
ta
ti
st
ic
al
ly

si
g
n
ifi
ca
n
t
at

1
%

co
n
fi
d
en
ce

le
v
el

Long-Term Hydrologic Trends in the Main Greek Rivers: A Statistical Approach 157



In all cases, the trend analysis of annual discharge and precipitation indicated

similar characteristics and two decreasing periods can be identified (Figs. 6, 7, 8, 9,

10, 11 and 12; Table 11). Based on the statistical tests applied, there is a decrease of

the annual discharge for the period 1981/1982–1992/1993 or 1993/1994, which is

followed by an increasing trend until 1998/1999. A second decreasing period is then

identified for the period 1998/1999 until 2000/2001–2002/2003. Finally, an increas-

ing period is identified until 2008/2009. These fluctuations coincide with extended

wet and dry periods that have been clearly recorded in the meteorological history of

the country, such as the persistent drought of 1989–1993 and the drought of 2003

[49], with severe socio-economic impacts (e.g. 1988–1993). At that period, special

policy measures were implemented to impose water-saving practices and prevent

water overconsumption (e.g. prohibit individual car washing, introduction of a

stepwise billing system, etc.). An extensive drought of a lesser degree followed in

the beginning of the century, which also caused an increase in the domestic water

prices and a decrease in the agricultural productivity, while after 2003 there is a

prolonged wet period which allowed for easing the rates of water consumption.

The aforementioned trends are clearly visible in all river catchments which

means that these wet/dry periods were large-scale events (national level or even

beyond that) but the response rates from river to river differed significantly. Nestos

and Strymonas rivers presented the most decreasing trends (in both discharge and

precipitation) in the late 1980s, while Evros and Aliakmonas demonstrated the most

increasing trends during the last decade.

Fig. 13 Irrigated areas in the river catchments under study (only the Greek part for the

transboundary rivers)

158 A. Mentzafou et al.



Moreover, the fluctuations and trends in discharge follow, to a great extent, those

of precipitation, and this is also verified by the CUSUM diagrams, which usually

coincide during most of the study period for the two variables.

Finally, Sen’s slope (Table 11) was employed in order to estimate the change per

unit time (km3/year) of the trends observed in discharge and precipitation time

series of all rivers. A negative slope indicates a decrease of the annual precipitation

of discharge for the period concerned and therefore a downward trend, while a

positive slope indicates an increase and an upward trend. Based on the results, in the

case of Axios, Evros and Strymonas rivers, the discharge decreasing trend is more

pronounced compared to the precipitation decreasing trend, for the period 1981/

1982–1993/1994. Similarly, in all cases except Nestos River, the decrease of the

discharge is more pronounced compared to the precipitation decreasing trend,

during the period 1998/1999–2000/2001 to 2002/2003. These findings could be

attributed to increasing irrigation demands during these periods to the specific

watersheds that in combination with limited precipitation rate intensified the

decreasing trend of river discharge (Fig. 13).

5 Conclusions

The lack of appropriate discharge measurements at country level imposes many

difficulties to identify alarming hydrologic trends and undertake timely mitigation

and restoration measures. For this reason, the few systematically recorded but

fragmented past hydrologic data of the main Greek rivers have been used to assess

the validity of a regional hydrological model in order to use its long-term output

(1980–2009) for analysing the dominant hydrologic trends. It is for this purpose that

the discharge data from the E-HYPE pan-European hydrological model have been

used in combination with precipitation data from the Hellenic National Meteoro-

logical Service; the Ministry of Environment, Energy and Climate Change of

Greece; the Republic Hydrometeorological Institute of FYROM; the National

Institute of Meteorology and Hydrology of Bulgaria and the Turkish State Meteo-

rological Service. The main purpose of this study was to identify the dominant

trends in the discharge and precipitation time series over the last 3 decades as well

as to study the interrelationship between these two parameters.

The main output is that there is no consistent, single trend for the entire study

period for any of the investigated rivers while there are some wet and dry periods in

the data which are very clear in all catchments and coincide at a temporal level. The

main dry periods were at the end of the 1980s and the beginning of 2000s. There is

also a prolonged wet period during the last decade for all study catchments while all

the hydrometeorologic time series are stationary apart from Evros, Nestos and

Strymonas rivers.
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The relationship between precipitation and discharge is quite strong in

Aliakmonas and Pinios rivers and relatively weak in Evros and Nestos rivers.

Nevertheless, precipitation and discharge present very similar fluctuation patterns

throughout the study period as the CUSUM diagrams indicate, while all the time

series were homogeneous apart from Evros River annual discharge and Nestos

River annual precipitation.

A more in-depth analysis is required to understand, conceptualise and record the

factors that contribute to discharge apart from precipitation (e.g. irrigation, domes-

tic use, infiltration, dam operation, etc.). In order for this study to be reliable and

useful, real discharge measurements should be taken prior to the analysis by

establishing a (transboundary where relevant) monitoring network that can act

with a double purpose: to provide an early warning system for natural–man-made

disasters such as floods and droughts and to offer the necessary, scientific informa-

tion for the development and implementation of integrated water resources man-

agement plans.

Annexes

Annex I

Statistical criteria of E-HYPE model performance by comparing the observed (o)
and predicted ( p) data of a sample size (n)

Mean error ME: ME ¼ Σn
i¼1 oi� pið Þ

n

Mean absolute error MAE: ME ¼ Σn
i¼1 oi� pij j

n

Mean absolute percentage error MAPE: ME ¼
Σn
i¼1

oi� pi
oi

���
���

n � 100

Root mean squared error RMSE: ME ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Σn
i¼1 pi�oið Þ2

n

q

Pearson’s correlation coefficient R: R ¼ Σn
i¼1 pi� pð Þ oi�oð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Σn
i¼1 pi� pð Þ2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Σn
i¼1 oi�oð Þ2

p
Squared correlation coefficient R2: R2¼R2

Nash–Sutcliffe coefficient of efficiency Nr: Nr ¼ 1� Σn
i¼1 oi� pið Þ2
Σn
i¼1 oi�oð Þ2

Annex II

Normality Tests

Kolmogorov–Smirnov (KS) test: KS¼ supx|F*(x)� Fn(x)|, where sup stands for

supremum, Fn(x) is theoretical cumulative distribution function of the normal
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distribution function and F*(x) is the normal empirical distribution function of the

data, with known mean μ and standard deviation σ.
Lilliefors (LF) test: LF¼maxx|F*(x)� Sn(x)|, where Sn(x) is the sample cumu-

lative distribution function of the normal distribution function and F*(x) is the

empirical distribution function, with the sample mean μ ¼ x and the sample

variance s2 defined with denominator n� 1.

Shapiro–Wilk (SW) test: SW ¼ Σn
i¼1aixið Þ2

Σn
i¼1 xi�xð Þ2, where xi stands for ordered (increas-

ing ordered) sample values and ai stands for constants generated from the means,

variances and covariances of the order statistics of a sample of size n from a normal

distribution.

Homogeneity Tests

von Neumann test: N ¼ Σn�1
i¼1 xi�xiþ1ð Þ2
Σn
i¼1 xi�xð Þ2 , where xi is the hydrologic variable constitut-

ing the sequence in time, n is the total number of hydrologic records and x is the

average of xi.
Cumulative deviations test: Sensitivity to the departures from homogeneity is

defined by the following statistic:

Q ¼ max0�k�n S**k
�� ��, where S� �k is the rescaled adjusted partial sums.

S**k ¼ S*k=Dx, k¼ 1, 2, . . ., n, where S*k ¼ Σ k
i¼1 xi � xð Þ, k¼ 1, 2, . . ., n, and Dx the

sample standard deviation.

High values of Q are an indication for non-homogeneity.

The homogeneity can also be tested with the following statistic:

R ¼ max0�k�n S**k
�� ���min0�k�n S**k

�� ��

Bayesian Test: U ¼ 1
n nþ1ð ÞΣ

n�1
k¼1 S**k

� �2
, for pk independent of k.

A ¼ Σn�1
i¼1 Z**

k

� �2
, k¼ 1, 2, . . ., n, for pk proportional to [k(n� k)]�1. Z**k is the

weighted rescaled partial sums, Z**
k ¼ k n� kð Þf g�1=2S*k

h i
=Dx.

Stationarity Tests

t-test: To apply this test, the annual time series is divided into two (or more)

subseries of size n1 and n2 (n1+n2¼ n):

ts ¼ x2�x1j j
S

ffiffiffiffiffiffiffiffi
1
n1
þ 1

n2

p , S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1�1ð Þs2

1
þ n2�1ð Þs2

2

n�2

q
, where x1, x2, s

2
1 and s22 are the estimated

means and variances of the first and the second subseries, respectively.
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Mann–Whitney test: To apply this test, the annual time series nt is divided into

two (or more) subseries of size n1 and n2 (n1+n2¼ n), and a new series zt (t¼ 1,

2, . . ., n) is defined by arranging the original data (nt) in increasing order of

magnitude:

u ¼ Σn1
t¼1R ntð Þ�n1 n1þn2þ1ð Þ=2
n1n2 n1þn2þ1ð Þ=12½ �1=2 , where R(nt) is the rank of the observation nt in ordered

series zt.

Trend

Mann–Kendall test: The Mann–Kendall statistic S compares each value of the

series (xt) with all subsequent values (xt+1) and is defined as

S ¼ Σn�1
t0¼1

Σn
t¼t0þ1

sgn xt� xt0
� �

, where sgn is the signum function,

sgn xt� xt0
� � ¼

1, if xt > xt0

0, if xt ¼ xt0

�1, if xt < xt0

8<
:

Based on Mann [41] and Kendall [40], when n� 8, the statistic S is approxi-

mately normally distributed with the mean m and the variance V as follows: E(S)¼
0, V Sð Þ ¼ 1

18
n n� 1ð Þ 2nþ 5ð Þ � Σg

i¼1ei ei � 1ð Þ 2ei þ 5ð Þ� �
, g is the number of tied

groups, and ei is the number of data in the ith tied group.

The standardised test statistic Z is defined as Z ¼ Sþmffiffiffiffiffiffiffi
V Sð Þ

p :

Spearman’s Rho: The Spearman’s Rho D statistic is defined as

D ¼ 1� 6Σn
1¼1 R Xið Þ�i½ �2
n n2�1ð Þ , where R(Xi) is the rank of ith observation Xi in the

sample size n.
Under the null hypothesis that the time series has no trend, it can be shown that

the statistic ts has a Student’s t-distribution with n–2 degrees of freedom. Here, ts is

defined as ts ¼ D
ffiffiffiffiffiffiffiffiffi
n�2
1�D2

q
:

Sequential Version of the Mann–Kendall Test (Mann–Kendall Rank Correlation
Test): The sequential version of the Mann–Kendall test is calculated so that rank

(xi)> rank (xj) (i> j). The t statistic is calculated as t ¼ Σn
i¼1ni. The distribution of

t is assumed to be asymptotically normal with the following expectation: E tð Þ ¼ μ

¼ n n�1ð Þ
4

and Var tð Þ ¼ σ2 ¼ n n�1ð Þ 2nþ5ð Þ
72

:

The null hypothesis that there is no trend is rejected for high values of the

reduced variable |u(t)|, which is calculated as u tð Þ ¼ t�E tð Þffiffiffiffiffiffiffiffiffi
Var tð Þ

p . The statistic u0(t) is

computed backwards starting from the end of the time series.

CUSUM Test: The test statistic Vk is defined as Vk ¼ Σ k
i¼1sgn xi � xmedianð Þ,

k¼ 1,2, . . ., n, where xmedian is the median value of the xi data set and sgn(x).
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Sen’s Slope Estimator: The Sen’s slope estimation test is defined for a season

g as β ¼ Median
xi�x j

i� j

� 	
, i< j, where Q is the slope between points xi and xj, xi is

data measurement at time i and xj is data measurement at time j.
It is defined as the estimator β which is the median overall combination of record

pairs for the whole data set and is resistant/robust to the extreme observations or

outliers. The positive value of the β connotes the slope of the upward trend and

negative value for the downward trend [29].
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Agro-Industrial Wastewater Pollution

in Greek River Ecosystems

Ioannis Karaouzas

Abstract In this chapter, the characteristics and environmental impacts of waste-

waters from the major agricultural industries on the river ecosystems of Greece are

reviewed and discussed, focusing especially on olive mills, orange juice processing

factories and cheese processing factories. The high organic load, suspended solids

and nutrients of these wastewaters, as well as their toxicity, have deteriorated river

water quality and the ecological status of many running waters of Greece. Among

the most common effects are eutrophication, the decline of fish and invertebrate

populations, species richness loss and the consequent reduction of the river capacity

for moderating the effects of polluting substances through internal mechanisms of

self-purification. The organic load of the wastewaters, substrate contamination

(sewage bacteria) and distance from the wastewater discharge outlet appear to be

the most important factors affecting macroinvertebrate assemblages, while typo-

logy (i.e. slope, altitude), hydrology (i.e. permanent, intermittent), intensity and

volume of the wastewater are the most important determinants of self-purification

processes. As these industries are usually located near small-sized streams that are

not significantly considered in the Water Framework Directive 2000/60/EC, there is

a need for including them in monitoring and assessment schemes as they may

considerably contribute to the pollution load of the river basin. Finally, guidelines

to manage these wastes through technologies that minimise their environmental

impact and lead to a sustainable use of resources are also critical.

Keywords Benthic fauna, Ecological status, Effluents, Olive mills, Toxicity

I. Karaouzas (*)

Institute of Marine Biological Resources and Inland Waters, Hellenic Centre for

Marine Research, 46.7 km Athens-Sounio Av., 19013 Anavissos, Greece

e-mail: ikarz@hcmr.gr

N. Skoulikidis et al. (eds.), The Rivers of Greece: Evolution, Current Status
and Perspectives, Hdb Env Chem (2018) 59: 169–204, DOI 10.1007/698_2016_453,
© Springer-Verlag Berlin Heidelberg 2016, Published online: 14 February 2016

169

mailto:ikarz@hcmr.gr


Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

2 Olive Mill Wastewaters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

2.1 Current Production Trends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

2.2 Polluting Capacity and Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

2.3 Toxicity of Olive Mill Wastewaters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

2.4 Effects on Water Quality, Aquatic Organisms and Ecological Status . . . . . . . . . . . . . . 181

2.5 Current Legislation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

3 Orange Juice Processing Wastewaters (OJPW) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

3.1 Current Production Trends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

3.2 Polluting Capacity and Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

3.3 Toxicity, Effects on Water Quality, Aquatic Organisms and Ecological Status . . . 192

4 Cheese Whey Wastewaters (CWW) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

4.1 Current Production Trends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

4.2 Polluting Capacity and Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

4.3 Toxicity, Effects on Water Quality, Aquatic Organisms and Ecological Status . . . 196

5 Other Agroindustrial Industries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

1 Introduction

Throughout the course of human history, the quality and quantity of water were

crucial determinants of human health and the health of the Earth’s ecosystems. The

dramatic yet continuous industrial and agricultural development of the past century

has significantly degraded the environment and particularly the soil, lakes, rivers

and other aquatic ecosystems. It is estimated that river ecosystems have deterio-

rated more than any other aquatic ecosystem [1, 2] mainly due to changes in land

use, organic and chemical pollution (agrochemicals, solid and liquid industrial and

municipal wastewaters), overexploitation of water resources (e.g. water abstraction,

overfishing, sand and gravel extraction, etc.), reduction and deforestation of ripar-

ian vegetation and unintentional and intentional introduction of exotic and alien

species. Pollution episodes are daily, and in many cases, their impact on ecosystems

is unpredictable and terrifying.

Rivers play a key role in ecosystems and provide a series of ecosystem functions

such as habitat and food source for a wide range of biological species and ecological

refuge development. Historically, rivers accommodated communities by providing

food and water and a medium for transport, recreation and tourism. Inevitably,

many peri-urban and floodplain rivers draining from urban and agricultural areas

have been affected significantly during the last decades and remain a sensitive issue

in the agenda of river management authorities.

Agricultural industries (referred to as agroindustries hereafter) are major con-

tributors to the worldwide industrial pollution problem. With the tremendous pace
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of technological development to cover the needs of population overgrowth, the

amount and complexity of wastes generated by these industries and their manage-

ment has been problematic. Now, agroindustries, more than any other industrial

sector, require an appropriate approach for successful waste management. There is

no wonder that until 2004, more than 1,000 references on the various treatment

methods of olive mill wastewaters have been published worldwide [3], and that

number has been constantly increasing. Agroindustries such as olive oil mills, fruit

processing factories, cheese factories and dairy farms constitute one of the most

important pillars of local economy for the Mediterranean countries, including

Greece. Agroindustries processing agricultural raw materials such as fruit, vegeta-

bles and animal products produce millions of tons of wastewater and large amounts

of by-products, which are left untreated or unexploited and end up in the environ-

ment. These industrial facilities are usually scattered throughout the countryside,

and the raw materials processed are produced at a seasonal rate, thus resulting to

wastes varying significantly during the year both in quantity and characteristics.

In this chapter, the environmental impacts of agroindustrial wastewater dis-

charge on river ecosystems of Greece are reviewed and discussed, focusing espe-

cially on major industries such as (a) olive mills, (b) orange juice processing

factories and (c) cheese processing factories. In addition, impacts from other

agroindustries are briefly highlighted.

2 Olive Mill Wastewaters

2.1 Current Production Trends

Worldwide, olive cultivation has increased significantly due to population increase

and cultivation intensification using fertilisers, pesticides, irrigation of olive groves

and new processing technologies of olives. In Greece, the number of olive trees was

estimated to be around 75 million in 1961, while in 2003, their number reached

137 million, an 82.6% increase (Hellenic Ministry of Rural Development and

Food). Olive oil production in 1961 was approximately 215 thousand tons, and in

2012, production reached 352 thousand tons, an increase of 64% (Fig. 1). Currently,

there are about 14� 107 olive trees and 450 approved olive mill establishments

(Fig. 2), although the real number is estimated to be around 2,800 olive oil mills.

Thirty percent (30%) of the olive mills are found in the Peloponnese, 24% in Crete,

9% in Attica, 7% in Western Greece, 7% in Central Greece, 9% in Macedonia and

Thrace, 4% in the North Aegean, 4% in the Ionian, 3% in Thessaly and finally, 2%

in Epirus and South Aegean, respectively.
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2.2 Polluting Capacity and Characteristics

Olive mill wastewater (OMW) is one of the major and most challenging organic

pollutants in olive oil production countries [5, 6]. OMW is the turbid liquid waste

generated during the extraction of olive oil, where huge quantities of organic wastes

are produced within a short period and usually lasts 3–5 months (November–

Fig. 1 Olive oil production (tons) in Greece from 1961 to 2012 according to FAO [4]

Fig. 2 Approved olive oil mill establishments for 2015 registered at the Greek Ministry of Rural

Development and Food
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March). It is estimated that the volume of OMW produced annually in the Medi-

terranean region varies between 7� 106 and 30� 106 m3 [7]. Despite the global

spread of the olive tree, 95% of the production of olive oil (which yields about 2.5

million tons of olive oil per year) comes from the Mediterranean countries with

Spain, Italy and Greece being the largest producers.

The milling process of olives generates about 50% of wastewater, 30% of solid

residues and 20% of olive oil. OMW is easily fermentable and its characteristics are

variable depending on the method of extraction, type of olive variety, soil and

climatic conditions and cultivation methods. Typical OMW composition by weight

is 83–94% water, 4–16% organic compounds and 0.4–2.5% mineral salts [8]. The

wastewater arising from the milling process amounts to 0.5–1.5 m3 per 1 ton of

olives, depending on the process method [9, 10]. The high pollution ability of

OMW is attributed to its remarkably high organic load (BOD: 25–100 g/l; COD:

45–220 g/l) and high content of phenolic compounds [10, 11], its acidity (pH 4–5)

as well as the significant concentrations of magnesium, potassium and phosphate

salts [12]. In addition, OMW contains many organic compounds such as lipids,

sugars, organic acids, tannins, pectins and lignins that contribute to the increase of

its organic load [8, 10]. Table 1 presents the major physical and chemical properties

of OMW.

Although disposal of untreated OMW in aquatic systems is not allowed in

Greece, it is estimated that approximately 1.5 million tons of OMW are disposed

of every year in rivers, streams (Fig. 3 and 4), lakes and even in the sea [5]. The

effective treatment of OMW requires expensive and advanced technologies that

most olive mills lack. The usual treatment and disposal practice followed in Greece

involves neutralisation with lime and disposal in evaporation ponds/lagoons. Dis-

posal of OMW causes significant environmental pollution with unforeseeable

effects on the quality of soil, surface and groundwater [17, 18] and poses a serious

risk to aquatic and terrestrial biota and subsequently to the health of corresponding

ecosystems.

2.3 Toxicity of Olive Mill Wastewaters

OMW and its polyphenolic fraction can be toxic to aquatic organisms [14, 15, 17,

19, 20], to bacteria and yeast [21] and to seed germination [22]. Moreover, it has

been shown to affect the physical and chemical properties of the soil and its

microbial community [7, 18, 23, 24], while several studies have verified its phyto-

toxic effects and antimicrobial activity [25]. Finally, OMW can be toxic to anaer-

obic bacteria which may inhibit conventional secondary and anaerobic treatments

in municipal treatment plants [26].

Many related toxicological studies have evaluated the toxicity of the whole

OMW effluent with standard toxicity test organisms such as Daphnia pulex,
Daphnia magna and Thamnocephalus platyurus [15, 17, 20, 25] or with the

luminescent bacteria Vibrio fischeri [27]. Paix~ao et al. [15] have shown that the

LC50 acute toxicity of OMW can range from 1.08% to 6.83% for Daphnia magna,
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Table 1 Physicochemical characteristics of OMW

Parameters Units Press mill Three-phase centrifugation system

Density (g/cm3) 1–1.2 1–1.1

Salinity mmhos/cm 8–16 8–16

pH 4.2–5.3 4.6–5.2

Conductivity mmhos/cm 12–18 8–16

Total solids g/l 70–173 45–103

Total suspended solids g/l 2–7 2.5–5

BOD5 g/l 60–100 25–50

COD g/l 65–190 45–110

Total phenols g/l 12–19 6–10

Hydroxytyrosol g/l 0.07–0.9 0.04–0.4

Phenolic acids g/l 0.5–0.6 0.2–0.3

Tannins-Lignins g/l 3–12 3–10

Pectins g/l 2–5 1.5–3

Fats and oils g/l 1.5–3 0.5–1.64

Total sugars g/l 17–32 11–21

Glycerol g/l 0.1 0.062

Organic acids g/l 2–7 2–4

Polyalcohols g/l 3–6 2–4

Total N (Kjeldahl) g/l 1–1.5 0.7–0.9

Organic N g/l 0.1–1.1 0.1–1

Total proteins g/l 20–37 11–23

Ash g/l 7–11 4–8

TOC g/l 50–70 35–45

Total phosphorus as P2O5 g/l 0.5–0.9 0.5–0.6

Nitrate mg/l 20–23 10–12

Chloride mg/l 219.48 124

Sulphate mg/l 75–115 52–75

Iron as FeO mg/l 35–48 16–32

Potassium as K2O g/l 2–3 2–2.5

Sodium as Na2O mg/l 300–500 200–300

Calcium CaO mg/l 350–380 120–270

Magnesium MgO mg/l 74–200 48–50

Silicate (SiO2) mg/l 24–31 16–22

Manganese mg/l 16–20 11–12

Zinc mg/l 16–20 11–14

Copper mg/l 8–10 6–9

Lead mg/l 0.5–2 0.4–0.7

Cobalt mg/l 0.2–0.9 0.1–0.5

Nickel mg/l 0.5–1.5 0.3–1.5

Data assembled from: [8, 10, 13–16]
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0.73% to 12.54% for Thamnocephalus platyurus and 0.16% to 1.24% for the

luminescent bacteria Vibrio fischeri. Similarly, Rouvalis et al. [20] also showed

that the acute toxicity of OMW could vary from 1.7% to 12.4% for Daphnia pulex
and 3.3% to 8.9% for Thamnocephalus platyurus.

More recently, the toxicity of the whole OMW effluent to aquatic

macroinvertebrates has also been studied [14, 28]. The 24-h LC50 values of

OMW range from 2.64% to 3.36% for Gammarus pulex and 3.62% to 3.88% for

Hydropsyche peristerica [19]. Based on a five-class hazard classification system

developed by Persoone et al. [29], for wastewaters discharged into the aquatic

environment, olive mill wastewaters are classified as highly toxic [19]. OMW

concentrations can also be lethal to crustaceans even at lower volumes. The 24-h

LC50 value for the Palaemonidae species of Pamisos River in South Peloponnesus

was 0.7% [33]. Table 2 summarises all known toxicological studies of OMW that

have been conducted in Greece.

Fig. 4 OMW discharge

through a pipeline in Skatias

stream (Evrotas River,

(Peloponnese, S. Greece)

Fig. 3 Illegal OMW

discharge in Skatias stream

of the Evrotas river basin

(Peloponnese, S. Greece)
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Sublethal concentrations of OMW can also cause damage at lower levels

of biological organisation [14, 28]. For example, the enzyme activities of the

caddisfly Hydropsyche peristerica and amphipod Gammarus pulex were affected

when exposed to OMW [19]. The acetylcholinesterase (AChE) activity of

H. peristerica and G. pulex decreased after 24 h of exposure (Fig. 5). In contrast,

the glutathione S-transferase activity of the two species has been shown to increase

as OMW concentration increases (Fig. 5). Inhibition of AChE was also observed in

the mussel Mytilus galloprovincialis when exposed to either 0.1 or 0.01% (v/v)

OMW for 5 days [35]. Specifically, decreased neutral red retention (NRR) assay

time values, inhibition of acetylcholinesterase (AChE) activity, as well as a signifi-

cant increase of micronucleus (MN) frequency and DNA damage were detected in

haemolymph/haemocytes and gills, compared with values measured in tissues of

control mussels [35].

2.4 Effects on Water Quality, Aquatic Organisms
and Ecological Status

Olive mill wastewaters are being discharged, untreated or partially treated in

hundreds of torrents and streams throughout the country. The most visible effect

of OMW pollution is the discolouring of surface waters, which is attributed to

the oxidation and subsequent polymerisation of tannins that give dark-coloured

polyphenols [13]. The main cause of the problem is the very high organic content,

which is not easily biodegradable, while high concentrations of polyphenolic

compounds result in toxicity and environmental degradation. Most mills are family

Fig. 5 AChE and GST activities of G. pulex (left) and H. peristerica (right) exposed to olive mill

wastewaters for 24 h. Results are expressed as the mean� SD per wastewater concentration

samples
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businesses of small capacity which cannot afford the cost of installing treatment

systems, ending up in disposing the wastewater in adjacent water bodies. In fact, the

main recipients of wastewaters in Greece are streams and torrents (58.3%), soil

(19.8%), rivers (6%), water (5.3%) and lakes (0.038%) [40]. There have been

numerous studies on the effects of pollution in Greece’s running waters, resulting

from the synergistic effect of multiple stressors, such as pesticides, fertilisers and

hydromorphological degradation; however, the pure effects of OMW on the aquatic

biota and ecological status of stream ecosystems have been poorly investigated

(Table 3).

The first one dates back to 1993, where Voreadou [44] within the context of her

doctorate thesis studied the impacts of OMW in several streams of Crete. The

results of her study showed a dramatic decline of the benthic macroinvertebrate

community during wastewater discharge, while the intensity of the effects was

proportional to the volume and duration of water in the stream bed. In streams

receiving OMW with high water velocity that retained water for 7–8 months,

species richness declined by 41%, while in streams with less water supply and

flow duration, species richness loss reached approximately 71% [45]. Voreadou

[44], apart from the phenol toxicity capacity of OMW, also attributed the reduction

of biodiversity to the formation of a greasy layer on the water surface from the lipid

content of the wastewater, thus preventing the entry of light and oxygen and the

accumulation of solid components in the stream bottom that may enter the body of

aquatic organisms.

Recently, the effects of OMW on the stream macroinvertebrates, water

quality and river ecological status were thoroughly and systematically studied

in the Evrotas river basin in South Peloponnese [14, 19, 28, 42]. Benthic

macroinvertebrates and environmental parameters were monitored for two years,

thus following the biennial cycle of olive growth and production and hydrological

variation (dry – wet years) in order to assess spatial and temporal responses of

stream fauna to high and low OMW yield years. Furthermore, two different

hydrologic years (wet and dry year) were covered during the two-year monitoring

period, thus allowing evaluation of hydrologic regime variation to OMW pollution

intensity and effects.

The results of these studies revealed the spatial and temporal structural deteri-

oration of the aquatic community due to OMW discharge with consequent reduc-

tion of the river capacity for reducing the effects of polluting substances through

internal mechanisms of self-purification. OMW, even highly diluted, had signifi-

cant impacts on the aquatic fauna and the ecological status of the Evrotas River. The

vast majority of macroinvertebrate taxa were eliminated, and only a few tolerant

Diptera species (i.e. Chironomidae, Simuliidae, Syrphidae) survived with very

limited abundances (1–4 individuals/1.25 m2). Macroinvertebrate assemblages

downstream the OMW outlets were dominated by Diptera species, whereas

Ephemeroptera, Plecoptera and Trichoptera (EPT) were almost depleted during

and after the OMW discharge period.

Overall, the effects of OMW on water chemistry were more pronounced on the

second year of the sampling campaign due to the higher olive fruit production that
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Table 3 Monitoring and assessment studies conducted in Greece evaluating OMW effects to

running waters

River basin Stream name Investigated topic Endpoint (State/Effect) References

Pamisos,

Nedon, Aris,

Belikas and

Epis

Pamisos,

Nedon, Aris,

Belikas and

Epis and their

estuaries

Effects of OMW

on water quality

Water quality

(Downgraded especially

in November and

December. Elevated

levels of phenols, high

concentrations of ammo-

nium and inorganic

phosphorus)

[34]

Epis Epis and its

estuary

Effects of OMW

on water quality

Physicochemical quality

(Increased values of Mn,

Cu, Ni, phenols, ammo-

nium, nitrates)

[41]

Evrotas Kotitsanis,

Vordoniatis,

Yerakaris and

Skatias

tributaries

Effects of OMW

on benthic

macroinver-

tebrates and eco-

logical status

Water pollution (increased

COD, BOD5, TSS, chlo-

ride, phenols, sewage

bacteria levels, decreased

O2 concentrations)

[42]

Macroinvertebrate

assemblages (decreased

number and abundance of

taxa, degraded

biocommunity structure)

Biological quality

and ecological status

(downgraded from good

and high to moderate and

bad)

Evrotas Kotitsanis,

Vordoniatis,

Yerakaris and

Skatias

tributaries

Effects of OMW

on small streams

Physicochemical quality

(good to moderate)

[42]

Biological quality and

ecological status (moder-

ate to bad)

Water pollution (high

levels of BOD5, COD,

TSS and phenols, low

DO)

Evrotas Evrotas River Effects of OMW

on water and

effects of dispos-

ing OMW

Water physicochemical

quality (low levels of

COD, phenols and nutri-

ent levels in Evrotas river.

Increased phenols in

Skoura and Vrontamas

station due to the olive

mills)

[43]

Attenuation capacity of

river sediments (High

(continued)
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yielded a greater quantity of wastewater. During the OMW discharge period,

BOD5, COD and TSS were extremely high, causing a significant decrease in

dissolved oxygen concentrations and creating anoxic conditions in many cases. A

significant increase in chloride and total phenols concentration was also observed in

the downstream sites during the wastewater discharge period as well as a marked

increase in nutrients [42]. Mean concentrations of COD, BOD5, total phenols, total

suspended solids (TSS) and chloride were higher in the sites receiving OMW, while

sewage bacteria flourished as a result of OMW residue on the stream substratum

during the wastewater discharge period [42]. Dissolved oxygen concentration

showed no marked variation among periods in the upstream sites in contrast to

Table 3 (continued)

River basin Stream name Investigated topic Endpoint (State/Effect) References

attenuation capacity.

Phenols were reduced

from 2.0 to 1.0 mg/l and

COD from 30.3 to

6.3 mg/l in 68 days)

Soil physicochemical

quality after irrigation

with treated OMW

(increased conductivity,

pH, nitrogen, nitrate-N

and organic matter, lower

ammonia-N)

Groundwater quality

(increased phenolic com-

pounds, ammonia, TOC

and COD. Leaching of

loads from the surface to

the groundwater)

Aposelemis Prinopotamos Effects of OMW

on water quality

and benthic fauna

Benthic macroinvertebrate

community loss during

wastewater discharge.

Intensity of the effects was

proportional to the volume

and duration of water in

the stream bed. Streams

receiving OMW with high

water velocity that

retained water for 7–

8 months, species richness

declined to 41%, while in

streams with less water

supply and flow duration,

species richness loss

reached approximately

71%

[44]
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the downstream sites, where oxygen concentration decreased during and after the

wastewater discharge period, especially in the second year of sampling. Total

phenols were detected only during the wastewater discharge period and were

significantly higher in the second sampling year compared to the previous one.

Species richness downstream the OMW outlets was markedly lower than

upstream of the olive mills (Figs. 6, 7, and 8). During the wastewater discharge

period, the number and abundance of taxa were significantly decreased; the effects

during year two being more pronounced due to the prolonged drought in the years

2006 and 2007 (Fig. 6). Upstream sites that were used as control presented good and

high ecological status, whereas the ecological status of the sites affected from

OMW pollution ranged from moderate to bad. Effects were more pronounced at

lowland intermittent streams (Fig. 8), thus showing that intermittency and

prolonged drought in combination with wastewater discharge significantly affect

stream fauna and ecological status. Stream typology (i.e. slope, altitude) and

hydrology of the stream site (i.e. perennial or intermittent) and the intensity and

volume of the wastewater were the most important determinants of self-purification

processes [42].

A study conducted in the Epis River in Messenia (Peloponnese, S. Greece) by

Anastasopoulou et al. [41] revealed high concentrations of phenols (36.1–178 mg/l),

ammonium (7.3–9.5 mmol/l), phosphate (6.1–7.5 mmo/l), COD (53.4 g/l) and

certain heavy metals especially during December when the olive oil production

reaches a peak in the area. Increased values of Mn, Cu and Ni were recorded in the

river water, while the calculation of the sediment enrichment factor confirmed the

ecosystem’s deterioration due to these trace metals. Increased phenol concentra-

tions were also detected in the Messenian Gulf during the olive-harvesting period

Fig. 6 Mean (� SD) number of taxa before, during and after the OMW discharge period for the

two-year sampling campaign. UP upstream sites; DW downstream sites ([42], with permission)
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Fig. 8 Mean (�SD) number of taxa upstream and downstream the OMW outlet in lowland

(intermittent) sites ([42], with permission)

Fig. 7 Mean (� SD) number of taxa upstream and downstream the OMW outlet in mountainous

(permanent) sites ([42], with permission)
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(96–207 ppb). Concerning the concentration of heavy metals, high values of Fe

(515 ppb) and Mn (486 ppb) were detected in the water body of Epis before its

estuaries [41]. Before the production period, the concentration of these trace metals

were found at much lower levels (48.9 and 118 ppb, respectively). Both zinc and

lead’s concentrations did not appear to differ greatly before and during the produc-

tion period. According to the Greek Nutrient Classification System [46], the quality

of all the sites assessed before the olive oil production period of 2008–2009 was

classified as high. During the production period, the physicochemical quality of the

sites downstream the olive mills varied from moderate to poor. Based on benthic

macroinvertebrate fauna, the biological quality of the Epis River ranged from bad to

moderate [47].

Another study conducted in the region of Messenia from 2008–2011 [34], in

which several rivers and streams that discharge into the coastal zone of the

Messenian gulf were included, showed that OMW have deteriorated the water

quality of the gulf. The studied rivers were classified as good or moderate, and in

some cases, poor, whereas the sites at the coastal zone of the Messenian Gulf were

characterised as good or moderate [34]. Five months after the oil-productive period

(May 2011), water quality has not been recovered due to OMW. This is also

supported by the biological results (macroinvertebrates) in the studied rivers

influenced by OMW, which were obtained in the framework of a monitoring

programme that was carried out at the Prefecture of Messenia during 2011–2014

[48]. According to the STAR_ICMi [49] and BMWP [50] biological indices, the

ecological status at most of the sampling sites of Pamisos River, Epis River, Belikas

River and Aris River was classified as good or moderate during the summer period,

with no influence of OMW, and as poor or bad during the wet (olive oil production)

period [48].

Increased nutrient and metal concentrations are also reported from experiments

carried out in evaporation lagoons in order to test for changes in the chemical

properties of the soil [51]. Disposal of untreated OMW at evaporation lagoons

without using protective materials (e.g. impermeable membranes) resulted in

significant changes in soil chemical properties. Soil samples collected one month

after the completion of waste disposal were characterised by enhanced content in

nitrogen, organic matter, exchangeable K, Mg, cation exchange capacity, available

Mn and Fe as well as increased electrical conductivity and decreased CaCO3

[51]. Changes in soil properties depended on depth and distance from the

disposal lagoon.

Although not carried out in running waters, a study performed by the Institute

of Infectious and Parasitic Diseases of the Centre of Veterinary Institutions of

Thessaloniki [98] on the effects of OMW in fish farms in the Gulf of Amvrakikos

surfaced conclusions already known. Specifically, fish deaths occurred in aqua-

culture due to (a) non-water-soluble OMW components superimposed on the gills

of the fish thus blocking respiration, (b) pH decrease of seawater at values well

below 8 (which is the normal value in the region), (c) high levels of BOD and COD

leading to anoxic conditions and (d) weakening of the organism, making them

susceptible to microbial infections.
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2.5 Current Legislation

The disposal of OMW, on both freshwater bodies and soils, may also affect

groundwater quality [52], especially in calcareous rocks, which have high perme-

ability. In Greece, according to the law Y2/2600/2001, the limit for the content of

phenolic compounds in drinking water is 0.5 μg/l. The concentration of phenols in

ΟMW usually ranges from 0.1 to 0.5 mg/l, which certifies that the direct disposal of

wastewater into water bodies is hazardous. The acceptable limits designated for

European countries for the disposal of OMW in various recipients are presented in

Table 4.

Until today, there are no specific rules for the treatment, management and

disposal of OMWs in surface water bodies. The Ministry of Development, Com-

petitiveness, Infrastructure, Transport and Networks and the Ministry of the Envi-

ronment, Energy and Climate Change (YPEKA) have published a guideline on the

management of OMW that is included in Category B of the Ministerial Decision

(MD) 1958/2012 (Government Gazette B21/13-01-2012). The guidelines set for the

application of the term E3 of the Common Ministerial Decision (CMD) Φ15/4187/

266/2012 (Government Gazette B’1275/11-04-2012) on standard environmental

commitments for certain industrial activities refers to pretreatment methods so as to

avoid the direct discharge of wastewaters to water recipients. With the 191645/03-

12-2013 Circular, the Secretariat for Water of the Ministry of Environment, Energy

and Climate Change states that within the implementation of the measures of the

Basin Management Plans of the water districts in the country, they will proceed to

the modernisation of waste management legislation with the issue of a Common

Ministerial Decision (CMD). The new CMDwill replace the articles of the Sanitary

Provision EIB/221/1965 on the disposal of liquid waste into surface water bodies

and will essentially abolish it. Until the adoption of this new CMD, the decisions of

the regional units should be followed.

Table 4 Acceptable levels on the disposal of OMW in water bodies in different European

countries

Parameters

[mg/l]

Disposal in surface waters Disposal at sea Disposal at sewage systems

Greece Italy Croatia Greece Croatia Greece Italy Croatia

pH 6–9 5.5–9.5 6.5–8 6–9 6.5–8 6–9 5.5–9.5 5–9.5

BOD 40 �40 25 40 25 500 �250 250

COD 120 �160 125 120 125 1,000 �500 700

Total suspended

solids

40 �80 35 50 35 500 �200 80

Lipids and oils 5 – 25 5 25 40 100 –

Total phenols 0.5 �0.5 0.1 0.5 0.1 5 �1 10

Source: IMPEL Olive Oil Project 2003
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3 Orange Juice Processing Wastewaters (OJPW)

3.1 Current Production Trends

According to the Hellenic Ministry of Rural Development and Food, the total

production of citrus fruit in Greece is about 1 million tons per year, of which

only about a third is destined for juicing. The citrus fruit-cultivated area in Greece is

estimated at approximately 53,000 hectares. Of these, 40,000 hectares are oranges

[4]. The cultivated land and production of oranges have increased significantly in

recent decades. In 1961, there were 17,700 hectares of orange trees that yielded

321,000 tons of oranges, and today, the cultivated area is about 40,000 hectares

producing about 900,000 tons of oranges (Fig. 9). From this quantity, 34% of the

fruit is produced in the prefecture of Argolida, 23% in Laconia, 17.5% in Arta, 9%

in Chania and Crete, 5% in Ilia, and 3% in Etoloakarnania and Corinthia, respec-

tively. The Greek citrus processing industries are mainly located in the regions of

Argolida, Arta, Laconia and Crete.

3.2 Polluting Capacity and Characteristics

The processing of orange fruit gives about 45% fresh juice and 50% solids that

consist of the pulp and peel of the fruit. The remaining 5% consists of a collection of

cells, essential oils and limonene. A fraction of the juice and pulp are various

Fig. 9 Orange production (tons) in Greece from 1961 to 2011 according to the FAO (World Food

and Agriculture Organization)

Agro-Industrial Wastewater Pollution in Greek River Ecosystems 189



compounds of flavonoids, such as hesperidin, neohesperidin, rutin, narirutin,

naringin and nobiletin [53]. Orange juice production gives about 70% waste, of

which 75–80% is solid and 20–25% liquid. Solid waste is composed of the peel and

pulp, while the effluent comes from the washing of fruits and the production of

various by-products. It is estimated that one ton of oranges produces 1.5 million

litres of wastewater. In most citrus juice plants, the citrus wastewater undergoes

biological treatment. The solid waste is usually transported to a landfill. However,

disposal of waste in illegal dumps and steep cliffs, as well as the uncontrolled

disposal of solid waste (pulp and shredded stems) in streams and rivers after being

mixed with the wastewater is frequent (Figs. 10 and 11).

The composition and physicochemical characteristics of OJPW vary greatly

depending on the variety, the maturity of the orange fruit and the production

Fig. 10 Illegal OJPW

discharge in Tyflo stream of

the Evrotas river basin,

Peloponnese, S. Greece

Fig. 11 OJPW discharge in

the Tyflo stream (Evrotas

River, Peloponnese,

S. Greece)

190 I. Karaouzas



conditions. Wastewaters generated from orange juice production have high organic

load (BOD: 20–1,400 mg/l; COD: 100–2,000 mg/l) and can be toxic due to the high

concentration of organics, including terpene-containing oils and flavonoids

[54]. The complex and insoluble carbohydrates, proteins, fibres, high nitrogen

and sodium levels [55, 56] increase the organic load of OJPW and, in addition to

the limonene levels (90–95% in citrus peel oil; 0.3%–0.8% in wastewater), decrease

the effective treatment and disposal of the effluent [56]. Table 5 summarises the

chemical and physicochemical composition of OJPW.

Table 5 Composition and

physicochemical

characteristics of OJPW

Parameters Units OJPW

pH 4–6.5

Acidity (citric acid) g/l 0.1–0.2

Electrical conductivity μS/cm 500–3,700

BOD5 mg/l 409–4,000

COD mg/l 435–13,650

Total solids mg/l 640–840

Total suspended solids mg/l 300–2,800

Total dissolved solids mg/l 540

Alkalinity (CaCO3) mg/l 800–815

Ash mg/l 424

Total sugars g/l 6–30

Total phenols mg/l 1.5–8

Limonene mg/l 50–200

D-Limonene % 0.02–0.5%

Organics % 94.7

Hesperidin mg/l 1,000–3,000

Pectin mg/l 1,200–9,000

Fats and oils mg/l 2,045

Dry mass (DM) g/kg 110

Proteins g/kg 53.8

Fibres g/kg 164

Nitrite (NO2) mg/l 1–3

Organic nitrogen [ON] g/l 7.28

Potassium [K] mg/l 1,578

Manganese [Mn] mg/l 0.3–0.7

Iron [Fe] mg/l 0.33–3.9

Total phosphorus [TP] mg/l 188

Phosphorus [P] mg/l 0.4–2.4

Calcium [Ca] mg/l 30–60

Chloride [Cl] mg/l 80–160

Sodium [Na] mg/l 135–205

Sources: [55–60]
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3.3 Toxicity, Effects on Water Quality, Aquatic Organisms
and Ecological Status

Up to date, there is only one study available that documents the toxicity of OJPW on

aquatic organisms [14, 19]. In that study, two test organisms were used for testing

the acute toxicity of the wastewater:Gammarus pulex andHydropsyche peristerica.
Mortality for 50% of the amphipod G. pulex population occurred at 25.26%

wastewater dilution concentration and 17.16% for H. peristerica. The latter showed
to be more sensitive to OJPW toxicity than G. pulex. Based on the five-class hazard
classification system used for wastewaters discharged into the aquatic environment

[29], OJPW belongs to class III (acute toxicity).

The effects of OJPW were also evaluated at the molecular level of the two-test

species by assessing changes in their AChE and GST enzyme activities [14, 28].

OJPW caused the decrease of AChE of G. pulex after 24 h of exposure (Fig. 12).

Unlike the activity of AChE, the GST activity of G. pulex increased at higher

concentrations of the effluent (Fig. 13). The same changes were also observed in the

enzymatic activities of H. peristerica after 24 h of exposure. AChE concentration

decreased at increasing concentrations of OJPW (Fig. 12), while activity of GST

increased in conjunction with higher concentrations of the wastewater (Fig. 13).

As with olive mills, wastewaters of the citrus juice processing industry can have

profound effects on freshwater ecosystems. Two streams of the Evrotas river basin

Fig. 12 AChE activities of G. pulex (left) and H. peristerica (right) exposed to orange juice

processing wastewaters for 24 h. Results are expressed as the mean� SD per wastewater concen-

tration samples
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have been receiving untreated or partially treated wastewaters from two orange

juice processing plants for many decades. Ecological quality monitoring and

assessment carried out in these two streams revealed significant loss of the benthic

fauna, since in almost all months of monitoring, only a few individuals of the

Dipteran families of Chironomidae and Simuliidae were found [28]. The Tyflo

stream flowing through the Riviotissa settlement on the suburbs of Sparta was

represented solely by Chironomus plumosus-gr with very limited abundance (usu-

ally 1–3 individuals/1.25 m2). Even months after the end of the wastewater dis-

charge period, no recovery was observed in benthic fauna composition while the

ecological status of the stream remained poor throughout the monitoring period. At

the Mylopotamos stream in the Aghia Kyriaki settlement (3 km south of Sparta), the

situation was the same as with the Tyflo stream, apart from a burst of Chironomus
plumosus-gr. and Tubificidae worm abundances after the end of the wastewater

discharge period [19, 28].

Apart from Evrotas, there are many more freshwater systems that receive

wastewaters from fruit and vegetable juice processing units (oranges, peaches,

apples, apricots, carrots, pomegranates, grapes, etc.) throughout Greece, such as

Aliakmonas, Axios, Pinios, Louros, etc. Studies carried out in these systems

involve their ecological status assessment and include a variety of stressors such

as pesticides, nutrient pollution from fertilisers, organic pollution (olive mills,

wastewater treatment plants, slaughterhouses), hydromorphological modifications,

etc. [61–68].

Fig. 13 GST activities of G. pulex (left) and H. peristerica (right) exposed to orange juice

processing wastewaters for 24 h. Results are expressed as the mean� SD per wastewater concen-

tration samples
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4 Cheese Whey Wastewaters (CWW)

4.1 Current Production Trends

Cheese production in Greece is a traditional area of activity, as it has been reported

by several historical sources as one of the main trade activities in ancient and more

recent times. Over the years and with the assistance of financial institutions through

granting investment incentives from the state (under development laws and EU

regulations), the industry has made significant developments (Fig. 14). A key

feature of the industry is the large number of industries, mainly primary production

farms. The majority of these industries include, mainly, small size and capacity

units at local level characterised by high dispersion and usually a lack of required

modern mechanical equipment. Similar to olive mills, the exact number of cheese

production units that currently operate in Greece is unknown. For example, in 2011,

from the 96 registered production units of Crete, only 60 had operational permis-

sion, while the true number is speculated to be around 400 [99].

4.2 Polluting Capacity and Characteristics

The dairy industry is one of the main sources of industrial wastewater generation in

Europe [69]. It is based on the processing and manufacturing of raw milk into

products such as yogurt, butter, cheese and various types of desserts by means of

Fig. 14 Cheese production (tons) in Greece from 1961 to 2011 according to FAO (World Food

and Agriculture Organization). Data include goat, sheep and cow cheese
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several different processes, such as pasteurisation, coagulation, filtration, centrifu-

gation, etc. Dairy factory wastewaters commonly contain milk, by-products of

processing operations, cleaning products and various additives that may be used

during the production [70]. The water requirement of a dairy plant for washing and

cleaning operations corresponds to 2–5 l of water per litre of processed milk. The

characteristics of dairy effluents may vary significantly, depending on the final

products, system type and operation methods used in the manufacturing plant [71].

The cheese manufacturing industry generates three main types of effluents;

cheese whey (resulting from cheese production), second cheese whey (resulting

from cottage cheese production) and the washing water of pipelines, storage and

tanks that generates a wastewater called cheese whey wastewater (CWW). The

latter, also contains cheese whey and second cheese whey and is a strong organic

and saline effluent whose characterisation and treatment have not been sufficiently

addressed. CWW generation is roughly four times the volume of processed

milk [71].

Cheese whey wastewater is white in colour and usually slightly alkaline in

nature and becomes acidic quite rapidly due to the fermentation of milk sugar to

lactic acid. It is characterised by an unpleasant odour of butyric acid, high organic

content (COD up to 70 g/l, BOD up to 16 g/l) and relatively high levels of total

suspended solids (up to 5 g/l) [72, 73]. Due to salt addition during the cheese

production process, sodium and chloride levels are extremely high (2.1–2.8 g/l).

The values reported in total nitrogen (0.5–10.8 mg/l) and phosphorus (6–280 mg/l)

indicate a serious risk of receiving water eutrophication [71]. It also contains

lactose, proteins and fats (45, 34 and 6 g/l, respectively) and has a high biodegrad-

ability index (BOD/COD� 0.46–0.80) (Table 6) that suggests the suitability of

biological process application [71].

Table 6 Composition and

physicochemical

characteristics of CWW

Parameters Units CWW

pH 4–8.7

Electrical conductivity [EC] mS/cm 11–13

BOD5 g/l 0.9–15

COD g/l 0.8–77

Total solids [TS] g/l 1–63.5

Total susp. solids [TSS] g/l 0.25–5

Turbidity NTU 1,300–2,000

Total organic carbon [TOC] g/l 0.55–35

Total Kjeldahl nitrogen [TKN] g/l 0.11–0.83

Total phosphorus [TP] mg/l 6–280

Total nitrogen [TN] mg/l 0.5–11

Fats and Oils g/l 0.1–5.7

Proteins g/l 1.88–9

Lactose g/l 0.1–44

Chloride g/l 2–2.5

N-NH4 mg/l 8–161

Sources: [71, 74, 75]
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If discharged untreated into the waterways (e.g. Fig. 15), CWW can cause

serious environmental problems. Although cheese whey contains valuable fertiliser

components such as nitrogen, phosphorus and potassium, application on land

compromises the physical and chemical structure of the soil resulting to crop

yield decline [76, 77] and reduces aquatic life by depleting the dissolved oxygen

of the water [78, 79] and may eventually pollute the groundwater.

Several value-added products can be produced from cheese whey by using

various fermentation processes in order to minimise the problems associated with

its disposal and improve the economics of the dairy and food processing industry.

Usually, the small and medium cheese factories are isolated from centralised

wastewater treatment facilities and, in some cases, located next to ecologically

sensitive areas, which may cause environmental risks. Land application is often the

only practical option for wastewater disposal.

4.3 Toxicity, Effects on Water Quality, Aquatic Organisms
and Ecological Status

Despite the fact that several methods for the treatment or utilisation of cheese whey

wastewater have been proposed during the last 60 years, more than 50% of

wastewater is discharged untreated to waterways [74]. According to statistical

data of 2007, 7.5 million tons of CWW are produced every year in Greece

[74]. The vast majority of these quantities are discharged untreated or partially

treated into the environment, including soil and freshwaters.

Even though CWW discharge is among the main sources of organic pollution in

Greek river ecosystems, its effects on aquatic ecosystems have overall been

neglected. Many running waters throughout the country receive CWW, but up to

date, effects only on the Vouraikos River in Peloponnese have been assessed

Fig. 15 CWW discharge in

Voulgaris stream, Lesbos

Island
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[80]. In that study, Karadima et al. [80] found that the ecological quality of the sites

close to the cheese production factory ranged from moderate to bad and that there

was a significant ecological risk for almost 15 km downstream of the point pollution

source. Pollution-tolerant macroinvertebrate taxa such as Chironomidae,

Tubificidae, Valvatidae and Lumbricullidae were abundant in the low-quality

sites (close to the factory), which also presented low biodiversity values and low

numbers of families (between 6 and 7). In contrast, samples from 10 km down-

stream the cheese production factory presented higher biodiversity, many pollution-

sensitive taxa such as Athericidae, Perlidae, Perlodidae and Sericostomatidae and a

number of families between 26 and 27 [80].

Cheese whey wastewater has also shown to be toxic to aquatic organisms.

Toxicological results of the zebrafish Danio rerio embryo bioassay with a mean

7-day LC50 was 0.655%, while bioassays on Daphnia magna and Thamnocephalus
platyurus presented a higher LC50 value of 3.032% and 1.56%, respectively

[80]. Even after treatment with an anaerobic fermentation system for hydrogen

production, the CWW samples varied from “very” to “extremely toxic” [81]. Aver-

age toxicity values for the zebrafish Danio rerio embryo bioassay were 1.55%

(24 h) and 0.75% (48 h), for Thamnocephalus platyurus 0.69% (24 h) and for

Daphnia magna 2.51% (24 h) and 1.82% (48 h). Toxicity of CWWwas attributed to

the chemical compounds PO4
�3, SO4

�2, N-NH3 and NO3
� [81].

Similar to olive mills, cheese producing plants are small capacity units that are

scattered throughout Greece and cause very serious environmental problems due to

their large volume and organic load of wastewaters. To date, an integrated treat-

ment solution at national level has not been implemented, despite the existence of

various small-scale treatment technologies. For example, a new, integrated tech-

nology for the treatment and utilisation of cheese-dairy wastewater has been

developed by the laboratory of Organic Chemical Technology of the National

Technical University of Athens and has successfully been tested in a cheese-

making factory in Viotia [74]. The proposed technology reduced fat and oil content

by 76% and COD by 90%, while biogas was produced (4 m3/h). The university

laboratory concluded that the final effluent could be disposed in water bodies after

an aerobic biological refining, however the final effluent should be tested for

toxicity as the effluent can still be toxic after treatment as has been shown in

some studies (e.g. [81]).

5 Other Agroindustrial Industries

Greece’s running waters are also recipients of effluents from other agricultural

industries, including animal factory farms, dairy farms, slaughterhouses, food, fruit

and meat processing plants, tannery (leather processing plants), wineries and paper

and weaving (cotton and textile) industries. The common characteristic of all these

industries is the high organic content (BOD and COD) and total solids [82] of their

wastewaters that result in oxygen depletion when discharged in receiving
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waterways [83, 84]. The acceptable lower limit for oxygen concentrations in rivers

is usually about 6 mg/l, which is the level in which sensitive fish species (usually

trout and salmon) are able to survive [85]. The discharge of organic wastewaters to

rivers results in the development of bacterial or fungal-dominated epilithon (stone-

attached communities), commonly referred to as sewage fungus or sewage bacteria

[86]. These growths degrade river aesthetics, make the riverbed unsuitable for fish

and many invertebrate species [19, 28, 44] and gradually decrease the water pH,

accompanied by a release of strong odours due to decomposition of organic

compounds. The receiving water becomes a breeding place for pollution-tolerant

species, which are usually Dipteran species, such as flies and mosquitoes, and may

often be carriers of dangerous diseases.

These effects have been observed in many river systems throughout Greece, but

no prevention and control measures are implemented. Usually, pollution incidents

become obvious when mass fish deaths are witnessed by the local inhabitants. A

recent example comes from the Spercheios River in Central Greece, where hun-

dreds of fish died due to oxygen depletion. Fish mortality is attributed to untreated

wastewater discharge from the paper mill into a tributary of Spercheios (Asopos

stream). The mill operated all year round, but effects are more pronounced during

the dry period where flow is at a minimum. Ecological quality of the stream near the

paper mill was classified as poor and bad, and only Chironomus plumosus-gr and
species of the Simuliidae family were detected at very high abundances (Karaouzas

et al., unpublished results). The effects of paper mill wastewaters into river eco-

systems are documented elsewhere [87, 88].

Although the livestock industry is one of the major industries in Greece, its

effects on the environment have been largely overlooked and ignored. The United

Nations has declared concentrated animal feeding operations to be “one of the top

two or three most significant contributors to the most serious environmental prob-

lems, at every scale from local to global” [100]. Wastewater discharge from

slaughterhouses causes deoxygenation of rivers [84] and contamination of ground-

water [89]. Blood, one of the major dissolved pollutants in slaughterhouse waste-

water, has a chemical oxygen demand (COD) of 375 g/l and contains high

concentrations of slowly biodegradable suspended solids, including pieces of fat,

grease, hair, feathers, flesh, manure, grit, and undigested feed [90]. Furthermore,

livestock produce significant amounts of manure, which may overflow due to heavy

rainfalls or ruptures leach through the soil into groundwater [91, 92]. Manure is rich

in compounds of nitrogen, phosphorus and ammonia. When excessive amounts of

these compounds enter into freshwaters, they can lead to lethal algal blooms,

causing eutrophication [92].

Elevated nutrient levels due to livestock and food processing industries have

been recorded in several rivers of Greece. A general increasing trend of the annual

mean values of nitrogen and phosphorous compounds at the Louros River, at its

conjunction with the small tributary of Vossa which receives wastes from animal

farms, has been observed [93]. Increased values of organic matter (8%) have been

found at a site of Asmaki canal (Larissa, Thessaly), where a textile-dyeing plant is

operating [94]. Two other sampling sites, in the same canal area where extensive
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farming and an alcohol producing factory occur, displayed high Cu values due to

increased organic matter which strongly retains Cu [94].

High nutrient levels (NH3-N, NO2-N and NO3-N) have also been recorded in

Canal 66 that flows through Veria city and discharges into the Aliakmon River

[66]. Canal 66 receives agroindustrial wastewaters mainly from canneries, and

concentrations are higher during the low flow season than in the high flow season

due to the lower discharge [66]. This canal is considered by many the most polluted

freshwater body of Northern Greece, and in the press it is often cited as “The Canal

of Death” due to the frequent sighting of mass fish deaths.

Concluding, it must be noted that all major rivers in Greece have significant

pollution problems, particularly at their downstream parts due to wastewater dis-

charge. These rivers receive pollutants from many other point and non-point

pollution sources, thus further deteriorating their ecological quality.

6 Conclusions

Agro-industrial wastewater management is today one of the main concerns for

ensuring a sustainable environment. Management of wastewaters, as covered in this

chapter, is crucial in view of the high organic matter and high nutrient levels that

they contain. Most of these wastewaters can be effectively treated either with

aerobic or anaerobic digestion processes [74, 82, 95, 96]. Furthermore, all these

wastewaters contain nutrients, salts, organics and oils that can be recycled or

utilised for other purposes and with effective treatment can be used to irrigate

pasture, thereby conserving potable water. Occasionally, pretreatment strategies

(i.e. wetlands, artificial lagoons) are required in order to improve the efficiency of

the treatment methodology. In the agricultural sector, methane recovery and use as

a clean energy source can be a highly sustainable solution, contributing to a number

of environmental objectives, as well as providing social and economic benefits for

rural communities.

Finally, and most importantly, new regulations must be implemented for the

treatment and management of these agroindustrial wastewaters. These wastewaters

are usually discharged in small stream catchments (<10 km2) which are not

considered in the Water Framework Directive 2000/60/EC. Therefore, there is a

need for including small streams into monitoring and assessment schemes as small

streams contribute to the pollution load of the river basin. Furthermore, guidelines

to manage these wastes through technologies that minimise their environmental

impact and lead to a sustainable use of resources are critical.
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capabilities of the Biobýo River, Chile. Sci Total Environ 359:194–208

89. Sangodoyin AY, Agbawhe OM (1992) Environmental study on surface and groundwater

pollutants from abattoir effluents. Bioresour Technol 41:193–200

90. Bull MA, Sterritt RM, Lester JN (1982) The treatment of wastewaters from the meat industry:

a review. Environ Technol Lett 3:117–126

91. Burkholder J, Libra B, Weyer P, Heathcote S, Kolpin D, Thorne PS, Wichman M (2007)

Impact of waste from concentrated animal feeding operation on water quality. Environ Health

Perspect 115:308–312

92. Mallin MA, Cahoon LB (2003) Industrialized animal production – a major source of nutrient

and microbial pollution to aquatic ecosystems. Popul Environ 24:369–385

93. Ovezikoglou V, Ladakis M, Dassenakis M, Scoullos M (2003) Nitrogen, phosphorus and

organic carbon in main rivers of the Western Greece. Global Nest J 5:147–56

94. Augoustis A, Hatziioannou M, Papadopoulos S, Kateris D, Neofytou C, Vafidis D (2012)

Assessing quality of an irrigation canal ecosystem, through water and sediment environmental

parameters. A case study in Thessaly region, Greece. Wseas Trans Environ Develop 8(1):

23–32

95. Arvanitoyannis IS, Giakoundis A (2006) Current strategies for dairy waste management:

a review. Crit Rev Food Sci Nutr 46:379–390

96. Justino C, Pereira R, Freitas A, Rocha-Santos T, Panteleitchouk T, Duarte A (2012) Olive oil

mill wastewaters before and after treatment: a critical review from the ecotoxicological point

of view. Ecotoxicology 21:615–29

97. Ministry of Rural Development and Food (2014) Statistical services. http://www.minagric.gr/

index.php/el/xrisimewplirofories-2/statistika-politi. Assessed 14 Nov 2014

98. Savvides G (1994) Olive mill wastewaters and aquaculture. In: Proceedings of the inter-

national conference on olive mill waste Management. GEOTEE – Department of Crete,

Sitia Development Organization, Sitia, June 16–17, pp 42–46

99. ELOGAK (2015) Hellenic Milk and Meat Agency. Statistics and data. http://www.elogak.gr.

Accessed 22 April 2015

100. Steinfeld H, Gerber P, Wassenaar T, Castel V, Rosales M, de Haan C (2006) Livestock’s long
shadow: environmental issues and options. FAO, Rome. ftp://ftp.fao.org/docrep/fao/010/

a0701e/a0701e00.pdf

204 I. Karaouzas

http://www.fondriest.com/environmental-measurements/parameters/waterquality/dissolved-oxygen
http://www.fondriest.com/environmental-measurements/parameters/waterquality/dissolved-oxygen
http://www.minagric.gr/index.php/el/xrisimewplirofories-2/statistika-politi
http://www.minagric.gr/index.php/el/xrisimewplirofories-2/statistika-politi
http://www.elogak.gr/
ftp://ftp.fao.org/docrep/fao/010/a0701e/a0701e00.pdf
ftp://ftp.fao.org/docrep/fao/010/a0701e/a0701e00.pdf


Overview of the Pesticide Residues in Greek

Rivers: Occurrence and Environmental Risk

Assessment

Dimitra Lambropoulou, Dimitra Hela, Anastasia Koltsakidou,

and Ioannis Konstantinou

Abstract During the past decades, there has been a growing concern related to the

presence of “emerging” and “priority substances” in surface waters. For this reason,

the European Union (EU) Water Framework Directive (WFD) (Directive 2000/60/

EC) has established the bases to regulate water resources with the objective of

preserving, protecting and improving their quality and sustainable use. In this

context, this chapter provides an overview on the occurrence and levels of pesticide

residues in Greek river waters, over the last 30 years [between 1985 and 2015;

“past” (1985–2005) and “recent” (2006–2015) pesticide investigations] in order to

describe trends in water quality status and assess potential adverse effects in the

aquatic environment. The assembled data clearly demonstrate that agricultural

practices in Greece have aggravated the water quality of rivers and may have

posed considerable risk for certain ecosystems. The rivers that were monitored in

a systematic way, mainly in the past period, were Aliakmon, Axios, Loudias,

Louros, Arachthos and Kalamas, while there is a lack of data for other important

rivers. Most of the detections involve a limited number of herbicides used exten-

sively in corn, cotton and rice production, as well as the banned organochlorine

insecticides that are persistent in the aquatic environment. Overall, the concentra-

tions detected throughout the running waters of Greece were very small fractions of

levels that, according to environmental risk assessment analysis, are believed to be

non-harmful to aquatic life. However, in some areas with intense agricultural
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practices and hence high pesticide application, the environmental concentrations of

pesticides were in non-compliance with the environmental quality standards (EQSs,

Directive 2008/105/EC). The outcomes of this review reveal that there is a need for

harmonisation in the sampling strategy and monitoring practices should be in

accordance with the WFD. For future campaigns, specific insight into agricultural

treatments and land use in the river basin could contribute to optimised water

monitoring.

Keywords Environmental risk assessment, Greek rivers, Occurrence, Pesticides
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1 Introduction

Pesticides have been widely used throughout the world since the middle of the last

century. Around 1,000 active ingredients have been employed and are currently

formulated in thousands of different commercial products. It has been estimated

that, in 2001, 2.26 million metric tons of such substances were applied all over the

world. They include a variety of compounds, mainly insecticides, herbicides and

fungicides, with varying physicochemical characteristics such as polarity, volatil-

ity, persistence, etc. Many public health benefits have been obtained from the use of

synthetic pesticides, and their use in agriculture has been one of the most important

factors leading to increased yields and reduced product prices.

In spite of these obvious advantages, the detection of pesticide residues in

various sections of the environment has raised serious concerns regarding their

use. The publication of Rachel Carson’s Silent Spring, which highlighted the risks

of pesticide use, stimulated the steady progress in documenting the negative

spillovers arising from the excessive, uncontrolled and continuous use of chemical

inputs (e.g. toxic effects on humans, livestock and wildlife, adverse effects on target

biota, pest resistance, etc.) [1, 2]. In response to these concerns, a plethora of studies
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have been published during the last decades covering different topics related to

pesticide pollution sources and processes, occurrence, fate and potential toxicity

[3, 4]. In addition, numerous local and national monitoring strategies have been

undertaken in many countries in order to quantify the amount of pesticides entering

the environment and to monitor ambient levels, trends and potential effects.

Despite, however, the vast research performed around the world providing a

nationwide pattern on pesticide occurrence and distribution, a relative small num-

ber of studies have been conducted in Greece. In general, research and monitoring

data on the environmental occurrence of pesticides in the surface waters of Greece

have been limited to studies focusing on a small number of targeted compounds in

localised areas, mainly in Northern Greece. For example, only limited retrospective

monitoring data are available in all water compartments (rivers, lakes, groundwater,

etc.), and a lack of monitoring data is observed for many pesticides both in space

and time. Therefore, the present chapter intends to provide a comprehensive

overview of pesticide occurrence in Greek rivers. In particular, data published

over the last 30 years (from 1985 to 2015) were reviewed with the scope: (a) to

identify which agrochemicals are important to the contamination of the aquatic

environment taking into account their environmental concentrations and toxicolog-

ical properties, (b) to identify the possible relative risks posed to aquatic life, (c) to

evaluate the compliance of the detected pesticide concentrations with environmen-

tal quality standards (EQSs) of the Water Framework Directive (WFD) and (d) to

highlight the trends on the concentration levels of “old” and “modern” pesticides

between different decades, over the last 30 years. Therefore, data were divided into

two groups – first group (1985–2005) and second group (2006–2015) – and were

treated and discussed in detail as “past” and “recent” pesticide investigations,

respectively.

2 Fate and Pathways of Pesticides in the Aquatic

Environment

Pesticide transport and transformation are the two main routes that affect pesticide

availability and efficacy. Pesticides may be transferred to water bodies through

point and non-point sources. Point source can be any single identifiable source of

pollution from which pesticides are discharged such as the effluent pipe from

pesticide factories, careless storage and handling (e.g. disposal of pesticide con-

tainers), accidental spills and overspray. Non-point source pollution is defined as

the pesticide movement away from the targeted application site (often referred to as

“off-target” site). Because of its diffuse nature, non-point source pollution typically

yields relatively uniform environmental concentrations of pesticides in surface

waters, sediments and groundwater [5]. Among the non-point sources, surface

run-off and erosion, spray drift, leaching and drain flows (preferential flow) are
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probably the most important. Pesticide diffuse pollution can also occur through

atmospheric transport by volatilisation and subsequent deposition.

Next to pesticide transfer, pesticide transformation can also play an important

role in their environmental behaviour in the aquatic environment. In general,

chemical, physical and biological factors can be responsible for pesticide transfor-

mation [5–7]. Under field conditions, breakdown of pesticides (photolysis, chem-

ical and microbial breakdown) is influenced by a combination of these factors, such

as temperature, pH, ionic strength, light, the presence of suspended solids and

dissolved organic matter, microbial activity, etc. [5–7].

In addition, environmental factors such as soil characteristics, topography,

weather as well as agricultural and application practices can also influence pesticide

levels and their persistence in the aquatic environment [5–7]. Hence, their environ-

mental fate can be estimated based on physicochemical parameters, including water

solubility, the octanol–water partition coefficient (Kow), dissociation constant (Ka),

soil sorption coefficient (Koc), vapour pressure and bioconcentration factor (BCF)

[8]. For example, pesticides, which are sufficiently resistant to degradation and are

adequately soluble to be transported in water, may reach the rivers in significantly

greater amounts than other pesticides that presented fast degradation and increased

adsorption on soil.

3 Pesticide Use in Europe and Greece

In 2011, the market for crop protection products in Europe [EU-27 and European

Free Trade Association (EFTA) nations] increased by 7.2% to reach €7,683 million

at the manufacturer level [9] (Fig. 1). Market share of fungicides by volume is the

highest, while insecticide use over the years has decreased. Levels of usage vary

between countries with France, Spain, Italy and Germany being, by far, the largest

markets in the EU-27 accounting for 61.903, 39.043, 37.630 and 31.425 tons of all

pesticide ingredients, respectively (Fig. 2).

Pesticide usage in Greece is closely related to cropping patterns and is also

subject to seasonal variation in response to climatological conditions. The overall

amount of pesticides (including insecticide, fungicide, herbicide and other plant

protection products) used during the last decade in agriculture varies between

14.921 (2007) and 6.537 (2009) tons per year (Fig. 3). On a weight basis, fungicides

were used in the largest quantities, followed by herbicides together with insecti-

cides. The average consumption of pesticides per hectare of treated area (including

permanent arable land, forestry and foraging areas) was 2.8 kg/ha in 2000. The

amount of pesticide used in terms of active ingredient has fallen since 2007, both in

absolute amounts and in application rates. This might be partly explained by the

new, more robust policies set up by the EU for the sustainable use of pesticides

including the integrated pest management (IPM), the pesticide reduction practices

and the introduction of low-dose pesticides. Of course, the financial crisis can also

be considered as a major driving force for this reduction. Due to the economic
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crisis, working conditions have dramatically deteriorated and farmers have been

forced to reduce the use of pesticides and moved away from old pesticide practices

(i.e. use of excessive dose/rates, preharvest intervals, illegal uses etc.).

4 Regulatory Framework andWater Framework Directive

(WFD) for Pesticide Control

The potential adverse consequences derived from the use of pesticides have led to

the development of special regulations by the European Commission (EC). Pesti-

cide policies were first introduced at European Union (EU) level in 1979. The
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Directives 91/414/EC [10] and 98/8/EC [11] on the placing of plant protection

products and biocidal products on the market were the first ones dealing with the

authorisation of pesticides. Since then, many attempts have been made to evaluate

pesticide risks and a number of other directives and regulations have also been

introduced under the EU’s pesticide policy framework. For instance, the Waste

Framework Directive (2006/12/EC) [12] and the Directive on Hazardous Waste

(91/689/EEC) [13] constitute regulations impacting pesticide pollution in many

ways, as they establish provisions for the safe collection/disposal of empty pesticide

packages and unused or expired pesticides. The specific actions for the sustainable

use of pesticides have been refined in Directive 2009/128/EC [14] of the European

Commission (EC). This directive establishes a framework to achieve a sustainable

use of pesticides by reducing the risks and impacts of pesticide use on human health

and the environment, while promoting the use of integrated pest management and

of alternative approaches or techniques, such as non-chemical alternatives to

pesticides. Regarding the quality of water intended for human consumption, Direc-

tive 98/38/EC sets a limit of 0.1 μg/L for a single active ingredient of pesticides and

0.5 μg/L for the sum of all individual active ingredients detected and quantified

through monitoring, regardless of hazard or risk [15]. More recently, Directive

2006/118/EC on the protection of groundwater against pollution and deterioration

sets a maximum of 0.1 μg/L for individual pesticides and 0.5 μg/L for the total

pesticides (including active substances and their relative metabolites and transfor-

mation products) [16].

The Water Framework Directive (WFD, 2000/60/EC) [17], which describes the

monitoring of priority substances and other pollutants in EU’s surface waters, is

widely recognised as one of the most important European environmental directive

in the area of the pesticide control. The directive aims to achieve and ensure “good
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quality” status of all water bodies throughout Europe by 2015, and this is to be

achieved by implementing management plans at the river basin level. It prefigures

that water quality should be monitored on a systematic and comparable basis, and

thus, technical specifications should follow a common approach

(e.g. standardisation of monitoring, sampling and methods of analysis). Regarding

the characterisation of the chemical status of surface water bodies, chemical

monitoring is expected to intensify, following a list of 33 “priority chemicals”

(inorganic and organic pollutants, one third of which are pesticides) (Decision

2455/2001 EC) [18], which will be reviewed every 4 years. The hazardous nature

of “priority pollutants” is caused by their toxicity in combination with high chem-

ical and biological stability and/or a high lipophilicity.

The successor Directive 2008/105/EU [19] of the European Parliament and the

Council of the European Union has defined EQS values, i.e. annual averages

(AA-EQS) and maximum allowable concentrations (MAC-EQS) for the priority

substances in surface waters, with the aim to protect the aquatic environment from

adverse effects of these substances. The concentrations of the priority substances in

water, sediment or biota must be below the environmental quality standards

(EQSs): this is expressed as “compliance checking”. Compliance with AA-EQSs

and MAC-EQSs defines the chemical status of the water body as “good”. Under the

WFD, member states must set quality standards (according to Annex V, 1.2.6) for

“river basin-specific pollutants” (listed in Annex VIII, 1–9) that are “discharged in

significant quantities” and take action to meet those quality standards by 2015 as

part of the ecological status (Articles 4, 11, and Annex V, 1.3, WFD). EQSs are,

therefore, key tools in assessing and classifying both chemical and ecological

status. Among the priority substances, specific compounds have been classified as

priority hazardous substances, with the aim to cease or phase out their discharges,

emissions and losses.

The list of priority substances was recently revised (Directive 2013/39/EU) [20]

and the number of priority substances was increased up to 45 (Table 1). New

priority substances were added by the European Commission; among these are

the biocides cybutryne (Irgarol) and terbutryn and the pesticides aclonifen, bifenox,

cypermethrin and heptachlor/heptachlor epoxide. Irgarol and terbutryn are s-tri-
azine compounds primarily used as algaecides/biocides in buildings, while Irgarol

has also been used as an antifouling agent on ships, replacing the phased-out

tributyltin (TBT). Aclonifen, bifenox and cypermethrin are pesticides in current

use. Heptachlor is a chlorinated insecticide no longer used, which is mainly

degraded to heptachlor epoxide in the environment. Production and use of hepta-

chlor are regulated globally through the Stockholm Convention (SC) on Persistent

Organic Pollutants (POPs) [21].
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5 Analytical Methodologies in Pesticide Monitoring

Programmes

The most widely used analytical methodologies for the analysis of pesticides in

environmental waters are based on solid phase extraction (SPE) [22]. Extraction of

pesticides from water samples is mostly performed by offline or online SPE by

passing a water sample volume of 0.1–1 L through SPE cartridges or discs.

C18-bonded silicas, polymeric HLB OASIS and SDB are the sorbents more widely

used. Method development in SPE is usually accomplished by investigating pH,

sample matrix, polarity and flow rate of the sample and elution solvent and

physicochemical characteristics of the sorbent bed [23]. Sample pH can be critical

in order to obtain high yields of analyte retention in the sorbent. Consequently, in

some cases, modification of sample pH can be necessary in order to stabilise the

analytes, decrease the biological activity of the sample matrix and increase their

retention in the solid phase. Although most official methods for pesticide analysis in

water samples use liquid–liquid extraction (LLE) on account of its simplicity and

consolidated status, this technique is not preferred for water monitoring studies

[24]. Other methodologies, such as solid phase microextraction, have also been

used to determine pesticides in waters [25].

In the past decades, the methods of trace-level determination of pesticides have

changed considerably. For almost all studies performed between 1985 and 2005, the

pesticide analysis was conducted using gas chromatography (GC) in combination

with selective detectors such as flame-thermoionisation detector (FTD), nitrogen–

phosphorus detector (NPD) and electron-capture detector (ECD) [26]. Despite their

high sensitivity, the above-mentioned detectors offer only limited specificity and

their use does not provide unambiguous identification and confirmation of a sub-

stance in real samples. Therefore, confirmation of results was also performed by

using a gas chromatograph equipped with a different type of column or detector and

hyphenated techniques such as gas chromatography–mass spectrometry (GC–MS),

which is the most commonly used approach in the last decade.

Although GC has been proven successful for the analysis of nonpolar, semipolar,

volatile and semi-volatile pesticides in environmental samples, for polar,

non-volatile and thermally unstable pesticides, such as phenylureas, carbamates,

pyrimidines, triazoles and phenoxyalkanoic acids, as well as for a large majority of

all pesticide transformation products, GC is impossible or problematic and in this

case liquid chromatography (LC) is the technique of choice.

The EU has introduced new definitions and criteria for confirmatory analysis,

where chromatographic separation coupled to MS plays the leading role. According

to 2002/657/EC [27] and EU SANCO guidelines [28], an unambiguous determina-

tion is based on a system of identification points (IPs) to score the MS data, in which

the number of IPs given in MS analyses depends on the general degree of selectivity

of the MS technique used. The more selective and specific the technique, the more

information points are readily accumulated.
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Although in the last few years LC–MS and LC–MS/MS have gained in popu-

larity and are preferred for environmental water analysis of these compounds based

on high sensitivity and selectivity, up until now, Greek pesticide studies in water

samples are exclusively performed by the use of GC–MS [26, 29, 30]. However,

this trend is expected to overturn fairly quickly and developments in the rapidly

evolving area of LC–MS/MS for environmental pesticide analysis are anticipated

shortly.

6 Overview of Geographical Distribution of the Research

Studies in Greece

This study reviews articles that have been published between 1985 and 2015 and

reported concentrations for a number pesticides (including metabolites and trans-

formation products) in water samples from Greek rivers (Table 2, Fig. 4). Maxi-

mum concentration levels of detected pesticides in different Greek rivers during the

sampling period of 1985–2005 are depicted in Figs. 5, 6, 7 and 8.

Table 2 Length, catchment area and cultivations of the main Greek rivers monitored for pesticide

residues

CA

(km2)

L

(km) Cultivation References

Evros 53,078 550 Winter cereals [30]

Strymonas 17,087 410 Wheat, maize ,tobacco, rice, corn, sunflower,

sugar beets, vegetables

[31]

Axios 24,604 380 Cotton, corn, rice, fruit, tobacco and

horticulture

[32]

Erythropotamos 7,982 350 Cotton, corn, sunflower, sugar beets [30]

Aliakmon 8,880 310 Cotton, corn, rice, fruit trees (mainly peach

and apples), sugar beet, vegetables and rare

crops (alfalfa and grains)

[33, 34]

Ardas 5,795 290 Corn, sugar beets and sunflower [30]

Pinios 10,743 257 Wheat, cotton, barley [35]

Acheloos 6,478 255 Corn, olive trees, tobacco, cereals and

vegetables

[29]

Nestos 6,265 246 Tobacco, sunflower, corn, vegetables [36]

Arachthos 1,907 105 Citrus fruits, olives, corn, alfalfa and cotton [37]

Kalamas 1,831 96 Maize, sorghum, cereals, alfalfa, vegetables,

potatoes, citrus fruits and olives

[38]

Evrotas 2,418 90 Oranges, olives, vine trees and vegetables [39]

Louros 926 80 Citrus fruits, olives, corn, alfalfa and cotton [37]

Loudias 1,638 38 Cotton, corn, rice, fruit trees (mainly peach

and apples), sugar beet and vegetables

[34]

CA catchment area, L river length
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The majority of the research activities have been carried out in Northern and

Central Greece (Fig. 4) by research institutes (i.e. University of Ioannina, Aristotle

University of Thessaloniki, etc.), national environmental institutes (i.e. General

Chemical State Laboratory of Greece) and regional water catchment agencies.

Research reports from the latter are often not readably accessible and, when

available, they tend to collect general information; therefore, they have not been

considered in this review.

The major Greek rivers monitored for pesticide residues are Aliakmon [40],

Loudias [41], Axios [33], Pinios [42], Kalamas [43], Mornos [44], Evrotas [39],

Acheloos [29], Evros [30], Strymonas [31], Ardas [30] and Erythropotamos [30]

(Fig. 4). Among them, Aliakmon, Axios, Loudias, Louros, Arachthos, Evros,

Acheloos and Kalamas were monitored more systematically.

The first systematic research work has been carried out by Albanis et al. that

analysed organophosphorus, carbamate, organochlorine and triazine pesticide res-

idues in the Kalamas River basin (Epirus region), for the period between September

1984 and November 1985 [43]. The detected compounds (azinphos methyl,

Fig. 4 The Greek rivers that have been monitored for pesticide residues
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parathion methyl, diazinon, carbofuran and carbaryl, lindane, atrazine, simazine

and aminotriazole) were found to follow a seasonal pattern, with an increment

during summer followed by a decrease during winter and an increase again during

late spring. A lot of research has been conducted by the Albanis’ group in the

following years by performing systematic pesticide investigations in different river

basins of Epirus and Macedonia regions. Between 1990 and 2006, Albanis and

co-workers carried out pesticide monitoring studies in the following rivers:

Kalamas [38], Arachthos [26, 37] and Louros in Epirus, Northwestern Greece

[26, 45, 46]; Axios [47, 48], Loudias [34, 47, 48] and Aliakmonas in Macedonia,

Northern Greece [34, 40]; and Evrotas in Peloponnese, Southern Greece [39]. Pes-

ticide concentrations in the Axios River was also investigated by Mourkidou and

co-workers [33], Kamarianos et al. [49], Golfinopulos et al. [36] and Miliadis and

Malatou [42]. For other rivers of Central and Northeastern Greece, such as

Aliakmonas, Loudias, Nestos, Strymonas and Evros, systematic investigations of

pesticide occurrence were performed by different authors. For example, in North-

eastern Greece, surface waters from three rivers, namely, Ardas, Evros and

Erythropotamos, were studied by Vryzas et al. [30, 50] covering the distance

from the Greek/Bulgarian borders down to the river’s discharge (river’s delta) in
the Greek territory. Litskas et al. [31] conducted a monitoring study in the surface
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waters of the Strymonas River catchment for several organic priority pollutants

including organochlorine pesticides and their metabolites. In Western Greece,

Stamatis et al. [29] conducted a 3-year monitoring campaign to evaluate pesticide

contamination in surface waters of the Acheloos River, one of the most important

water resources in Greece. For rivers located in Central Greece (Pinios and Asopos)

and Peloponnese (Alphios), pesticide contamination was first recorded by Lekkas

et al. [35, 51]; however, the levels detected are not discussed herein as they did not

concern individual pesticide concentrations but ranges for all rivers monitored.

Finally, for other Greek river catchment areas (i.e. Aposelemis, Mornos, Harvas,

etc.), studies were sporadically conducted mainly during the 1990s [44, 52].

Compared to other European countries (Spain, England, Germany) [53], the

studies of the occurrence of pesticides in Greek aquatic environment are rather

limited. This is particularly true for studies focused on modern pesticides.
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7 Concentration Levels and Environmental Risk

Assessment of Pesticide Residues in Greek Rivers

7.1 “Past” Investigations Between 1985 and 2005

7.1.1 Occurrence and Environmental Levels

In general, the pesticides that are most frequently encountered in river waters of

Greece (Figs. 5, 6, 7 and 8) are those that were frequently used in agriculture, have

lower Koc values and show high or moderate environmental persistence.

The obtained results show that organochlorine pesticides (OPs) were among the

most studied during the period of 1985–2005. Among them, dichlorodiphenyltri-

chloroethane (DDT) isomers and metabolites, hexachlorocyclohexane isomers

(HCH), endosulfan, aldrin, chlordane, dieldrin, endrin, heptachlor, mirex,

hexachlorobenzene (HCB), toxaphene and methoxychlor are classified as persistent

organic pollutants (POPs). Organochlorine pesticide use has been banned in Europe

since the mid-1970s, with the exception of lindane and endosulfan which were

being used until June 2002 (Directive 2000/801/EC) [54] and 2007 (Directive 2005/

864/EC) [55], respectively.
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OP concentrations were generally very low, with the highest levels reported for

hexachlorocyclohexane isomers (γ-HCH, 4.13 ng/L in Axios River) and a,

b-endosulfan (1.74 ng/L in Aliakmon River), especially in rivers from Northern

Greece (Fig. 5). For the transboundary rivers, Axios and Evros, the highest levels of

all detected OPs were observed at the border sites, indicating probable

transboundary pollution from the neighbouring countries [32, 36, 56]. In particular,

the ubiquitous presence of lindane (γ-HCH) (occurrence 100%) in the Axios River,

at sites located in the entrance of the river in the Greek territory, reveals that

transboundary pollution is one of the major contributors in lindane contamination.

This conclusion was also supported by the fact that lindane manufacturing was still

active during the monitoring period in Skopje [32]. In addition, wet and dry

deposition due to long-range transport from neighbouring regions or countries

also contributed to the dispersion of lindane in surface waters across Greece [57–

59].

Concerning herbicides, the triazine compounds, atrazine and simazine, and the

chloroacetanilides, metolachlor and alachlor, have been most frequently detected in

surface waters (Figs. 5 and 6). This was in accordance with their widespread and

frequent use as well as their physicochemical properties that point to increased

persistence and relatively high water solubilities [32, 46–48]. Similarly to OPs,

higher triazine concentrations were detected in rivers from Northern Greece
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(e.g. Loudias River, alachlor 9.30 ng/L, atrazine 5.90 ng/L; Axios River, alachlor

5.50 ng/L; Aliakmon River, prometryne, 6.10 ng/L, alachlor 5.50 ng/L).

Other detected compounds in river waters were found in the following

descending order: trifluralin, molinate, prometryne and propanil. Molinate and

propanil were detected mainly in the Axios, Loudias and Aliakmon rivers, whose

basins have very intensive rice cultivation activity (Fig. 7).

Particularly in the Axios River basin, several other pesticides (i.e. ethofumesate,

bromopropylate, desmetryne, mevinphos, furalaxyl, cyanofos, cycloate,

carbophenothion ethyl, terbumeton, atraton, coumaphos, napropamide, fluometuron,

carbosulfan, methidathion, pirimiphos methyl and cis-permethrin) were detected in

the time periods of 1993–1994 and 1997–1998, in which their patterns were highly

consistent with their intensive use in cultivations such as cotton, corn, rice, fruit,

tobacco and horticulture. However, they were encountered with trace concentrations

in the majority of samples and at low detection percentages (�2%) [38].

The occurrence of insecticides was also investigated in Greek rivers (Fig. 8).

Diazinon, methyl parathion and parathion were the most frequently encountered,

followed by fenthion, carbofuran and malathion. The highest concentrations were

recorded for malathion, parathion and pyrazophos (up to 2000 ng/L), parathion

methyl (362 ng/L), carbofuran (7300 ng/L), diazinon (up to 775 ng/L) and fenthion

(230 ng/L). The majority of the above peak values were encountered in the Axios

River. In the Evrotas River, organophosphates were mainly detected, although in

lower concentrations than herbicides. These findings were in agreement with the

cultivation pattern of the drainage area of the Evrotas River, in which the main

crops were oranges and olives with ploughed cultivations of vine trees and vege-

tables [39]. It is worthwhile to note that the application of parathion and parathion

methyl in Greece has been prohibited since 2003 according to Directives 2001/520/

EC and 2003/166/EC [60], and thus, residues of these compounds were not

recorded in the most recent studies.

In the case of fungicides, the results from the reported studies show sporadic

run-off of certain fungicides (captan, folpet) in the adjacent river water bodies. Only

captan was monitored in the Loudias (maximum concentration, 24 ng/L) and Axios

rivers (maximum concentration, 40 ng/L) and folpet (maximum concentration,

50 ng/L) in the Loudias River in low concentrations. These episodic occurrences

of fungicides were related to their seasonal application in Greece. Results from the

literature indicate that fungicide residues in the period 1985–2005 did not generally

threaten contamination of freshwater and estuarine environments probably due to

their low persistence [61].

As revealed from the corresponding studies, pesticide concentrations in riverwaters

were higher during the period of their most intense application in spring and summer

(May–August). Their presence at these time periods was also associated with their

high surface run-off and the lower flow rates of the rivers [34, 37, 46, 47, 56].

The concentration levels depended also on several parameters such as degrada-

tion, dilution and meteorological conditions, mainly rainfall. For example, low

concentrations were observed during the winter period due to increased rainfall

events and extensive breakdown of pesticides after a long period from their
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application in mid-spring to early summer. Furthermore, in some cases, a lower

peak is detected in late September–October because of the first rainfall events after

the dry summer period [34, 38] that causes run-off inputs into the main river bodies.

7.1.2 Ecological Risk Assessment

Increased awareness for the environment has resulted in greater scrutiny for both

“old” and “modern” pesticides and increased efforts have been directed to assess

the potential effects and the ecotoxicological risk of these agrochemicals.

Environmental risk assessment involves the determination of pesticide exposure

and adverse effects on nontarget organisms. The exposure assessment involves the

measured environmental concentrations (MECs) derived either from pesticide

monitoring studies or the predicted environmental concentration (PEC) that can

be estimated by appropriate models incorporating several factors such as the rate of

application, the environmental distribution and the bioaccumulation and persis-

tence. Refinement of the exposure assessment, using measured rather than modelled

exposure concentrations, has led to a more realistic risk assessment. The effect

assessment involves the summary of toxicity reference values (TRVs) for the

effects of target pesticides on selective representative organisms expressed as lethal

concentration or effect concentration for the 50% of the organism population (LC50

or EC50) or no observed effect concentration (NOEC).

The simplest method for the risk assessment is the calculation of the risk quotient

(RQ), i.e. the quotient of the measured or estimated environmental concentration

divided by a TRV value depending on the effect level (acute or chronic) [62]. The

RQ method is useful only to rebut the presumption of potential adverse effects and

belongs in the first stages or tiers of a risk assessment. For higher-tier assessments,

the application of probabilistic approaches has been suggested. In probabilistic

approaches, the risk is expressed as the degree of overlap between the exposure

and the effects that is acceptable for a certain level of protection that would be

attained. The level of certainty required in a particular situation is also taken under

consideration [63]. Strengths of probabilistic approaches include the ability to

quantify the magnitude and frequency of toxic effects and communicate more

“meaningful” outputs to decision makers and the public. Potential weaknesses

include the greater complexity, the lack of available expertise and guidance,

difficulties in communicating results and the lack of established criteria for decision

makers [64]. Other approaches include the scoring and ranking of pesticides into

descriptive categories of risk in terms of their physicochemical and ecotoxicolog-

ical properties. These methods are simple and fast for ecological screening assess-

ments but are highly arbitrary [62].

In general, almost all Greek studies focused on risk assessment were performed by

using the RQ method and only one has been conducted using the probabilistic risk

assessment approach for the evaluationof negative impacts on ecosystems [65].There-

fore, in the next sections, theRQmethods used are described in detail and the outcomes

are further discussed.
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Risk Quotient Method (Deterministic: Tier 1)

For ecotoxicological risk assessment, the well-known risk quotient (RQ) or toxic

unit method (deterministic – tier 1) for three taxonomic groups (i.e. algae, zoo-

plankton, fish) at two effect levels (i.e. the acute level, using LC50 or EC50 values,

and the chronic level, using PNEC values) was performed according to Directive

414/91/EEC [10].

For calculating the risk quotient (RQ) values, the reported concentrations of the

pesticides in the surface waters of Greece were divided by an effect level (LC50 or

EC50 or PNEC) reported in the literature according to the following equation:

Risk quotient RQð Þ ¼ exposure

toxicity
¼ water concentration

LC50 orEC50 or PNEC
: ð1Þ

The initial approach to the risk assessment should be undertaken using the “worst-

case” scenario. Since tier 1 screening is intended to be protective, the risk quotient

was based on peak environmental concentrations, i.e. the maximum reported

concentrations are used for the calculations [66]. This approach provides an esti-

mate of the contribution of the compound of interest to the total toxicity of the water

sample analysed to a certain taxonomic group (usually algae, Daphnia magna and

fish). PNEC values were calculated by dividing the lowest long-term NOEC or

short-term L(E)C50 (lethal/effect) when NOEC values are lacking, for the most

sensitive species by the appropriate assessment factors (AFs) (Table 3) for three

trophic levels (fish, zooplankton and phytoplankton) according to the European

technical guidance document. Ecotoxicological data were obtained from the

FOOTPRINT Pesticide Properties Database [68], the PAN Pesticides Database

[69] and other studies containing toxicological data [70–73]. Risk quotient values

were classified into descriptive categories of risk (levels of concern, LOCs)

according to the classification presented in Hernando et al. [72]. For RQ< 0.01,

RQ¼ 0.01, RQ¼ 0.1, RQ¼ 1 and RQ> 1, the categories negligible, low, medium,

high and very high risk were labelled, respectively.

Table 3 Assessment factors to derive a PNECaquatic [67]

Available data Assessment factor

At least one short-term L(E)C50 from each of three trophic levels of

the base set (fish, Daphnia and algae)

1,000a

One long-term NOEC (either fish or Daphnia) 100

Two long-term NOECs from species representing two trophic levels

(fish and/or Daphnia and/or algae)

50

Long-term NOECs from at least three species (normally fish, Daph-
nia and algae) representing three trophic levels

10

Species sensitivity distribution (SSD) method 5–1

Field data or model ecosystems Reviewed on a case-by-

case basis
aA factor of 100 could be used for pesticides subject to intermittent release
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Results and Discussion

Ecological Risk Assessment

The potential risk, according to RQ determination, for the reported maximum

concentrations of pesticides in Greek freshwater systems to algae, zooplankton

and fish community at acute effect level, is presented in Tables 4, 5 and 6. The

pesticides that have been detected in surface waters, which showed negligible risk

(RQ< 0.01), were not included in the tables. Results indicate that herbicide resi-

dues exhibit negligible acute toxicity to fish and invertebrates. However, they show

medium to high toxicity to algae. This is due to the specific mode of action of

herbicides that block the photosynthesis process. Similar results were found else-

where [74] for a variety of aquatic plants including submerged macrophytes and

algae, and they have been suggested as potential causes for losses of aquatic plants

in streams or bays [75]. Primary production of aquatic plants and algae is the

primary energy basis for aquatic ecosystems. Thus, herbicide impacts on primary

producers are expected to have both direct and indirect impacts on the health of

aquatic ecosystems. Generally, herbicides are more likely to reach high-risk scores

for the aquatic environment due to their lower hydrophobicity and high algal

toxicity [62].

From the detected herbicides in Greek rivers, atrazine, simazine, prometryne,

alachlor, diuron, trifluralin, metribuzin, metolachlor and 2,4-D have shown a

potential risk to algae according to the RQ method at acute effect level that ranged

from low to medium to high (Table 4). The highest levels of risk were associated

with residues of atrazine, prometryne and alachlor in rivers especially in the

Aliakmon and Loudias rivers.

Not surprisingly, organophosphorus insecticides showed a higher risk compared

to herbicides for D. magna (Table 5). Parathion methyl, parathion, diazinon,

malathion, fenthion, ethion, carbofuran and azinphos methyl were the insecticides

susceptible to risk. Risks ranged from low (malathion for the Loudias River) to very

high (malathion and parathion for the Axios River). Only residues of aldrin,

malathion and carbofuran show potential risk for the fish community in rivers of

Northern Greece (Axios, Nestos, Evros, Strymonas) but at low to medium levels.

As a general rule, for most organophosphorus insecticides, the risk seems to be

higher in the short term due to high toxicity and relatively low persistence.

No risk was found to be associated with fungicides in Greek rivers due to the low

concentration levels of these compounds that are probably related to the fact that

fungicides are insufficiently persistent [61] and have relatively low toxicity.

A quotient addition approach assumes that toxicities are additive or approxi-

mately additive and that there are no synergistic, antagonistic or other interactions.

The sum of the toxic quotients of all compounds detected gives an estimate of the

total toxicity of the sample with respect to the compounds determined. This

assumption may be most applicable when the modes of action of chemicals in a

mixture are similar, but there is evidence that even with chemicals having dissimilar

modes of action, additive or near-additive interactions are common [76]. It was not
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applicable to calculate the sum of toxic units from the data reported in the literature

because in several studies the results are grouped according to seasons and there are

no reported concentrations in details.

For dynamic systems such as rivers, the likelihood of long-term effects arising

from the intermittent release of pesticides is lower than lakes and the principal risk

being that of short-term toxic effects. Despite this general trend, chronic effects of

pesticide residues on aquatic organisms were also evaluated [72] in order assess the

negative impact on river ecosystems. According to the results, about twenty

compounds showed high or very high risk for at least one of the three trophic

levels. The results are briefly summarised as follows. The potential risk at chronic

effect level for algae was found very high for s-triazines in rivers with the excep-

tions of the Honos, Havgas and Aposelemis rivers (Crete) and the lakes Mornos and

Marathonas, where medium to high values were also observed. Additionally,

several other herbicides such as alachlor, metolachlor, trifluralin, diuron and 2,4-D

showed very high risk in the rivers that they had been detected. Compared to acute

effect level, some organophosphorus (fenthion, parathion methyl) and organochlo-

rine (lindane, aldrin, dieldrin) insecticides have shown that potential chronic risk

ranged from low to medium to high levels. Very high risk was monitored for

heptachlor in the Cretan and Evros rivers. On the contrary, organophosphorus

insecticides show very high chronic risk for D. magna in all rivers except for

fenthion in the Axios River, which showed medium to high risk. Generally, s-
triazines and other herbicides showed low to medium risk for Daphnia with the

exception of alachlor, trifluralin andMCPA that showed medium to high risk for the

rivers of Northern Greece (Axios, Loudias, Aliakmonas). Very high risk was found

only for 2,4-D in all rivers where it was detected, propanil in Axios and trifluralin in

Aliakmonas. Organochlorines also presented chronic risk for Daphnia that ranged

between low and medium to high level. Several compounds have shown very high

risk for fish at the chronic effect level, i.e. atrazine, trifluralin, alachlor and propanil

from the herbicides and parathion, malathion and carbofuran from the insecticides.

For the rest of the compounds detected, the risk ranged between low and medium to

high. It is worth noting that organochlorine insecticides such as aldrin, dieldrin,

heptachlor and 4,4-DDT presented very high chronic effects for the fish in most of

the rivers detected while medium to high risk was found for the rest of the cases.

Finally, fungicides show negligible risk for algae, low to medium risk for Daphnia
and medium to very high risk for fish.

Environmental Levels and Compliance with Environmental Quality Standard
Requirements

Pesticide levels found in the Greek river basins were examined for their level of

compliance with the EQS (Directive 2008/105/EC) [19]. By comparing herbicide

and insecticide reported concentrations with maximum allowable concentration

proposed by EQS (Table 1), we observed that many of the detected compounds

exceed the limit values for most of the water bodies. Organophosphorus insecticide

concentrations, especially, were significantly above the EQS; thus, they constitute a
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major threat to aquatic environments. In addition, non-compliance with the EQS

was observed in some cases for the organochlorines aldrin (rivers Axios,

Strymonas, Nestos, Evros and Aposelemis) and dieldrin (rivers Axios, Nestos and

Aposelemis), for ΣDDTs (rivers Axios, Strymonas, Nestos, Evros and Aposelemis),

for endrin isomers (rivers Evros, Axios and Strymonas) and for lindane (rivers

Aliakmon, Axios, Evros and Aposelemis).

7.2 “Recent” Investigations Between 2006 and 2015

7.2.1 Environmental Levels, Risk Assessment and Compliance

with EQS

An important contribution in assessing modern trends of pesticide levels in Greek

surface water has been recently provided by Vryzas et al. [30, 50], Karaouzas

et al. [77] and the European Commission (EC) [20, 28]. In these recent studies,

various groups of currently used pesticides were systematically investigated in

different Greek river basins (Fig. 9) by incorporating in their results environmental

risk assessment analysis, and they are presented in detail in the following

paragraphs.

The detailed survey of Vryzas et al. [50] includes the monitoring of pesticides

belonging to different classes in three sampling points along the river

Erythropotamos, covering the distance from the Greek/Bulgarian borders down to

the river’s discharge (river’s delta) in the Greek territory. In total, 13 sampling

events were carried out from 2006 to 2007.
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Alachlor, metolachlor, prometryne and trifluralin were constantly detected in the

Erythropotamos River. However, the concentrations of atrazine and its metabolites

(DEA and DIA) were below the limit of detection, since the monitoring of

Erythropotamos was conducted after atrazine’s withdrawal from the Greek pesti-

cide market (during 2006–2007). The authors emphasised the detection of o,
p0-DDE and o,p0-DDT in the first sampling point near the Greek/Bulgarian borders.

They concluded that the abundance of DDE over its parent compound in the surface

water suggests contaminations from old usage rather than recent DDT input to the

river and their presence could be attributed to the resuspension from sediments to

water.

From the 17 compounds (pesticides and metabolites) that were detected in

surface waters of the river, the soil-applied pesticides were the most frequently

detected. High pesticide concentrations were detected within 2 months of their

application, while extreme pesticide concentrations were detected in the beginning

of the irrigation season or just after high-rainfall events. The most commonly

encountered compounds in the river waters were atrazine, DEA, alachlor, triflura-

lin, prometryne, molinate, carbofuran, carbaryl and diazinon. Among them, con-

centrations of atrazine, metolachlor, alachlor, molinate and prometryne were

frequently higher than 0.1 μg/L. Bifenthrin, carbofuran, diazinon, ethofumesate

and o,p0-DDT rarely exceeded the level of 0.1 μg/L.
Aquatic risk assessment revealed nonacceptable risk for many of the detected

compounds (especially for the group of insecticides) when extreme concentrations

were used as PEC values.

In particular, for insecticides such as bifenthrin, chlorpyrifos ethyl, diazinon,

parathion methyl and o,p0-DDE, very high RQ values were observed mainly due to

their PNEC values on zooplankton.

The aforementioned results have been further confirmed by a second systematic

study which was performed in riparian drainage canals of the transboundary river

Erythropotamos, by the same research group during the period 2006–2008 [50].

The previously detected compounds such as alachlor, carbaryl, carbofuran,

cypermethrin, diazinon, dimethoate, endosulfan, metolachlor, monilate, bifenthrin,

prometryne and trifluralin were also encountered at a regular basis, whereas atra-

zine, DEA and DIA concentrations were below the limit of detection.

Aquatic risk assessment revealed nonacceptable risk for many compounds when

median or extreme concentrations were taken into account. Similarly to the first

study [30], the highest RQs were calculated for insecticides. For example,

cypermethrin, endosulfan, methoxychlor, prometryne, pyrazophos, bifenthrin,

chlorpyrifos, diazinon and λ-cyhalothrin showed very high RQ values mainly

because of their relatively high toxicity to fish, algae or aquatic invertebrates.

Lower RQs were calculated for herbicides, while the lowest was observed for

fungicides.

Annual average concentrations of alachlor and atrazine (0.153, 0.505 μg/L were

below the annual average EQS concentrations, while for chlorpyrifos, endosulfan

and trifluralin, the corresponded values (0.118, 0.144 and 0.060 μg/L) surpassed the
proposed annual average EQS concentrations. Finally, maximum concentrations of
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atrazine, chlorpyrifos and endosulfan were higher than the maximum allowable

concentration proposed by EQS.

In the recent study of Karaouzas et al. [77], nutrients, trace metals and priority

pesticide compounds were investigated for the first time in 12 stream sites distrib-

uted throughout the western part of the Evrotas River basin (Southeastern Greece)

from 2006 to 2008. The catchment area of all selected sites vary from 1 to less than

10 km2, apart from sites 5, 7 and 11 which have a catchment area of 20–25 km2.

Stream sites 1, 2, 3, 6 and 11 flow through the mountainous and semi-mountainous

forested areas of the basin and are minimally or not at all affected by anthropogenic

activities. Sites 7 and 9 are located in the peri-urban area of the city of Sparti, where

numerous industrial units are situated, such as orange juice processing plants and

meat processing factories. The other sites receive olive mill wastewaters (sites 2, 4,

5 and 12) during the olive harvesting period or flow through semi-forested areas

(sites 2 and 12), olive tree fields (site 4) and urban (domestic) and agricultural areas

(site 5).

No pesticides were detected in sites 1, 2, 6, 11 and 12, while site 8 was dry during

all sampling campaigns and thus no samples of water were collected. Seven

pesticides were detected in the rest of the sites (alachlor, metolachlor, penconazole,

triadimenol, fenthion, dimethoate and malathion) thereby reflecting their abundant

current use in the area and the river watersheds.

The fungicide penconazole was detected in all contaminated water samples

(sites 7, 9 and 10) with concentrations ranging from 0.748 to 0.071 μg/L, as a result
of intense applications in the field throughout the year. Its application includes

gardens, vineyards, olive groves and agricultural peri-urban areas while it is

relatively persistent in water (half-life in water is more than 706 days), which

may cause chronic toxicity in aquatic life. The highest concentration was observed

for dimethoate in site 9, at 5.58 μg/L. Since it has a low half-life time (7 days), this

high concentration may be attributed to a recent application of this pesticide or

spill-off. Triadimenol, an azole fungicide and a metabolite of triadimefon, was also

detected at site 9, at a concentration of up to 0.098 μg/L. The priority compound

alachlor was also detected at a concentration level of up to 0.124 μg/L, which is

much lower than the maximum acceptable concentration (MAC) for this compound

in inland surface waters (0.7 μg/L). Metolachlor, another extensively used herbi-

cide, was detected at 0.314 μg/L. As far as insecticides are concerned, fenthion and
malathion were sporadically encountered with mean concentrations of 0.06 and

0.548 μg/L, respectively.
Aquatic risk assessment showed high RQ for all the detected insecticides, thus

suggesting probable adverse effects on the stream biota. For instance, malathion,

dimethoate, penconazole and fenthion presented very high toxicity risk (RQ> 1).

Similarly to the works of [30, 50], although fungicides and herbicides were gener-

ally more frequently detected in water samples than insecticides, their RQs were

found to be lower than insecticides. Triadimenol showed medium risk, whereas the

risk of toxic effects to stream organisms by alachlor and metolachlor remained low.

According to the findings of the study, it is apparent that small streams can

receive pollution loads from point and diffuse sources that may not be detected in
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larger-scale monitoring. In this sense, this work reveals that the inclusion of streams

with small catchment areas into WFD monitoring and assessment programmes is

essential, especially those of the Mediterranean region.

Finally, in the very recent study of Stamatis et al. [29], a three-year survey

(March 2005–February 2008) was conducted to investigate, on a monthly basis, the

presence of pesticides belonging to various categories and transformation products

in the Acheloos River. Acheloos, located in the southwestern part of the country

(Western Greece), is one of the most important rivers, the first in water contribution

and the second in length, found in the Greek territory. Its yearly outflow is estimated

to be 7.8� 109 m3 and its drainage basin covers a total area of 6,329 km2. The

shape of its basin is oblong with a maximum axis of 147 km length and 63 km

width. The ecological importance of the estuary is high as it is connected to coastal

lagoons which are under the protection of the Ramsar Convention. Finally, the delta

plain belongs to the Natura 2000 site network. Its water is used in agriculture as well

as for the generation of electricity. The watershed is not industrialised and agricul-

ture contributes about 45% of the average income for the region [29].

Among the thirty target compounds, nineteen pesticides and transformation

products, four herbicides (alachlor, atrazine, S-metolachlor, trifluralin), one metab-

olite (desethyl atrazine, DEA), nine insecticides (chlorpyrifos, chlorpyrifos methyl,

diazinon, dichlorvos, dimethoate, fenthion, methidathion, parathion methyl and

pirimiphos methyl), one metabolite (malaoxon) and four fungicides

(cyproconazole, penconazole, pyrazophos and triadimefon) were detected in the

water samples during the three-year monitoring campaign (2005–2007). The

highest frequency of detection was observed for diazinon (78.6%), alachlor

(50%), penconazole (43.2%) and DEA (69.3%) for the categories of insecticides,

herbicides, fungicides and transformation products, respectively.

The highest concentrations of pesticides in the Acheloos waters surrounded by

agricultural areas were dependent on meteorological and hydrological conditions,

while their annual distribution of mean concentrations was strongly affected by the

elimination of tobacco cultivation in 2006 (the main cultivation of the area for

many decades). Seasonal variation showed in general higher mean concentrations

for spring and summer compared to autumn and winter. Fourteen of the nineteen

compounds studied showed significant differences of three-year mean concentra-

tion values in spring and summer compared with the other two seasons. The

presence of the transformation product of atrazine, DEA, was also investigated,

and it was encountered with measurable concentrations in the majority of samples.

The desethyl atrazine-to-atrazine ratio (DAR) was found quite high due to the past

uses of atrazine and the prolonged degradation of atrazine in soil and surface water.

DAR values were lower in 2005, increased in 2006 and reached the highest values

in 2007.

Environmental risk assessment approach showed high risk for six insecticides of

the total nineteen compounds (chlorpyrifos, malaoxon, fenthion, pirimiphos methyl

and chlorpyrifos methyl) in 2005 and one in 2007 (chlorpyrifos methyl). In agree-

ment with the aforementioned studies, fungicides presented the lowest RQ values

using both median and extreme MEC values for both sampling years (2005 and
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2007). In order to assess the synergistic toxicity of pesticides in mixtures, the

cumulative risk quotients were determined by grouping the detected pesticides in

three subcategories based on their mode of action, namely, organophosphorus

insecticides, herbicides and azole fungicides. Cumulative risk quotients for fungi-

cides were always lower than risk values presenting acceptable risk. For herbicides

and insecticides, a decreasing trend in cumulative risks was observed from 2005 to

2007, which is highly consistent with the abolition of the tobacco crop in 2006. The

high cumulative risks obtained for insecticide mixtures (up to 115.5 in 2005)

suggest substantial synergistic effects for this class of pesticides.

Finally, the annual average (AA) and the maximum allowed concentration

(MAC) of six pesticides (atrazine, simazine, alachlor, trifluralin, diazinon and

chlorpyrifos) included in the list of the 33 priority substances were in general

(except for chlorpyrifos for the year 2005 and diazinon for the year 2007) lower

than the concentration levels of EQS. Consequently, pesticide monitoring results

showed a good compliance with WFD for the majority of them.

8 Concluding Remarks and Future Trends

In this chapter, the environmental concentrations of pesticide residues obtained by

recent monitoring studies (2006–2015) were compared with historical data (1985–

2005) gathered during previous monitoring investigations in key Greek river basins

to describe trends in water quality status and determine potential adverse effects in

the environment. Considering the data provided in this study, a summary of general

remarks is highlighted below:

• Several pesticide compounds have been detected in river waters across Greece,

indicating that some major water resources are contaminated.

• Within Greece, the contamination of freshwaters by pesticides follows similar

concentration levels and patterns as reported in most European countries includ-

ing Italy, Spain, France, the United Kingdom and Portugal.

• Research on pesticides in Greek rivers began with “old” pesticide groups

including organochlorine, organophosphate and triazine compounds. However,

recent studies have extended research beyond these target groups to include

“modern” pesticide compounds such as carbamates, azoles, etc.

• Water pollution due to organochlorine pesticides showed that, despite their ban

in Greek running waters, however, analysis of past and recent data showed a

descending trend of OP levels in river waters between 1985 and 2015.

• The data provided in the period from 1985 to 2005 showed that the Axios,

Aliakmon and Loudias were the rivers most polluted by pesticide residues based

both on the number of detected compounds and the maximum detected

concentrations.

• More herbicidal compounds than insecticides were detected in all the target

monitoring periods. The most commonly encountered compounds include
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atrazine, simazine, alachlor and metolachlor from herbicides and diazinon and

malathion from insecticides. Generally, acetamide and triazine herbicides were

widely used to control grasses and weeds in a broad range of crops and were

detected at variable levels in Greek rivers.

• The data provided from the recent studies revealed that despite the fact that the

levels of some compounds decreased with time (e.g. organochlorines, atrazine,

alachlor, etc.), mainly due to a ban or the implementation of good agricultural

practices, some river basins subjected to significant agriculture pressure con-

tinue to show high levels of pesticides.

• The countrywide patterns of chemical use are constantly changing, as the

popularity of existing pesticide rises and falls and as new compounds are

introduced into farming. With sufficient continued monitoring, the overall

trend towards reduced pesticide loading into aquatic systems, caused by the

combinations of use rate reductions, use restrictions and alterations of agricul-

tural management practices, may become discernible.

• According to the ecological risk assessment, the risk ranged from negligible to

high depending on the pesticide and the target organism. Herbicides showed low

to high risk for the algae while negligible risk for invertebrates (D. magna) and
fish (rainbow trout), whereas insecticides show negligible risk for the algae and

low to high risk for Daphnia. Atrazine, alachlor, prometryne, metribuzin, triflu-

ralin and 2,4-D were the herbicides that presented the higher risk and parathion,

parathion methyl, fenthion, malathion, diazinon and carbofuran were the insec-

ticides with the higher risk.

• Considering the calculated RQ values, in some cases, the environmental con-

centrations of pesticides may be shown to be non-compliant with the EQS

(Directive 2008/105/EC) and therefore present a risk according to these stan-

dards to aquatic environment.

Despite the main conclusions described above, there is still a considerable need

for future research and other activities that must be addressed in this area. The most

important research topics from our point of view are the following:

• Although the existing data cover the last three decades, only few of them

concern annual monitoring surveys that include all pesticide categories. In

addition, there is little consistency in the majority of the aforementioned studies

in terms of site selection strategy, sampling methodologies, collection time and

duration, selected analytes, analytical methods and detection limits. Thus, a

harmonisation in the sampling strategy and the monitoring practices in accor-

dance with the WFD is required. For future campaigns, specific insight into

agricultural treatments and land use in the catchment could contribute to

optimised water monitoring.

• Considering the fact that current information on environmental occurrence of

pesticides is limited to certain rivers situated mainly in the north and west part of

Greece, further work is needed to attain a more comprehensive picture of its

occurrence and distribution in other significant rivers located in Central Greece

(e.g. Sperheios, Pinios, etc.).
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• Monitoring focused on certain key regions should be continued in order to better

understand the effects of mitigation methods and changes in land uses.

• New analytical methods should be turned to multiclass methods in order to face

up the large number of pesticides and their transformation products that should

be screened.

• It is clear from the monitoring data that aquatic organisms were subjected to

episodic pulses of varying frequency and magnitude. Thus, research is needed to

characterise the response of aquatic organisms to pulsed exposures.

• Only very few transformation products, mainly those of “old” or “banned”

pesticides, were examined in the previous nationwide investigations. Therefore,

to understand the wider picture, transformation products of broad spectrum and

demonstrably relevant pesticides found in surface waters should be included in

future monitoring studies. In addition, incorporation of concentrations and

toxicological data of the most important pesticide transformation products in

the RQ method would have afforded a better assessment of the ecological risk

and its temporal variation.

• Although the risk quotient method is attractive for its relative simplicity, higher-

tier risk assessments should be performed and further validated in well-designed

microcosm or field studies in order to draw conclusive results on the potential

adverse effects on river ecosystems.
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Geochemical Processes of Trace Metals

in Fresh–Saline Water Interfaces. The Cases

of Louros and Acheloos Estuaries

Michael Scoullos and Fotini Botsou

Abstract Fresh–saline water interfaces are sites of major transformations on the

speciation and the distribution of trace metals, through complex processes. The

present chapter considers trace metal geochemical processes at fresh–saline water

interfaces of representative Greek riverine systems, namely of those of the peren-

nial medium-sized Louros River and the big and highly fragmented Acheloos

River. Dissolved and particulate metals, as well as metal fractions in the sediments,

are considered in combination with physicochemical parameters, and mineral

magnetic measurements are used for tracing the origin of particle populations

(lithogenic, anthropogenic, authigenic), and their compositional alterations during

their passage from the rivers, through the interfaces, to sea. The interfaces of the

two systems have distinct characteristics both on a spatial and a temporal scale, thus

allowing for a diversity of trace metal behaviour patterns to emerge. In the small,

perennial Louros system, trace metals are trapped within the thin, yet stable salt

wedge. In the heavily fragmented Acheloos system, variations of the water and

sediment discharges have moved the active interface landwards, where due to the

reduction of dilution effects by inert, detrital particles, the fingerprint of the

authigenic and anthropogenic component of trace metals has become more pro-

nounced. The results of the research carried out in the two distinctive fresh–saline

water interface systems are important not only in order to enlighten us about the

geochemical processes in nature, but also in order to provide the necessary knowl-

edge to properly manage these systems for the benefit of the environment and the

sustainable development of the impacted areas.
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1 Introduction

Fresh–saline water interfaces, including a variety of systems such as river mouths,

estuaries, rı́as and coastal lagoons, are recipients of major discharges of trace metals

deriving from land runoff, industrial and urban discharges and atmospheric pre-

cipitates (e.g. [1–3]). The aforementioned systems are characterised as “chemical

reactors” wherein, under strong hydrodynamic and physicochemical gradients,

complex heterogeneous processes greatly affect the distribution of trace metals,

and eventually, the fluxes of metals that reach the adjacent sea [4–7].

The geochemical dynamics of fresh–saline water interfaces is influenced by the

specific, physical and climatic conditions that control the discharge rates and the

residence time of trace metals, the geomorphological conditions that affect the

overall structure of these systems, and the numerous and complex biogeochemical

processes that define the distribution of trace metals over the particulate and

dissolved phase, thus the composition of the deposited sediment. The biogeochem-

ical processes include complexation reactions with dissolved organic and inorganic

ligands, adsorption/desorption reactions onto inorganic and organic suspended

particles, flocculation and coagulation of colloidal and particulate species and

remobilisation from sediments. All these processes vary, depending on pH, ionic

strength, the amount and the composition of suspended particles, as well as with

redox conditions [5, 8, 9].

The changes in the distribution between the dissolved and the particulate phase

are demonstrated through the addition, or the removal of dissolved trace metals

(e.g. [4, 6, 7]). Sediments in such transitional systems can act in some cases as sinks,

and in some other cases as secondary sources of metals for the adjacent marine

environment. The character of their specific function is defined by complex phys-

ical, geochemical and biological factors [10–12] and might change periodically.

In the riverine fresh–saline water interfaces perhaps the most significant physical

factor is the energy of the overlying flow. Strongly dependent on the flow, both in

terms of volume and velocities, are the residence time of waters and suspended

particulate matter at the fresh–saline water interfaces [13]. In the stratified estuary

of the big Rhone River (drainage basin: 98,800 km2) with an average water

discharge of 1,700 m3/s that reaches more than 8,000 m3/s at flood events [2], the
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rapid flushing of the water and a large fraction of particulate matter in the brackish

surface plume (in a matter of a few days) reduces the quantity of suspended matter

available for exchanges between the dissolved and particulate phase, as well as the

contact time between the particles and the solution. In this case, dilution effects

predominate over adsorption/desorption processes [14]. Of course, besides the

kinetic control (rates of chemical reactions in relation to estuarine size and hence

freshwater retention time) thermodynamic considerations are also important:

re-suspension of sediments driven by strong tidal currents or even wind stress,

and landward movement of suspended particles depleted in adsorbed metals, or in

situ addition of particles of biogenic origin, could generate disequilibrium with

respect to particle-water metal exchanges, thus enhancing solution–particle inter-

actions, even in small estuarine systems [13, 15, 16].

Other factors interlinked to the prevailing hydrological regime are the dilution

effects (e.g. [2, 17]), changing of the redox status of waters and/or sediments

(e.g. [5, 18]) and benthic fluxes [4, 19], re-suspension of sediments [20], as well

as the granulometry and the composition of suspended particulate matter (SPM)

(e.g. [21]). The particle size distribution and the composition of SPM (i.e. organic,

inorganic, inert minerals and highly reactive Fe/Mn oxyhydroxides, complex sur-

faces or flocculated aggregate constituents) are fundamental properties for the

reactivity of trace metals during estuarine mixing, settling velocities and

re-suspension potential within the mixing zone, and dispersion pathways beyond

the mixing zone [3, 16, 17, 22].

In the Mediterranean basin, apart from a few large, perennial rivers, with

catchment areas larger than 20,000 km2, such as the Rhone, the Ebro (Spain), the

Nile, the Evros (Greece) and Po, there are hundreds of medium (<5,000 km2) and

small (<500 km2) streams, many of which are intermittent or ephemeral,

representing ~12% of the Mediterranean’s drainage basin. This figure rises up to

~42.5% if the Nile river basin is excluded [23]. In the medium/small rivers, the low

river flow and the absence of strong tidal currents result in the suppression of the

mixing zone to only a few kilometers, in contrast, for example, to the macrotidal

large Scheldt Estuary that extents over 100 km and has a residence time of two to

three months depending on the seasonal variations of the river flow [18, 19]. In

these systems, river discharge, rather than marine influences, plays the dominant

role on the stratification of the estuary and the advance or retreat of the salt

wedge [24].

A very important feature of the river flow, particularly in the Mediterranean, is

the high variability which exceeds the margins of seasonality, not only because of

water scarcity linked to the semi-arid character of the region and other natural

phenomena (e.g. the enhanced frequency of droughts and floods attributed to

climate change), but also due to severe anthropogenic interventions, such as

dams, water abstraction and flow diversions. These changes have a direct impact

on water and sediment flows and result in a series of complex indirect implications

on the behaviour of trace metals. For example, the reduction of the Strymon River

inflows into the N. Aegean Sea, by approximately 30% due to extensive irrigation
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and reduced precipitation, favoured the development of a salt wedge intruding the

upper part of the estuary [24].

Due to the unique combination of the physical, geomorphological and biogeo-

chemical factors in each system, there is no common pattern of trace metals

behaviour in fresh–saline water interfaces. Thus, despite the wealth of literature

reports for the better understanding of the geochemical dynamics and processes in

estuarine systems, further research on their structure and on the distributions of

trace metals in their waters and sediments is still needed.

The present chapter elaborates on a number of important aspects of trace metal

transport from land to the sea and the transformations occurring at the fresh–saline

water interfaces that emerged from the examination of specific cases studied in the

Laboratory of Environmental Chemistry (LEC) of the University of Athens,

Greece, under the supervision of the first author who also introduced Chemical

Oceanography to Greece in the late 1970s. Since then, multiple projects have been

carried out by LEC scientists, in many active fresh/saline water interface systems

([25–31]), and valuable insights on the behaviour of trace metals in these systems

have been gained.

The present work focuses on two riverine systems, namely those of rivers Louros

and Acheloos, relying to a large extent on the work published by Scoullos et al. [28]

and Dassenakis et al. [25, 32], respectively. These systems have very distinct

characteristics with respect to their flows and sediment discharges, the interventions

along their river courses, as well as the activities hosted in the respective catchment

areas. The conditions of formation, as well as the surface of the fresh–saline water

interface, vary widely among the systems primarily due to the diversity in their

geomorphological features and hydrological regimes. In the present review, the

selected systems demonstrate the diversity of patterns of trace metal behaviour and

the conclusions drawn can be readily applicable to numerous comparable systems

of the Mediterranean coastline and beyond.

2 Description of the Systems

The drainage basins of the Louros and Acheloos Rivers occupy an area of 785 km2

[33] and 6,478 km2 [34], respectively. Mediterranean and Black Sea rivers that

drain catchments of<5,000 km2 are considered as small/medium rivers [23], hence

the two rivers are considered as representative examples of large (Acheloos River)

and medium/small (Louros) Mediterranean systems. Both river basins are located in

the wet, western part of the country and receive annually 808 mm (Acheloos) and

925 mm (Louros) of precipitation [33, 34].

The Louros River discharges into the semi-enclosed Amvrakikos Gulf (Fig. 1),

which is connected through a narrow, silled, natural channel to the Ionian Sea. The

Amvrakikos wetland, consisting of the Louros and Arachthos deltas and several

lagoons, is one of the most important protected wetlands of Europe, designated

under the Ramsar Convention and the European Communities’ Legislation.

244 M. Scoullos and F. Botsou



The Louros River has a length of approximately 80 km, an average width of

12 m, a depth of approximately 4.5 m and its mouth is silled by a very shallow bar

of 0.6 m depth [28]. It has an average flow of 19 m3/s [33]; however, extensive

water abstraction for irrigation results in the decline of river runoff, particularly

during the low flow season [28]. The drainage basin consists mainly of carbonate

rocks (66%) and clastic (flusch and alluvial) sediments, resulting in relatively low

sediment fluxes (0.8� 106 t; [33]). Within the basin, more than 100 large and small

agricultural industries are in operation [35].

The Louros Estuary provides insights onto the “microstructure” of a typical salt

wedge system of low river flow and negligible tidal range. The highest stratification

occurs during the summer months, when a deep pycnocline with considerable

density gradients separates the fresh and saline water layers. During this season,

saline water intrudes the estuary near the river bed, despite the existing shallow sill,

and forms a thin (approximately 15 cm) salt–wedge water mass, which occupies the

near-bottom layer with its thin end, pointed upstream. A detailed sampling took

place during a period of minimum river runoff (10 m3/s) and maximum penetration

of saline water enhanced by southerly winds by employing a portable salinometer

and a submersible micro-pump, which allowed for a thorough investigation at the

fresh–saline water interface.

The second case study concerns the Acheloos River (Fig. 2), which is the second

longest river in Greece (255 m). The Acheloos River is known from the Greek

mythology as a river “God” fighting with Hercules over the river nymph Deianeira.

The river is strongly fragmented by four large dams/hydroelectric plants located at

the upper and middle part of the basin that have resulted in significant alteration of

Fig. 1 The Louros watershed (marked with dotted line) and its estuary in the Amvrakikos Gulf.

Note the dense network of artificial channels in the lower reaches of the watershed (right panel)
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the hydrological regime as it concerns both the volume of the discharge and its

seasonality: the highest maximum discharge occurs in July due to peak hydropower

production. It is estimated that 30% of the annual flows occurs in short intervals

during summer, compared to 11% prior to dam constructions [34]. The mean annual

runoff at Kastraki (catchment area: 4,118 km2) is 96.7 m3/s and the range of

measured monthly runoffs over the period 1980–2000 is between 13 and 1,118 m
3/s [34]. Runoff may decline further in some periods to less than 10 m3/s, due to

water abstraction for irrigation [25]. Furthermore, significant sediment retention in

reservoirs (>80% of the annual sediment flux) has occurred with consequences in

the sedimentation processes in the estuary.

At the river mouth there is a shallow, sand bar of 50–80 m width. The water

depth at the bar area is less than 1 m, whereas upstream is approximately 4 m. The

water depth increases abruptly (>40 m) at a distance of 3 km offshore [25, 32].

In the Acheloos Estuary seawater penetrates into the river bed and forms a salt

wedge with significant salinity gradients between surface and bottom waters.

During periods of limited freshwater supply, the fresh–saline water interface is

shifted towards the upper part of the river, about 2–3 km from the river mouth.

When the freshwater supply increases, the fresh–saline water interface obtains a

vertical front, which lies close to the river mouth on the marine side of the bar

[36]. The presence of a salt wedge of varying size and the seasonal variations of the

high turbidity zone are some of the consequences of the significant river flow

variations (in general reduction) due to the operations of the hydropower plants

and other human interventions along the river course.

The Acheloos Estuary does not receive any direct industrial wastewater dis-

charges from known point sources. However, it receives the land washout and

agricultural discharges of a relatively large catchment area and cultivated lands

Fig. 2 The Acheloos River system (right), the Acheloos Estuary (left) and the grid of stations in

the riverine (marked with rectangles), estuarine (marked with triangles) and the marine (marked

with circles) sector of the system. Left panel shows the zones A–E (see text for description) of the

estuarine sector
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near the estuary, where agricultural land covers 41% of the area [37]. The estuary is

of high environmental importance, as the discharges of the Acheloos affect not only

the important Messolongi lagoons and other smaller wetlands, but also the distri-

butions of nutrients of the entire northwestern section of the Patraikos Gulf and the

nearshore part of the Ionian Sea, acting as a significant nitrogen source, attributed

largely to the washout of fertilisers [36, 38].

The Acheloos River has received international attention because of the ongoing

plans for its diversion towards Thessaly and the Aegean Sea, for the past 30 years.

The AcheloosWater Transfer Project includes the diversion of a large portion of the

Acheloos waters (today at a reduced rate of 0.6 km3/year) towards the Pinios River

basin to serve hydropower generation, drinking water supply, irrigation and

improvement of the surface and groundwater quality of the intensively cultivated

Thessaly plain. This project has been blocked by various sectors of the Greek

society including NGOs and several decisions of the High Courts [34, 39–41].

3 Materials and Methods

Physicochemical parameters, including salinity, pH and dissolved oxygen (DO),

were measured in situ by portable instruments. The water samples were collected

by mini, whole-plastic submersible pumps, horizontal Hydro-Bios and Niskin

bottles depending on the water depth of each station. Surface sediments were

collected by means of grab samplers and short cores, and by means of a pneumatic

corer [42] and Perspex tubes.

In the laboratory, water samples were filtered through 0.45 μm Millipore filters.

Trace metal in the dissolved phase was pre-concentrated on a Chelex-100 resin,

following a slight modification of the Riley and Taylor [43] method after Scoullos

and Dassenakis [44]. Water sample handling was carried out in a clean box to

prevent contamination. In the case of the Louros case study, the filters holding the

particulate matter were divided into two. One half of each filter was treated with

boiling conc. HNO3 in covered PTFE beakers, whereas the other half was treated

with cold 0.5 N HCl [28]. In the case of the Acheloos River, the filters were digested

only with boiling conc. HNO3. In this review, the results of analyses of n ¼ 128

water samples in the case of Acheloos Estuary and n¼ 17 water samples in the case

of Louros Estuary are reported. The sediment samples of both the Louros (number

of sediment samples n ¼ 12) and Acheloos systems (n ¼ 14) were digested in a hot

plate with concentrated HNO3. The labile, non-lattice held fraction of trace metals

were extracted by the single-step 0.5 N HCl method of Agemian and Chau [45]. In

addition to the dilute HCl extraction, the sequential extraction scheme (SES)

described in Scoullos and Oldfield [46] and summarised in Table 1 was employed

in the sediment samples of the Acheloos Estuary. Trace metal concentrations were

determined by means of Graphite Furnace or Flame Atomic Absorption

Spectroscopy.
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In all studies, determinations of trace metal contents in sediments were

performed in the <63 μm fraction in order to minimise grain-size effects [47]. As

a second step, a geochemical normalisation to Al was applied, in order to reduce

residual variance due to compositional (mineralogical) differences within and

between the cores, despite the fact that the <63 μm fraction is considered as the

least affected by grain-size effects [47, 48].

Organic carbon content was determined after the Gaudette et al. [49] method.

Mineral magnetic measurements were determined by the methods and instrumen-

tation described in Scoullos and Oldfield [46], and Scoullos, Botsou and Zeri [50].

4 Results and Discussion

4.1 The Louros Estuary

Physicochemical parameters (salinity, pH, Suspended Particulate Matter – SPM)

allowed for the identification of three distinct water masses:

(a) The overflowing, seaward moving, riverine water mass. Salinity and pH range

from 0.5 and 7.0 at the upper part of the river, respectively, to 4.2 and 7.3,

respectively, at the lower reaches of the estuary.

(b) The salt water wedge, occupying the deep layer near the river bed. The salt

wedge has a length of approximately 5.7 km, an average width of 15 cm,

although these characteristics may fluctuate with time, depending directly or

indirectly on seasonal phenomena, mainly the river runoff, the ambient tem-

perature and the prevailing winds. The ranges of salinity and pH are 25.6–28.9

and 7.6–7.8, respectively.

(c) The marine water outside the river mouth, with typical marine water salinity

(34.2–36.9) and pH values (7.8–8.2).

The aforementioned structure of the system is graphically presented in Fig. 3.

The descriptive statistics of Al, Fe and trace metals concentrations in the

dissolved phase and their contents of the particulate matter (extracted by conc.

Table 1 Reagents and leachable fractions of metals by sequential extraction scheme after

Scoullos and Oldfield [46]

Extraction

step Reagents

Duration and temperature

of extraction Fraction of metals

1 1M MgCl2 16 h, room temperature Easily exchangeable

2 1M CH3COOH-

NH2OH�HCl
16 h, room temperature Non-exchangeable,

non-lattice held, inorganic

3 0.05M EDTA 24 h, room temperature Organic

4 Conc. HNO3:

HClO4 (2:1)

180�C evaporation until

near dry (3 times)

Residual
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HNO3) in the three masses of the system are given in Table 2. Dissolved Fe, Mn and

Cu concentrations at the riverine water mass are much lower than the average

concentrations of world’s rivers [51], whereas dissolved Pb and Zn are slightly

higher. Particulate Al and Fe are lower than the world’s average values, because of
the non-complete dissolution of the crystal lattice of aluminosilicate minerals by the

boiling conc. HNO3. Particulate Cu is lower, whereas particulate Mn, Pb and Zn are

slightly higher than the world’s average, indicating probably the influence of local

or upstream anthropogenic activities.

With regard to the variations of dissolved trace metal concentrations in the three

masses of the system, the data in Table 2 show that the trace metal levels in the

marine water mass are similar (e.g. Pb), or even higher (e.g. Cu and Zn) than in the

river water. This distribution pattern is rather unusual for most estuaries, where the

adjacent seawater concentrations are normally lower. Furthermore, based on the

average values, the highest concentrations of all the metals studied are found in the

salt water wedge, indicating the addition of metals in solution at the salt stress

interface (Table 2). Figure 4 shows the variation of dissolved trace metal

Fig. 3 Cross section of the Louros Estuary indicating the three distinct water masses: (a) the

riverine, (b) the salt wedge and (c) the marine. Horizontal axis shows the distance of sampling

stations (marked with circles) from the mouth of the river: (minus); upstream; (plus): offshore.
Density of dots in the three water masses represents the concentration of SPM. Isohalines have

been determined by in situ measurements. Velocity corresponds to average current. Modified from

Scoullos et al. [28]
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concentrations with salinity. All metals show a non-conservative behaviour. Two

different distribution patterns can be detected. The first distribution pattern is

followed by Fe and Pb, for which the concentrations are highly scattered both at

the low and the high salinity regime. The high variability of metal concentrations at

the low salinity river water suggests the existence of local sources of these metals at

the lower reaches of the river. Further downstream, the addition of dissolved metals

is related to solid–solution interactions where the solid phase could be either the

particulate matter, or re-suspended sediments, as in the case of the bottom water

outside the river mouth (station shown in Fig. 4). Re-suspension of sediments at this

station is evidenced by the high SPM concentrations, reaching 500 mg/L. The

second distribution pattern is followed by Cu, Zn and Mn. In this case, the plots

of dissolved metal concentrations against salinity show that addition processes

clearly take place at the salt wedge.

Particulate metals (w/v), extracted by conc. HNO3 and 0.5 N HCl, are accumu-

lated in the salt wedge, as it becomes evident from their concentrations, which are

considerably higher than those of water masses (a) and (c) (Figs. 5a–d). The

enrichment of both leachable forms of metals in the salt wedge is mainly attributed

to the high SPM concentrations in the water mass (b), with an average value (�1

standard deviation) of 28.9 � 14.4 mg/L, whereas in the river water it averages

8.88 � 16.1 mg/L.

Figure 5e, g shows the variation of average values of 0.5 N HCl leachable trace

metals contents (w/w) in the three masses of the system. This figure, combined with

the data from Table 2 on trace metal contents of the particulate matter extracted by

Fig. 4 Plots of dissolved trace metal concentrations against salinity in the Louros Estuary. The

station outside the river mouth affected by re-suspension of sediments is marked as “river mouth,

bottom”
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conc. HNO3, shows that for both fractions the particles of the marine water mass (c)

have lower metal content than the riverine ones of water mass (a). Furthermore,

Mn, Cu, Pb and Zn contents are the highest in the water mass (b) (Table 2). The

parallel trend for the HNO3 and HCl leachates of Mn, Cu and Zn is attributed to the

fact that a considerable portion of the particulate metal is readily dissolved in dil.

HCl; Mn extracted by the dil. HCl represents 83� 9% (mean� sd) of Mn extracted

by conc. HNO3 (“pseudototal”); the HCl extractable fraction of particulate Cu and

Zn represent 65 � 26% and 64 � 18%, respectively, of the HNO3 extracted metals.

Particulate Al and Fe contents extracted by conc. HNO3 are reduced towards the

marine sector of the system (Table 2). This seaward decreasing trend could be

explained by mixing of fluvial, mineral particles with marine ones, which during

summer, and low flow regimes are usually characterised by an increased contribu-

tion of the planktonic component in the overall suspended load [7, 9]. However,

when considering the 0.5 N HCl leachable Al, Fe and Mn contents (Fig. 5e) it

becomes evident that the highest values are found in the particles of water mass (b).

This finding indicates the addition of Al, Fe and Mn forms that are easily extracted

Fig. 5 Distribution of particulate metals in the riverine (RIV), the salt wedge (SW) and the marine

(MAR) water masses of the Louros Estuary. (a, b): extracted by conc. HNO3 (w/v); (c, d) extracted

by 0.5 N HCl (w/v); (e, f) extracted by 0.5 N HCl (w/w)
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by dil. HCl in the salt wedge. At the “salt-stress” surface, which separates water

mass (a) from (b), the low pH Louros water meets the saline water of relatively

higher pH. Formation of authigenic particles, especially Fe and Mn oxyhydroxides,

is known to take place in similar interfaces [4, 15, 53], resulting in the enrichment

of these metals in the particles of the salt wedge. In water mass (b), the extract-

ability of Al by the 0.5 N HCl increases to 20 � 7% compared to 8 � 5% and

6� 3% in water masses (a) and (c), respectively. Thus, the observed Al-enrichment

of the HCl-soluble fraction in water mass (b) could be related to the precipitation of

Al-oxyhydroxides, or most probably to coagulation of fine, poorly crystalline

aluminosilicates under the influence of increased ionic strength.

In order to gain insights into the solid-dissolved phase interactions, the partition

coefficient KD is employed, which is defined as follows: KD ¼ Particulate metal

concentration (w/w)/Dissolved metal concentration (w/v) [16]. Summary statistics

of KD in the three water masses of the system is shown in Table 2.

Average KD for each element decreases in the order Fe > Mn > Pb > Zn > Cu,

indicating the affinity of Fe and Mn for the solid phases, whereas the lower KD for

Cu and Zn indicates their affinity for the dissolved phase. Similar KD values are

reported in other European Estuaries (Table 2), as reviewed by Balls [52]. The KD

values for Fe, Cu and Pb gradually decrease from the riverine water mass to the salt

wedge and then to the marine water mass, whereas the KD for Mn and Zn

substantially decreases at the salt wedge in relation to the river water and further

increases at the marine water mass. Characteristic plots KD for Fe and Mn with

salinity are shown in Fig. 6a, b.

The highest KD values for Fe are found at the riverine water mass. Although

coagulation of colloidal Fe could be significant at salinities of <5‰ [54], as

dissolved Fe does not follow any clear trend with increasing salinity, addition of

Fe from local sources at the low reaches of the Louros Estuary seems to be

responsible for the elevated KD values at this part of the system. Further down-

stream, the KD for Fe decreases compared to the riverine water mass. This is despite

the precipitation of Fe oxyhydroxides at the salt wedge, which was discussed

previously. It should be noted that the particulate metal contents extracted by the

boiling conc. HNO3 are used for the calculation of KD. Thus, the authigenic

component of Fe in the pseudototal content is masked by the increased contribution

of other mineral Fe-bearing phases, such as clays and crystalline oxyhydroxides.

Apparently, addition of Fe in solution takes place at the salt wedge that is respon-

sible for the decreased KD values at this part of the system.

Sediment–water interactions and benthic fluxes could be an important source of

dissolved metals, particularly in (periodically) anoxic or suboxic systems [5, 18, 55,

56]. The onset of anaerobic conditions due to initial oxygen consumption during

organic matter decomposition results in the formation of metal authigenic sulfides

and/or carbonate phases. These phases are stable under anaerobic conditions. There

are two mechanisms responsible for the benthic fluxes of metals [55]: Firstly,

metals may be released by molecular diffusion from pore waters. The diffusion is

enhanced by higher temperatures and/or formation of dissolved metal species

(e.g. Fe(II), Mn(II)) by reductive dissolution of Fe/Mn oxyhydroxides. In this way,
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trace metals previously bound to Fe/Mn oxyhydroxides could also be transported to

the dissolved phase. Secondly, metal fluxes can be enhanced by physical, biological

disturbances of sediments, i.e. re-suspension during flooding events and/or biotur-

bation, or salt wedge migration. In this case, apart from direct injection of pore

waters into the water column, desorption from the suspended particles, oxidative

dissolution of reduced authigenic solid phases (e.g. sulfides) could result in

increased dissolved metal concentrations.

The observed further decrease of KD for Fe (as well as Cu and Pb) at the marine

water mass is attributed to the dilution of enriched riverine particles with marine,

metal-poor particles of biogenic origin. This is supported by the decreased metal

contents of suspended particles (in the w/w expression). Additionally,

re-suspension of sediments, followed by emanation of dissolved metal species

from pore waters into the water column and most probably desorption of metals

from the re-suspended sediments, might also be responsible for high dissolved

metal concentrations and the decrease of KD for these metals. Re-suspension of

sediments evidenced by the high SPM concentrations (500 mg/L) and subsequent

Fig. 6 Plots of partition coefficients (KD) for Fe (a) and Mn (b) against salinity and KD for Mn (c)

and Zn (d) against suspended particulate matter (SPM)
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effects on the partitioning of Fe and trace metals between the solid phase and

solution is best distinguished at the bottom water outside the river mouth (see

Figs. 4 and 6a).

Similar processes could account for the variability of KD for Cu and Pb along the

three distinct water masses of the system. The increased dissolved metal concen-

trations observed in the salt wedge (Fig. 4) result in the decrease of KD for these

metals. Apart from the sediment–water interactions, previously described for Fe,

desorption from suspended particles is an important mechanism releasing trace

metals into the bottom, salt water mass. In this part of the system, the percentages of

easily (0.5 N HCl) extractable particulate metals in relation to the pseudototal

(HNO3 extractable) content decrease compared to the riverine water, from 73%

to 62% for Cu and from 66% to 62% for Pb. This finding suggests that weakly

bound metals to suspended particles are released in solution. Desorption of metals

is enhanced by the entrapment of suspended particles at the salt wedge, evidenced

by the increased concentrations of SPM, and the long residence time of suspended

particles during periods of low flow regime.

The partition coefficient KD for Mn and Zn show an inverse relationship with

SPM (Spearman correlation coefficients r ¼ �0.737; p ¼ 0.001 and r ¼ �0.771;

p < 0.0005, respectively), which is graphically illustrated in Fig. 6b. This relation-

ship, known as particle concentration effect, has been observed in many estuaries

(e.g. [2, 7, 57]). Several causes have been proposed for the decline of KD with the

increase of SPM concentrations, including the abundance of coarse particulate

matter in occasions of high SPM load, which have lower surface area, hence

fewer complexation/sorption sites per mass, the pronounced removal of trace

metals in the estuarine turbidity maximum [58], but most often the existence of

colloidal particles of <0.45 μm size that are counted with the dissolved fraction

[59]. With increasing concentrations of SPM, the concentration of fine-sized col-

loids increases. These colloidal particles are able to bind metals and retain them in

solution, hence the “dissolved” metal concentrations increase and KD values

decrease [7].

Part of the fine-sized colloidal particles could be removed from solution after

coagulation under the influence of increased ionic strength. By conducting labora-

tory mixing experiments Sholkovitz [60] showed that the removal of Mn levels at

salinities between 15 and 25‰, and additional removal occurs at salinities between

27 and 30‰. Thus, removal of Mn (and Zn) from the solution at the high salinity,

marine water mass, combined with re-suspension of sediments, likely explain the

observed increase of KD for these metals from the salt wedge to the marine waters.

The surface sediments of the Louros Estuary are fine grained, with the mud

fraction representing more than 95% of the entire sediment throughout the system.

The organic carbon content increases from 0.6% in the upper part of the river to

approximately 2.3% at the intermixing zone. The carbonate content does not

fluctuate significantly along the system and ranges from 28% to 33%.

Table 3 summarises the results of extractions by conc. HNO3 and 0.5 N HCl of

surface sediment samples of the Louros Estuary. Compared to the composition of

upper continental crust (UCC; [61]), Cu and Zn contents of the Louros surface
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sediments are slightly higher than the UCC, whereas Pb levels are lower than the

UCC values.

Sediments of the riverine sector contain higher amounts of both fractions of

metals than those of the marine sector. The percentages of Al extracted by the

diluted HCl in relation to the conc. HNO3 are stable across the system and have an

average value of 11%, indicating common sources of Al throughout the estuary.

This observation, combined with the fact that Al contents (HNO3 extractable)

decrease from 1.42–5.05% to 1.84–3.19% seawards, signifies that part of the fine-

sized aluminosilicates are entrapped at the upper estuary due to presence of the sill

bar (Fig. 3). The same pattern is observed for Fe and Mn as well. The extractability

of Fe and Mn decreases from 34% and 84% at the riverine sector to 22% and 74% at

the marine sector, respectively. This suggests that Fe/Mn oxyhydroxides (easily

extractable with both acids), part of which are authigenically formed at the fresh–

saline water interface, are also entrapped landwards from the sill bar. As clays and

Fe/Mn oxyhydroxides are efficient scavengers for trace metals [47], the physical

entrapment of these phases could also explain the relative enrichment of trace

metals at the riverine sediments.

Sediments obtained from the stations affected by the active salt wedge at the

time of sampling contain higher amounts of Al and Fe, but much lower amounts of

metals compared to the overlying suspended matter (see metal contents of the SW

sector in Tables 2 and 3). Apparently, the enrichment of the suspended particles

during low flow conditions is reflected only to a small degree at the surface

sediments that represent a long-term and variable flow regimes repository.

After normalising the metal contents to Al, in order to compensate for grain-size

effects, a different distribution pattern of trace metals emerges. Figure 7 shows that

higher metal to Al ratios are observed at the outer, marine sector of the Louros

system. Thus, it is proposed that particles enriched in trace metals during their

entrapment in the salt wedge by the processes described previously are transported

and eventually accumulated seawards, during high flow regimes and flooding

events.

Figure 8 illustrates representative vertical distributions of the HNO3 extractable

fraction of Cu in short cores obtained from the intermixing zone and an offshore

station. It is clear that, despite the variability of the metal content at the various sites

sampled, there is a general increase of Cu content towards the younger, surface

sediments. This trend, which is also followed by Zn, Cr and Pb [28], suggests a

gradual increase of pollution from a combination of small point and non-point

sources.

Previous detailed mineral magnetic studies at the Louros Estuary [46], showed

that the upper part of the cored sediments is dominated by fine grained, soil-derived

material, rich in secondary spinel oxides, whereas the lower part of the cores has a

much harder demagnetisation behaviour, which is attributed to the presence of

hematite-coated sand grains clearly of detrital origin. The latter magnetic compo-

nent has a different provenance, or derives from an earlier denudational regime.

According to the study of Scoullos and Oldfield [46], Cu, among other metals,

correlates with volume-specific magnetic susceptibility k and frequency dependent
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magnetic susceptibility kfd%, only in one of the major components of the system,

namely the fine particles deriving from soil erosion, predominantly found at the

upper part of the cores. It is well known that the fine fraction of particles is the most

important one for the transport of metals [47]. It is, thus, concluded that the

enrichment of the surface layers of the cores is attributed to the transport of metals

through land washout and runoff, with some contribution of the re-precipitation of

dissolved metals occurring at the upper layers of the cores.

Summarising the results of the Louros system, a mechanism of metal enrichment

within the intermixing zone could be proposed: After the separation of the heavier

particles by precipitation at the upper part of the river, the lighter ones, with small

grain sizes and higher content of metals, organic matter and minerals, remain in

suspension until they reach the lower part of the estuary. A large proportion of these

particles are accumulated at the stable fresh–saline water interface and at the thin

intermixing zone and is then trapped and recycled within the landward moving

saline layer, along the river bed (the salt wedge). Desorption of metals from mineral

Fig. 7 Distribution of metal contents, extracted by boiling conc. HNO3, normalised to Al (metal/

Al) in the surface sediments of the Louros Estuary
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surfaces of suspended particles (SPM) and/or re-suspended sediments, as well as

benthic fluxes driven by diagenetic, redox processes in sediments, which provide

the observed increases of dissolved metal concentrations in the salt wedge, is

paralleled by an almost simultaneous formation of authigenic particles and colloi-

dal, most probably Fe/Mn oxyhydroxides and Al clays. The metals trapped into the

salt wedge can be released in the Amvrakikos Gulf when the river flow increases

and the Louros Estuary becomes flooded.

4.2 The Acheloos Estuary

Based on the physicochemical and hydrological conditions, water samples obtained

from the river course of Acheloos are divided into four types:

(a) The overflowing, seaward moving, riverine water mass, which includes sam-

ples of salinity <3 and water depth 0–0.5 m.

(b) The estuarine water mass, which includes samples of salinity 6.4–33.6 and

water depths 0–5 m.

(c) The salt wedge, occupying the subsurface layer near the river bed, which

includes samples of salinity 11.4–37.8 and water depths ranging from 1 to 5 m.

(d) The marine water outside the river mouth, which includes samples of salinity

36.1–38.1 and water depth 0–40 m.

Table 4 summarises the ranges and average values of Al, Fe and trace metals in

the dissolved and particulate (extracted by conc. HNO3 in w/w) phase in the

Fig. 8 Vertical distribution of Cu contents (in mg/kg) extracted by boiling conc. HNO3 in cored

sediments obtained from the estuarine (cores a, b) and the marine sector (core c) of the Louros

River
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aforementioned water masses of the Acheloos system. Dissolved Mn and Cu

concentrations are lower than the average values of World’s Rivers reported by

Viers et al. [51] (Table 2), whereas Pb and Zn are higher. Average particulate metal

contents are lower than the world’s average values, except for Zn. The Acheloos

River receives land runoff from a large catchment area, influenced by agricultural

activities and atmospheric depositions, and probably urban effluents from small

cities. Nevertheless, compared to other large perennial Greek rivers, the Acheloos

system could be characterised as relatively unpolluted [32].

Considering the variations of dissolved metal concentrations in the four water

masses of the system, on average, the highest concentrations of metals, except Cu,

are determined in the salt wedge (Table 4). The addition of Mn and Pb in solution at

the salt stress interface is related to interactions between the dissolved phase and

suspended particles and/or re-suspended sediments. Based on the average values,

dissolved Cu decreases from the riverine to the estuarine water mass and the salt

wedge and further increases at the marine waters. Occasionally, deviations from

these general distribution patterns are observed, when distinct sampling cruises are

considered. Figure 9a shows the plots of dissolved metal concentrations with

salinity during one month in the summer. In this case, dissolved Cu, Pb and Zn

concentrations increase with increasing salinity in the estuarine zone, either grad-

ually (Cu, Pb) or locally (Zn). Dissolved Mn concentrations do not vary widely

between the riverine and the estuarine water mass. Nevertheless, the most interest-

ing feature is probably the increased dissolved Mn, Cu and Pb concentrations in the

marine waters, indicating that release processes occur not only in the intermixing

zone, but also in the outer, marine stations of the system.

Figure 10 shows the distribution of average SPM and particulate metal concen-

trations in the four water masses of the system, as well as the plots of SPM, and

particulate metals (in the w/v expression) with salinity during one month in the

summer. On average, SPM concentrations decrease seawards due to dilution and

deposition of coarse-grained fluvial particles before, or around the sill bar at the

river’s mouth [32]. High concentrations are determined at the bottom water of the

salt wedge, due to re-suspension of sediments and trapping of settling particles,

which is clearly depicted when a single sampling cruise is considered.

Average particulate Al, Fe and Mn concentrations (in the w/v expression) follow

the distribution of SPM (Fig. 10a). They vary widely in the river water, in response

to the hydrological regime, decrease in the estuarine mass but become enriched in

the salt wedge, and further decrease in the marine waters. Particulate Cu and Pb are

enriched in the estuarine waters and the salt wedge. These general distribution

patterns are observed when a single sampling is considered, too (Fig. 10b). Partic-

ulate Zn does not vary greatly between the four masses of the system. During the

summer month, the highest Zn concentration is determined at a marine station,

probably due to the uptake of this element by phytoplankton.

Particulate Al and Fe contents (in the w/w expression) decrease gradually sea-

wards, due to dilution of fluvial particles with biogenic, Al/Fe- poor, marine

particles (Table 5). Particulate Mn exhibits its highest values in the riverine water

mass and the salt wedge. The enrichment of particulate Mn probably indicates the
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Fig. 10 Distribution of SPM and particulate metal concentrations (w/v) in the four water masses

of the Acheloos Estuary: (a) Boxplots in the left panel summarise statistic data of all samplings;

(b) scatter plots in the right panel show the variations of the studied parameters with salinity

during a summer sampling cruise
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formation of authigenic Mn oxyhydroxides [32]. Particulate Cu, Pb and Zn are

enriched, either in the estuarine water mass or the salt wedge. Scavenging by Mn

oxyhydroxides or re-suspension of sediments are the likely sources of Cu, Pb and

Zn enriched particles.

Figure 9c shows the variation of partition coefficient (KD) for Mn, Cu, Pb and Zn

as a function of salinity during a summer cruise. By combining the distribution

patterns of KD with those of dissolved metal concentrations (Fig. 9a) and particulate

metal contents (Fig. 9b), some interesting observations on solid–solution interac-

tions might be deduced.

Fig. 10 (continued)
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Similar to the Louros Estuary, dissolved Mn increases at the low salinity (<10)

regime. At the riverine and the estuarine water masses the partition coefficient KD

for Mn is inversely correlated to SPM (Spearman correlation coefficient

r ¼ �0.556; p ¼ 0.046), indicating that the increased dissolved Mn concentrations

correspond to increased colloids rather than truly dissolved forms (particle concen-

tration effects). Colloidal Mn oxyhydroxides could be transferred seawards, or

deposited at the estuarine zone after coagulation, depending on the river’s flow

regime. According to Dassenakis, Scoullos and Gaitis [32] these forms, together

with Mn and Fe oxyhydroxides coating small particles and clays, are the main

carriers for trace metals in the Acheloos system. The KD for Mn decreases sharply at

the outer marine stations. This decline is accounted for by the combined effect of

the elevated dissolved Mn concentrations at the marine stations and the reduction of

particulate Mn contents. Therefore, it is suggested that desorption processes and

dilution of fluvial particles with the marine ones are taking place almost simulta-

neously. In the case of Cu, the increase of KD at the mid-salinity regime is attributed

to the increased particulate Cu contents, which likely ascribe to re-suspension of

sediments. This is despite the increase of dissolved Cu concentration in the same

region. Probably, the addition of Cu enriched particles from the sediments masks

desorption processes. Similar processes could explain the variations of KD for Pb,

and Zn at the low- and mid-salinity regimes. Nevertheless, the most remarkable

observation for all the elements presented in Fig. 9 is the elevated dissolved

concentrations at the marine stations, which in combination with the decrease of

KD values, signify the importance of desorption processes at this part of the system.

At the marine stations, water samples were obtained from the surface, from 20 m

and 40 m depth of the water column. The variations of SPM, particulate Al,

dissolved and particulate Pb, as well as its partition coefficient with depth during

a spring and a summer month (the same as in Fig. 9) are shown in Fig. 11a, b,

respectively. The concentration of suspended particles varies with depth and

increases either at both subsurface layers (spring; Fig. 11a) or at 40 m (summer;

Fig. 11b). Particulate Al does not follow the distribution of SPM, suggesting the

increased contribution of biogenic particles to the overall suspended load.

Re-suspension of sediments could be an additional source of particles at the near-

bottom waters, particularly during spring, when increased SPM concentrations are

accompanied by increased Al contents at 40 m depth. Dissolved Pb concentrations

are higher in the subsurface waters, than in the surface. At 40 m depth, oxic

conditions prevailed during all samplings, with dissolved oxygen saturation ranging

from 80% to 110% [32]. Thus, the increasing concentrations could not ascribe to

benthic fluxes due to redox reactions. The KD for Pb shifts to lower values with

increasing depth of the water column, whereas particulate Pb follows the reverse

trend. Release processes to the solution, which are evidenced by the decrease of KD

from the surface to the subsurface waters, suggest that desorption processes are

taking place at the marine water column, due to competing and complexing

processes with seawater ions. Increasing concentrations in solution with increasing

depth of the water column are observed for Mn, Cu and Zn and desorption processes

are recognised for these elements, too [32]. The abundance of organic ligands in
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colloidal and dissolved forms could also enhance desorption from suspended solids

[3]. Desorption is a slow process and is greatly affected by the size of the estuary

[13]. Therefore, any further changes of the hydrological regime of the Acheloos

River may have a great impact on the behaviour and fate of trace metals, not only in

the fresh–saline water interface, but in the coastal marine environment as well.

Surface and core sediments were collected from the upper and lower part of the

Acheloos Estuary (Fig. 2). A detailed description of textural and mineralogical

composition, as well as information on the sampling network, is given in

Dassenakis et al. [25]. Table 5 summarises the results of extractions by conc.

HNO3 and 0.5 N HCl of the surface sediment samples of the Acheloos Estuary in

the aforementioned zones. Compared to the composition of the continental crust

(UCC; [61]; Table 3) much lower Al, Fe levels are detected in the Acheloos system,

because of the incomplete dissolution of the crystal lattice of aluminosilicates by

HNO3. In general, all other metals are lower than the UCC values, reflecting low

levels of pollution, due to the absence of major urban and industrial waste water

discharges from point sources.

For a better consideration of the spatial variation, the estuary is subdivided into

the following zones: zone A represents the upper estuary where the upper boundary

of the salt wedge is observed during the low flow seasons; zone B extends over the

area where the salt wedge is observed most of the time; zone C consists of a single

station located at the river mouth and the sill bar; zone D is the lower estuary, off the

river’s mouth; zone E consists of the offshore station of the lower estuary at the

boundaries with the marine sector, where salinity exceeds 25 and the water depth is

>20 m.

Average contents of carbonates and organic carbon (OC) in the five zones of the

system are 27% and 2.3% (zone A); 38% and 1.2% (zone B); 25% and 2.5% (zone

C); 51% and 0.5% (zone D); 24% and 2.1% (zone E), respectively. Apparent

differences on the composition of sediments exist between the zones. Sediments

of zones B and D contain higher amounts of carbonates, and lower amounts of

organic carbon and Al, whereas sediments of zones A, C and E contain lower

amounts of carbonates and higher amounts of organic carbon and Al. Aluminium,

Fe, Cu, Ni, Pb and Zn follow a very similar spatial distribution pattern (range of

Spearman correlation coefficients between Al and other metals r: 0.714–0.928). On
the contrary, Mn follows the distribution of carbonates (r ¼ 0.633; p ¼ 0.015),

therefore indicating that calcite minerals might act as nucleation centres for man-

ganese oxides, since there is a microzone of higher pH on the surfaces of carbonates

[25]. The identical patterns of distributions of OC, Al, Fe and trace metals signify

that clay minerals, originating from soil erosion, serve as a host phase for OC, and

Al, Fe rich phase [20]. These fine clays are effective carriers for trace metals

[47]. Evidently, compositional differences play a significant role in the distribution

patterns of “total” trace metals and after normalising to Al, the large variations

between the zones become “smoother” to some extent. However, when considering

the fraction of metals extracted by dil. HCl (Table 5), it is clearly illustrated that

zones A, C and E are accumulation sites of labile metals.

The increased labile metal contents in zone E compared to zone D indicate that a

significant part of metals is flushed out of the estuary and settles in the offshore
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stations. Increased labile metal contents at zone A, where the end of the salt wedge

is occasionally observed, could be ascribed to coagulation of particles in the “salt-

stress” interface and subsequent sedimentation. Hydrodynamics and the geomor-

phology of the system also play a significant role. Zone C, which is a zone of trace

metal accumulation, is located landward from the sill bar that could act as a natural

barrier of particulates enriched by geochemical processes, at least under regular

flow conditions. These particles could be recycled back to zones A and B at periods

of low river discharge when seawater intrudes the upper part of the estuary, or

flushed away under high river discharge conditions.

The impacts of changing hydrological regime on the distribution of metals, as

well as of natural and/or anthropogenic activities in the Acheloos catchment area,

could be depicted from the study of cored sediments.

Magnetic parameters in the bulk cored sediments of the Acheloos Estuary were

studied by Scoullos and Oldfield [46] and allowed for the recognition of two major

magnetic components: the first one of high magnetic concentrations and relatively

softer demagnetisation behaviour corresponds to clay-like sediments, whereas the

second population of particles, which corresponds to coarser, sandy sediments,

appears to be richer in canted anti-ferrimagnetic grains (e.g. hematite) and probably

has a deeper subsoil or bed-rock origin. Comparison of the vertical distributions of

volume-specific magnetic susceptibility with 0.5 N HCl leachable fractions of Cu

and Zn showed close similarities in their profiles in the clay-size sediments of

(a) the lower reaches of the estuary upstream from the river mouth, and (b) in the

upper layers (>12 cm depth) of the cores obtained from the mouth bar of the river.

In the latter area, sediments of deeper layers are coarser, poorly correlated to the

leachable fractions of metals and most probably reflect reworked littoral material

from a different provenance, or an early denudational regime [46].

Figure 12 illustrates the vertical distributions of labile fractions of metals from a

short core obtained from zone B, normalised to Al in order to compensate for grain-

size effects. Sediments of the upper strata have higher metal contents or higher

metal to Al ratio values. The same pattern is also observed in other cores obtained

from the Acheloos Estuary [25]. Apart from direct, recent anthropogenic activities

in the entire catchment area, another cause of the observed increase in the surface

sediments seems to be the reduction of particulate load of the estuary. Before the

construction of dams the inert, non-polluted matter, which originated from rock

weathering and natural soil erosion, was mixed with authigenic precipitates, which

originated from the reactions in the dissolved and particulate phase under changing

physicochemical conditions. This authigenic suspended matter contains signifi-

cantly higher concentrations of pollutants. After the construction of dams, there

was a diminished frequency of floods capable of flushing out the system by

transporting newly deposited authigenic sediments from the estuary to the sea. By

changing the nature and the relative contribution of particles in the mixture of

suspended sediments coupled with the minimisation of the fraction which comes

from the mountains, the final composition of the naturally generated suspended

matter becomes increasingly loaded with pollutants, such as trace metals.

The fractionation of metals in the sediments of zones A to E, following the

sequential extraction procedure presented in Table 1, are shown in Fig. 13. More
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than 70% of “total” Fe content is lattice held. Manganese is mainly found in the

non-lattice held inorganic fraction, which accounts for 71–93% of Mn total content,

suggesting its presence as oxyhydroxides and bound to carbonates. The proportions

of Cu and Zn are also elevated in the non-lattice held inorganic fraction consisting

on average 23.6% and 21.4% of the “total” metal content. This indicates an

increased mobility of these metals in the Acheloos Estuary. However, the dominant

component of the “total” metal content is the non-lattice held organic fractions of

Cu and Zn contributing on average 45.2% and 25.4% to the “total” contents.

A note should be made at this point about the limitations of sequential extraction

procedures, including the non-selectivity of reagents, the potential redistribution of

Fig. 12 Vertical distribution of 0.5 N HCl extractable Al and normalised metal ratios to Al, in

cored sediments obtained from zone B

Fig. 13 Percentages of the geochemical fractions of metals in the surface sediments of zones A–E

of the Acheloos system. The fractions of metals are F1: easily extractable; F2: non-lattice held,

inorganic; F3: organic; F4: residual and are determined by following the sequential extraction

procedure of Table 1

270 M. Scoullos and F. Botsou



metals among phases during extraction, or incomplete extractions [62]. The

non-selectivity of reagents to attack only one solid phase is more profound when

dealing with anoxic sediments, when metal sulfides are likely to occur. For exam-

ple, Shannon and White [63] conducted laboratory experiments with known addi-

tions of synthetic iron oxyhydroxides (FeOOH), iron monosulfide (FeS) and pyrite

(FeS2) to natural freshwater lake sediment. The authors found that the extraction by

the 0.04M NH2OH�HCl in 25% acetic acid reagent at 96�C removed 25% of the Fe

added as FeS, but it did not dissolve FeS2. Furthermore, the same reagent was found

to extract 50% of Zn which was present as ZnS [64]. In the case of the Acheloos

sediments, we have no indication of anoxia (smell, black colour bands). Mineral-

ogical analysis by X-ray diffraction (XRD) analysis showed that the main minerals

present in the sediments were calcite, quartz, biotite, as well as illite and chrorite

[25]. Therefore, metal sulfide minerals, if present, would exist in very small

amounts, mainly in the subsurface sediments. In this case, these phases are expected

to be extracted in the F2 fraction (the non-lattice held inorganic fraction) of the

sequential extraction procedure.

Characteristic distributions of the exchangeable, inorganic and organic and the

residual fractions of Fe and Cu in surface and subsurface sediments of cores

obtained from the five zones of the system are presented in Fig. 14.

Comparison of the surface and subsurface sediments of the two cores obtained

from zone A shows substantial variations with depth of labile Fe contents, domi-

nated by Fe oxyhydroxides, and probably trace amounts of Fe sulfides, formed

in situ by redox reactions. These differences suggest that the amount of Fe

oxyhydroxides leached from soils of the upper catchment area and transported

and subsequently accumulated in the upper estuary has changed over time, due

to the combination of land-use changes and river discharge. In situ reductive

dissolution of Fe oxyhydroxides is expected to contribute only to a small extent,

hence, the variations of the non-lattice held inorganic fraction primarily reflect the

long-term modification of oxyhydroxides inputs in this zone.

Moving downstream to zone C, at the sill bar, surface sediments contain much

higher amounts of Fe oxyhydroxides than the subsurface ones, reflecting the

relative enrichment of sediments by the authigenically formed oxyhydroxides

favoured by the prolonged residence time of waters due to the reduction of river

discharge and the influence of the salt wedge. The relative depletion of Fe

oxyhydroxides at the subsurface sediments of zone C and the relative enrichment

at the subsurface sediments of zones D and E signify that in the past, under a

different hydrological regime of higher river discharge, the labile fraction of Fe was

flushed away, off the river’s mouth and accumulated in the offshore stations of the

lower estuary. The same processes explain the relative depletion of labile forms of

Cu in the subsurface sediments in the cores of zones C and D. In the surface

sediments of zone D, an increase of the organic fraction of both Fe and Cu is

observed. Different transport pathways of colloidal and particulate metals during

their passage through the active mixing zone [20] or an in situ control (biological

uptake) of an autochthonous component of organic matter [4] could be the possible

reasons. The overall much lower amounts of all fractions of metals in the surface
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and subsurface sediments of zone D in relation to other zones are attributed to the

dilution due to the high carbonates contents, which in this zone are twice higher

than in the other zones.

At the offshore station of zone E, the increased contents of labile Fe (and Cu to a

lesser extent) of the subsurface sediments in relation the surface ones reflects more

pronounced transport and deposition processes at this site in the past.

Putting together the variations of geochemical partitioning in the temporal and

spatial scale, it can be proposed that there is propagation of the active mixing zone

towards the inner part of estuary, where particles enriched in trace metals are

deposited. This observation should be combined with the prediction ([34] and the

references therein) that under reduced discharges of sediment, the sandy beaches

and island barriers of the Acheloos delta will gradually erode and coastal lagoons

will be intruded by seawater. These findings are important for the design of

appropriate management measures of the area.

5 General Discussion and Conclusions

The Louros Estuary, which has a relatively narrow intermixing zone, low river flow

and insignificant tides, has a saline water wedge intruding along the river and

forming a small water mass, different from the riverine and the marine ones. The

concentrations of dissolved and particulate metal species in this landward moving

water body are considerably higher than in the other water masses. Physical

entrapment of suspended solids landwards of the sill bar and the long residence

time of suspended particles during periods of low flow regime, as well as

re-suspension of sediments and subsequent benthic fluxes of metals or desorption

from the suspended sediments, favour release processes of metals into solution. In

the same region, new particles are formed authigenically, by precipitation of iron

and manganese oxides and coagulation of clay minerals, at the interface of fresh

and saline water. The accumulation of particulate metals in the salt wedge affects

directly their distribution in the sediments, where the concentrations of some

metals, including Al, exhibit their maxima. Although the zone of the salt wedge

formation acts as trap of trace metals, the system should be considered as a periodic,

(potential) source of metals for the adjacent sea, the Amvrakikos Gulf, particularly

during flooding episodes.

Furthermore, the small size of the estuary, the shallowness and the low river flow

indicate the vulnerability of its present, natural structures against changes. Pres-

sures of local or global character could easily affect the borders of the fresh–saline

water interface and transform the Louros Estuary into a secondary source of metals.

In the case of the much bigger and highly fragmented Acheloos River, the study

reveals that the fresh–saline water interface is enriched in trace metals by

re-suspension of sediments and desorption processes. Desorption of trace metals

from the particles occurs in the intermixing zone, as well as in the offshore surface

and subsurface marine waters, at 20 and 40 m depth, due to competing and
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complexing effects of major seawater ions. Currently, a significant fraction of labile

metals is accumulated in the upper part of the estuary, the sill bar and the offshore

stations of the lower estuary. Although the river is not heavily polluted, temporal

trends depicted from the study of sediment cores show that surface sediments are

enriched in labile forms of metals, as a result of non-point anthropogenic sources, in

combination with a considerable decrease of the water flow and floods (due to the

construction and operation of dams), which in the past used to flush out recently

deposited polluted sediments, “diluting” the authigenic and anthropogenic compo-

nent by inert, non-polluted particles.

Modifications of the hydrological regime have resulted in the transfer of the

intermixing zone towards the inner part of the estuary, where authigenic, rich in

metals, particles are deposited. At the same time, decreased river discharges and

sediment fluxes have narrowed the zone at which transport of labile metals takes

place under regular flow conditions.

A further decline in water and sediment fluxes, in case of the proposed diversion

of a portion of Acheloos waters towards Pinios river is realised, or due to climatic

changes, may result in the development of a much stronger (in length and duration)

salt wedge, intensifying the processes that are responsible for the relative enrich-

ment of the trace metals in the estuarine zone. Then, episodic flooding of the estuary

could release the finest, unconsolidated particles enriched in trace metals into the

adjacent wetlands and the sea with a potential impact also on the biota through the

food chain.

The results of the research carried out in the two unique, fresh–saline water

interface systems are important not only in order to inform us about the geochem-

ical processes in nature, but also in order to provide the necessary knowledge to

properly manage these systems for the benefit of the environment and the sustain-

able development of the impacted areas. The existing provisions of the EU Water

Framework Directive and the EU Marine Strategy Framework Directive suggest

due attention to the processes in transitional zones described in this work. Further-

more, the Barcelona Convention Protocol for the Integrated Coastal Zone Manage-

ment, as well as the Ecosystem Approach, point to the need for a thorough and

systematic integration of research results into a combined management of coastal

zones and water resources.
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The Evrotas River Basin: 10 Years

of Ecological Monitoring

Ioannis Karaouzas, Christos Theodoropoulos, Leonidas Vardakas,

Stamatis Zogaris, and Nikolaos Skoulikidis

Abstract This chapter is the outcome of a 10-year ecological monitoring survey in

the Evrotas River Basin (ERB). Synthesising the main outcomes of past and

ongoing research projects, it presents an overview of the basin’s geographical,

geological, hydrological and ecological features, focused on the ecological status

according to the Water Framework Directive 2000/60/EC, and assesses the degree

of environmental degradation caused by the major pollution sources and other

anthropogenic pressures. Chemical, hydromorphological and biological data from

studies carried out in the ERB during the past decade are integrated to derive spatial

and temporal trends in environmental degradation. Despite the numerous sources of

organic and inorganic pollution, which include, inter alia, olive mill and fruit juice

processing wastewaters and agricultural, industrial and urban runoffs, the overall

ecological degradation of the ERB is assessed as moderate and is located mainly at

the downstream half of the basin, where the anthropogenic activities become

intensified. However, the major impact in the ERB during the last decades has

been the over-exploitation of the surface and groundwater resources for irrigation,

which has resulted in the artificial desiccation of large parts of the basin’s hydro-
logical network. Despite the aforementioned issues, the aquatic benthic biota of the

basin shows high resilience, but the fish fauna is severely affected by hydrological

and morphological alteration. Biomonitoring, conservation and management

responses to drought and pollution require approaches, which account for spatial

and temporal variability. Within this perspective, a programme of measures is

proposed, aiming at preserving and restoring the basin’s water resources and

aquatic ecosystem.
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1 Introduction and History

1.1 The History and Myths Associated with the River

Dating back to ancient times, according to the Greek geographer Pausanias (c. 110–

180 A.D.), the first inhabitant of the Evrotas valley was Lelex, the king of the

Leleges, an autochthonous pre-Hellenic tribe from the eastern Aegean area. Evrotas

was formed into a river by King Lelex’s grandson, the King Evrotas of Laconia,

‘who channelled away the marsh-water from the plains by cutting through to the sea

and when the land was drained, he called the created river Evrotas’ [103]. After the
death of King Evrotas, Lacedaemon who was married with the king’s only daugh-

ter, Sparta, inherited the kingdom and raised a city near the banks of river Evrotas,
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naming it Sparta. Since then, the river has been a long-standing historical symbol

and a valuable economic resource for the city and the surrounding settlements,

providing food, water and other goods and services to its people.

1.2 Environmental Research and Conservation History

The history of environmental research in the Evrotas River is fairly recent yet

intense. The first collections of modern natural history data and a brief description

of the river were made in 1829 and are documented in the multivolume work

presenting the results of the Expédition scientifique de Morée (Fig. 1) [1]. This

expedition studied various aspects of the natural history of the Peloponnese for the

first time in the modern period. However, since the Middle Ages, the Evrotas valley

has been a world-renowned area for archaeology, focusing on Sparta and the

surrounding region of Laconia. The bibliography, including many engravings and

travellers’ accounts, on archaic and classical Sparta and Laconia is remarkably rich.

Fig. 1 The members of the French Scientific Expedition of the Peloponnese are passing over the

former Kopanos bridge north of Sparta. The bridge survived until the first decade of the twentieth

century. Pont de Eurotas by Prosper Baccuet (Expédition scientifique de Morée – Atlas, 1835,

pl. XXVIII)
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There is in fact such a proliferation of archaeological and historical research in this

area that Barnes [2] has even used the term ‘Spartanology’ to refer to the richness

and breadth of research in the area. Laconophilia refers to the admiration of Sparta

and the ancient Spartan culture, and this has attracted research interest since the

classical times and seems to be continuing. Some of this work has included brief

researches on landscape, geography and recent history as well [3, 4]; however, it

seems that the area’s importance in antiquity has overshadowed its outstanding

ecological interest. Environmental research is surprisingly recent, despite the

extended areas with acknowledged biodiversity richness.

Environmental and nature conservation interests were initially focused on the

Evrotas surrounding mountains, Taygetos and Parnonas. The distinctive lowlands

and mid-elevation areas of the valley and its delta with their rich cultural landscapes

[5] were not a focus of early research; the towering mountain peaks and gorges

became well known for their high floral richness and high degree of plant ende-

micity [6, 7]. The importance of the area’s largest wetland, the Evrotas Delta

attracted interest for its birdlife and the protected area encompassing the deltaic

plain and the coast of Evrotas, was first delineated in 1995 as a proposed site of

community interest within the Natura 2000 network of protected areas [8]. Despite

the interest in the Evrotas’ riverscapes, limited work has been carried out for

restoration or improvement [9]. However, extended LIFE-Nature projects (1997–

2001) entitled ‘Implementation of Management plans for Pylos Lagoon and Evrotas

Delta, Natura 2000 Sites, Greece’, promoted by conservation groups, such as the

Hellenic Ornithological Society, as well as the LIFE-Environment project, pro-

moted primarily by research organisations, are important milestones in the ecolog-

ical research around the Evrotas River Basin (ERB).

Surprisingly, the interest in delineating and promoting protected areas within the

river valley itself has been low, despite the outstanding riparian woodland and other

habitats [10]; boundary extensions of the area’s Natura 2000 network were pro-

posed and scientifically promoted solely due to the river’s ichthyological interest in
2015 [11]. It has been widely accepted that the protected area delineations in

Greece may require further revision, and this is certainly the case in the Pelopon-

nese [12]. In the complex multifunctional landscapes of the Peloponnese, selection

of protected areas and delineation of boundaries should be evaluated by using a

variety of taxonomic groups and/or biodiversity surrogates (e.g. vegetation and

landscape types) as well as other criteria (cultural landscape quality, socio-

economic criteria, etc.). The establishment of micro-reserves and specific protected

area extensions to encompass tributaries, springs and riparian zones may be a cost-

effective measure for the conservation of endemic species or specific habitat types,

especially where endangered populations or taxa assemblages occur outside the

currently designated Natura 2000 sites.

During the past decade, several European-funded research projects have been

carried out in the river basin, covering many aspects of its ecology, biogeochem-

istry, hydrology and conservation. The first project aiming to assess its ecological

status by implementing the Water Framework Directive 2000/60/EC and providing

conservation and restoration measures was the 4-year (2005–2009), LIFE-
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Environment project entitled ‘Environmental Friendly Technologies for Rural

Development’ [13]. The objective of this project was to develop and demonstrate

a ‘toolbox’ of environmental friendly technologies for the minimization of point

and non-point source pollution from agricultural activities and the integration of

their design in the river basin management plan of the ERB and its coastal zone.

The next project was the ‘wildfires’ project funded by the UK Natural Environment

Research Council (NERC) ‘rapid response’ Grant (NE/F01273X/1). The project

was carried out at the incinerated area of the Parnonas Mt. and aimed to (a) quantify

the potential range of postfire hillslope sediment and phosphorus yields and

(b) compare the bioavailability of phosphorus in burned and unburned sediment

source material after the wildfires that took place in the ERB at the end of August

2007. Later on, from 2009 to 2011, the MIRAGE (Mediterranean Intermittent River

ManAGEment) research project followed, aiming to provide specific key knowl-

edge for a better assessment of the ecological integrity in Mediterranean temporary

streams due to climate change and land use change.

Currently, the GLOBAQUA research project (managing the effects of multiple

stressors on aquatic ecosystems under water scarcity) is taking place in the ERB,

aiming at identifying the prevalence of, and interaction between, stressors under

water scarcity in order to improve knowledge of relationships between multiple

stressors and to assess how these interactions determine changes in the chemical

and ecological status of water bodies, as well as to improve water management

practices and policies. The project started in February 2014 and continues until

January 2019.

2 Description of the River Basin

2.1 Geography and Climate

The ERB is a mid-altitude Mediterranean Basin located in the southeastern Pelo-

ponnese, at the southern part of geographical zone No. 3 [14], including parts of the

Laconia and Arcadia Prefectures and covering an area of 2,418 km2 (Fig. 2). The

river originates from the mountain ranges of Taygetos (2,407 m.a.s.l.) and Parnonas

(1,940 m.a.s.l.), its main stem crosses 90 km of semi-mountainous landscape and

wide valleys, and it drains into the Laconian Gulf. The slopes at the larger part of

the basin area (65%) are higher than 15%. A 24% of the area’s slopes ranges

between 5 and 15%, and only an 11% has slopes less than 5%, indicating the rugged

nature of the terrain. Elevations higher than 600 m.a.s.l. are observed at 41% of the

basin area, a 46.2% of the area presents elevations ranging between 150 and 600 m.

a.s.l., and only 12.7% has an elevation up to 150 m.a.s.l.

The ERB has a typical Mediterranean climate with mild and cool winters,

followed by prolonged hot and dry summers. Seven meteorological stations are

situated in the basin, recording an average annual temperature of 16�C, a mean
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annual precipitation of 803 mm (2000–2008) ranging from 539 to 1,324 mm and a

mean annual potential evapotranspiration of 668 mm [13]. Mean monthly temper-

atures typically range between 4 and 11�C during winter and between 22 and 29�C
during summer [15]. The majority of rainfall occurs from October to March (70%),

with the highest amount being recorded in November/December and the lowest in

June. The recorded precipitation indicates a reduction from west to east and from

north to south; the mid- and lower part of the Evrotas valley and the Laconian coast

lie in a rain shadow area formed by the surrounding mountain massifs [16]. The

highest precipitation is recorded in the Taygetos Mt. (1,300–1,600 mm), followed

by the one in Parnonas (1,000–1,200 mm). An amount of 700–800 mm has been

recorded in the lower parts of the basin and 500–550 mm in the coastal area.

Precipitation shows varying interannual height; however, a decreasing trend has

been observed during the last decades.

Fig. 2 The topography of the Evrotas River Basin
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2.2 Geology

The mountainous area of the basin is formed by Mesozoic-Palaeogene limestones

(42%) and impermeable rocks, such as flysch and schists (29%), while the lower

parts of the valley are filled with Pliocene and Quaternary sediments forming

extensive alluvial aquifers (Fig. 3). Almost all geotectonic units of the Peloponnese

are included in the ERB, (a) the Plattenkalk or Mani Unit, (b) the Phyllite–Quartzite

or Arna Unit, (c) the Tripolis Unit and (d) the Pindos Unit.

The Plattenkalk Unit represents the ‘autochthonous’ basement of the ERB. The

stratigraphic bedrock of the unit, known also as phyllitic basement rocks (PBRs),

consists of phyllites, schists, quartzites and meta-conglomerates. Over this unit lies

a carbonate column, which consists of dolomites and crystalline limestone. The

column continues with a formation comprised of siliceous schist, over which is the

formation of Vigla. The column ends with crystalline platy limestone and

multicoloured marbles, which lie near to the transition of the slightly metamor-

phosed flysch. The Plattenkalk Unit is of fairly low transformation degree. The

current structure is complex and presents vertical transitions between PBRs and

carbonate rocks. The Phyllite–Quartzite Unit (Arna), which overlies the Plattenkalk

Unit, consists of metamorphic rocks, characterised by strong deformation of at least

three phases. The rocks of the unit consist of schist, micaceous schist and quartzite,

meta-conglomerates, mafic and ultramafic rocks. The Tripoli Unit lies over the

Phyllite–Quartzite Unit. The lower part of this unit consists of slightly metamorphic

formations, known as Tyros Beds, which lie under a sequence of carbonate rocks.

This sequence of bituminous thick-bedded to unbedded limestones and dolomites is

known as Tripolitza kalk. The upper part is the flysch of the unit, the sedimentation

Fig. 3 Geological formations (left) and land cover/use (right) in the Evrotas River Basin
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of which started in the Upper Eocene. In the ERB all the formations of Tripoli Unit

are found. The Pindos Unit overlies the previous units. Only the upper section of

Pindos Unit, known as Arcadian Nappe, is found in the ERB and more particularly

the following formations: the lowest stratigraphic layer is a clastic sequence

of sandstones, pelites and radiolarites in alterations with brecciated limestone of

Cenomanian age, known as First Flysch. The overlaying formation consists of platy

limestone with Globotruncanidae. Over the limestone lies flysch transitional beds

and, finally, the flysch of the unit. Only the First Flysch and the upper cetaceous

limestone appear in the area of interest.

2.3 Land Cover and Land Use

Most of the river basin’s landscape is covered by seminatural areas comprising 61%

of the total basin area, followed by agricultural areas (38%) and urban land (1%).

The delineated CORINE land cover classes (CLC 2000, http://www.eea.europa.eu/

publications/COR0-landcover) are scrub and/or herbaceous vegetation associations

(60.8%), forests (16.0%), heterogeneous agricultural areas (15.0%), permanent

crops (6.5%), open spaces with little or no vegetation (1.1%), urban fabric (0.3%)

and arable land (0.1%), while the remaining 0.2% is industrial, commercial and

transport units, mine, dump and construction sites and artificial, nonagricultural

vegetated areas (Fig. 3).

Until the early twentieth century, most of the agriculture in the Evrotas valley

was not irrigated, and the basin maintained a subsistent, low-intensity rural econ-

omy without extracting substantial surface and subsurface water resources

[3, 17]. Today, the major anthropogenic pressures in the ERB are mainly derived

from agriculture and livestock activities and include over-exploitation of water for

irrigation, disposal of agro-industrial wastes and localised agrochemical pollution.

However, the water mass balance in the ERB remains positive, and the require-

ments for irrigation and drinking water are met. Water stress problems are encoun-

tered during summer, due to the increasing irrigation demands, which may result to

widespread desiccation of the Evrotas River network. There are many, mostly

illegal, surface water abstraction points (permanent and temporary weirs) along

the course of Evrotas and numerous private and municipal borehole drillings

(estimated at around 3,500) for irrigational use, scattered over the entire basin.

Irrigation withdrawals were estimated to 62 mm3 from groundwater wells and

15 mm3 from direct abstractions from the stream [18]. Regarding wastewater

treatment, only one plant exists in the ERB, in the city of Sparta, while the villages

are served by private permeable and impermeable cesspools.
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2.4 Hydrological and Hydrogeological Features

The ERB is characterised as semiarid due to the low ratio (0.46) between the mean

annual precipitation and the potential evapotranspiration (for semiarid zones:

0.20 � P/PET < 0.5; [19]) during a hydrological period between 1998 and 2000.

The Evrotas River is one of the last large free-flowing rivers in Greece; there are no

dams, neither along its main course nor on its numerous tributaries. However, in the

summer, when water flow becomes minimum, farmers build earthen weirs to use

water for irrigation or to prevent seawater intrusion in the mouth of the river, so that

several reaches become temporarily fragmented. According to historical informa-

tion [20], the Evrotas River was once permanently flowing throughout the year, but

nowadays it presents temporary flow characteristics [21]. Overall, the ERB is a

complex hydrological system consisting of perennial, intermittent, ephemeral and

episodic tributaries. Specific reaches of the Evrotas main stem dry out every

summer, whereas others desiccate during particularly dry years. At the upstream

portion of the catchment, from the Koliniatiko tributary to the upstream Vivari

springs, the river dries out regularly for about 15 km, as a result of both

downwelling processes in the alluvial aquifers and water abstractions for irrigation.

In the downstream part of the catchment, the river passes through the Vrontamas

Gorge, structured by karstified carbonates. There, during summer, the river

becomes dry due to the infiltration of water in the karstic system of the Vrontamas

Gorge, while further downstream, at the area of Skala, the river reappears as a result

of significant karstic inputs from the adjacent Vasilopotamos springs.

The main tributaries of Evrotas are Oinous (drainage area, 349.8 km2), Magoulitsa

(46.5 km2), Gerakaris (43.2 km2), Kakaris (24.5 km2), Rasina (55.8 km2), Mariorema

and Xerias (17.5 km2, episodic flow). Most of these headwater streams of the ERB

have an intermittent flow regime. The river is fed by numerous springs, which are the

main contributors to its baseflow during the summer period; among them are a

number of karstic springs at the upper- and mid-parts of the basin with significant

inputs. Groundwater in the ERB is concentrated in karstic and alluvial aquifers, which

communicate hydraulically. The alluvial aquifers are recharged by the river and by

karstic inflows, which constitute an important water resource for the watershed. The

karst aquifers occupy approx. 570 km2 in the Taygetos and Parnonas mountains. In

the lowlands, two main alluvial aquifer systems are located at the upstream (220 km2)

and the downstream parts of the river (275 km2), respectively. Karstic inputs mainly

originate from the aquifers of Taygetos Mt. The aquifers of the Parnonas Mt. do not

contribute significant karstic discharges since the impermeable basis of the particular

aquifers is encountered at high depths. The northern part of Parnonas feeds the upper

Evrotas, while karstic waters from the central part of the mountain either discharge in

the Vasilopotamos springs (near the town of Skala) or are lost in the sea [22]. The

lowland alluvial aquifers are fed with water by the river.

The mean monthly discharge of the Evrotas main stem exhibits a gradual

increase from summer towards early spring (March) and reaches a minimum in

October (Fig. 4). Based on this variation, the river may be classified as a spring type

The Evrotas River Basin: 10 Years of Ecological Monitoring 287



(after the classification of Malikopoulos, in [23]); autumn and winter rainfalls are

initially held within the extensive karstic aquifers of the basin, which after reaching

their maximum capacity in March (when snow melts) they supply the river with

maximum amounts of water. Minimum discharge is observed in October although

autumn rainfalls start to express, since karstic and alluvial aquifers need first to be

filled up. During summer/autumn months, the Evrotas main course dries out even at

reaches where discharge gauging stations exist; at Vrontamas, prior to entering the

homonymous gorge, the river has started to desiccate since 1990, when a severe

drought wave affected Europe (end of the 1980s to beginning of the 1990s), and has

been becoming dry in subsequent years. During the aforementioned drought period,

the river desiccated even at reaches fed by substantial karstic inputs (e.g. Vivari).

Despite the high karstic inputs, which generally smooth discharge variations, the

Evrotas River is prone to floods. The long-term (1974–2015) ratio between the

monthly maximum and minimum discharge at Vrontamas is 21.8, which is one of

the highest among the major Balkan rivers [24]. This ratio is, however, affected by

two factors; maximum flows may have not been monitored due to technical

restrictions, and minimum flows are triggered by water abstractions. Along the

Evrotas main course, floods cause erosion of riverbanks and riparian areas and

inundation of the lowlands around the river outflow. The areas at the feet of

Taygetos Mt. around Sparta are also prone to floods. These floods are triggered

by high slopes and increased sediment transport of the Taygetos Mt. tributaries

[25]. The most recent catastrophic floods occurred in 1993–1994, 1999, 2000,

2005–2006 and 2016.
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3 Ecological Features of the Evrotas River Basin

The ERB is considered a biodiversity hotspot in Greece [26–28], hosting high

species richness in several taxonomic groups and habitat types, including many

range-restricted and locally endemic plants, invertebrates and vertebrates and

globally threatened species [8]. Parts of the wider Evrotas basin, particularly the

Taygetos and Parnonas ranges, their rocky gorges and the dry southern parts of the

Evrotas valley are known as one of two main endemism hotspot areas for an

outstanding proportion of range-restricted plant species in the Peloponnese

[12]. The high proportion of plant endemism is attributed to the relative isolation

of the southern Peloponnese from the Balkan mainland, its southern position as a

biogeographical refuge for many, so-called tertiary species that survived the Qua-

ternary Ice Age, and a uniquely rich topography and habitat diversification

[7]. There is high endemism of fish species in the southern Peloponnese, and

although the vertebrate species richness is poor, their assemblage is unique in the

Ionian freshwater ecoregion [29, 30].

3.1 Riparian and Aquatic Flora and Water-Dependent
Vegetation

Historical records indicate that rich riparian forests were once thriving throughout

the Evrotas watercourse. These forests, however, are nowadays restricted to specific

patches concentrated mainly at the upper parts of the basin, but, still, the ERB hosts

the most extensive and best-conserved lowland riparian forests of the Peloponnese.

Many upland landscapes are still genuinely intact cultural landscapes with richly

varied vegetation patterns [5]. The upstream riparian patches are dominated by

oriental planes (Platanus orientalis), while at the mid-course, planes are often

mixed with white willows (Salix alba), and within the Vrontamas Gorge, a variety

of woody trees and shrubs create interesting riparian assemblages [10]. Small

intermittent tributaries in the lowlands are mostly shrub dominated by Nerium
oleander and Vitex agnus-castus; near the coast, Tamarix spp. are abundant, and

extensive thickets of the giant reed cane Arundo donax are widespread. Other

riparian vegetation patches in perennially flowing upland sections include alder

woods (Alnus glutinosa), a locally scarce woodland community.

Due to the relatively smooth slopes of the main stem of the ERB, the river

additionally hosts an interesting portion of hygrophilous taxa (Potamogeton spp.)

and helophytes (Nasturtium officinale, Lycopus europaeus, Mentha aquatica,
Typha domingensis, Phragmites australis) [31].

The Evrotas Delta, one of the Peloponnese peninsula’s most important and

extensive wetland habitats, was in former times a huge wetland basin, with exten-

sive lagoons, multiple river tributaries and an array of permanent and temporary

wetland habitat types, including a unique beach dune system [8]. During the 1950s,
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reclamation works began to drastically change the landscape. This resulted in the

straightening and embanking of the Evrotas main stem and its spring-fed tributary,

the Vasilopotamos. Nearly all the surrounding land was replaced by agriculture. For

some time, rice fields, abandoned today, prevailed. Currently, olive groves and

citrus orchards dominate the croplands, with several clusters of greenhouses. Only

the thin coastal saline zone has been preserved to some degree; the abandoned rice

fields, the extensive Asteri marshland and the Vivari lagoon sustain an important

wetland hotspot, which is one of the largest remnant patches in the

Peloponnese [32].

3.2 Stream Invertebrate Fauna

Taxa lists for many aquatic invertebrates have been poorly compiled for the ERB;

knowledge at the species level is limited, even for taxonomic groups with high

endemicity, such as freshwater gastropods [33]. The ERB shows some interesting

faunal distinctions, including the presence of a unique gastropod species Melanopsis
praemorsa, which in the Greek mainland has been recorded only in the Evrotas River

[34]. A total of 96 benthic macroinvertebrate families have been found along the river

basin, reflecting the diverse aquatic invertebrate fauna [35, 36].

Higher species richness occurs in the upper parts of the basin, with high

abundance of Plecoptera, dominance of specific Ephemeroptera and Diptera species

in the mid-reaches and, again, increased diversity (but not equal to the upper

reaches and with different dominating classes) in the most downstream part of the

ERB (Evrotas River delta). It must be noted that high abundance of Plecoptera and

Trichoptera has been recorded mainly at the uppermost parts of the basin (Fig. 5).

Fig. 5 Benthic macroinvertebrate distribution along the Evrotas basin during spring (left) and
summer (right). Only major orders (>1%) are illustrated
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During summer, diversity is reduced, and the abundance of Gastropoda,

Heteroptera and Oligochaeta is increased at the most downstream parts of the

river. However, a similar distribution pattern is observed, with Plecoptera thriving

at the upper parts, being replaced by Ephemeroptera and Diptera at the mid-reaches.

Overall, throughout the basin, the most dominant benthic macroinvertebrate

families (in terms of total species richness) are the Baetidae and Chironomidae,

followed by Gammaridae and Ephemerellidae. Reaches with good ecological

status, which are mainly located at the upper parts of the ERB, are mainly

represented by species of the Baetidae, Chironomidae, Simuliidae, Ephemerellidae,

Heptageniidae, Taeniopterygidae, Leuctridae, Perlodidae and Hydropsychidae

families. Species of the Chironomidae, Baetidae, Simuliidae and Ephemerellidae

families dominate in sites with moderate ecological status, which are replaced with

species of the Ceratopogonidae, Simuliidae, Tabanidae and Erpobdellidae families

in more polluted sites [35].

The basin accommodates many macroinvertebrate cosmopolitan species but also

many Balkan or Greek endemics, such as the caddisflies Hydropsyche peristerica
[37], Rhyacophila loxias [38] and Tinodes alepochori, the mayflies Ecdyonurus
moreae and Ecdyonurus graecus and the stoneflies Brachyptera graeca and

Protonemura intricata taygetiana, while very recently new gammarid species

have been discovered [39]. Apart from the three aforementioned caddisfly species,

other common species in the basin are Rhyacophila palmeni, Oxyethira falcata,
Philopotamus montanus, Wormaldia subnigra, Polycentropus excisus, Tinodes
braueri, Halesus digitatus and Micropterna caesareica. Regarding mayflies, the

most commonly occurring species are Baetis rhodani, Centroptilum luteolum,
Caenis sp., Ecdyonurus graecus, Serratella ignita, Rhithrogena diaphana,
Rhithrogena semicolorata and Habrophlebia fusca (Fig. 6).

Regarding damselflies, the most commonly abundant species in the basin are

Calopteryx virgo, Platycnemis pennipes and Ischnura pumilio, while Anax impe-
rator, Onychogomphus forcipatus forcipatus, Crocothemis erythraea and Trithemis
annulata are among the most common dragonflies (Fig. 6). The Plecoptera fauna is

mostly represented by Brachyptera graeca, Amphinemura quadrangularis,
Nemoura flavispana, Leuctra hippopus, Isoperla tripartita tripartita, Eoperla
ochracea and Perla marginata [40].

True flies (Diptera) are especially abundant and widely distributed in the basin

(Fig. 6), particularly the Chironomidae family, which is very well represented with

43 taxa belonging to five subfamilies (Chironominae, Diamesinae, Orthocladiinae,

Prodiamesinae and Tanypodinae). Brillia bifida is the most abundant and common

species (in terms of the number of sites which it was found) followed by

Polypedilum convictum type, Chironomus plumosus type, Conchapelopia sp.,

Orthocladius type S, Cricotopus bicinctus and Rheocricotopus chalybeatus [41].
Despite the natural and anthropogenically induced drought, the benthic fauna is

well adapted to the intermittent character of the river. Differences in species

richness variation and macroinvertebrate assemblages between perennial and inter-

mittent streams that are not affected by pollution are not significant [21]. However,

the combined effects of drought and pollution exert greater impacts on water
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quality and consequently on macroinvertebrate species; several studies carried out

in the ERB have shown that intermittent stream tributaries affected by organic

pollution do not recover successfully as perennial ones do, after polluting episodes

and the self-purification capacity of intermittent rivers is significantly interrupted [36].

Fig. 6 The Evrotas benthic fauna. From top left to bottom right: Ephemera lineata, Perla
marginata, Habroleptoides sp., Hydropsyche peristerica, Perla marginata, Rhyacophila loxias,
Notonecta maculata, Orthetrum brunneum, Crocothemis erythraea, Hydropsyche peristerica,
Gammarus sp.
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3.3 Fish Fauna

Various hypotheses have been proposed to explain the origin and diversity of

endemic freshwater fish in Greece and the Balkan Peninsula in general (for details

see [42–44]). Due to the presence of mountainous barriers and deep seas, which

were not drained during marine regressions, the southern Greek ichthyofauna

includes the most ancient freshwater endemics [29]. This is particularly the case

for the ERB, which represents one of the most isolated parts of the Greek peninsula

[24]. The river is included in the Ionian ecoregion, having however the most

distinctive ichthyofaunal composition in this ecoregion [30, 45]. The river’s ich-
thyofauna comprises ten species, including three of widespread marine origin

(restricted only to the lowest most parts of the delta). Compared to other major

Ionian ecoregion rivers, it is a species depauperate assemblage. The Evrotas River

harbours three unique and range-restricted endemic species of high conservation

value listed in IUCN [46], i.e. the Evrotas chub Squalius keadicus [47] classified as
‘Endangered’, exclusively restricted to the Evrotas River and hydrologically

connected to the Vasilopotamos River (a spring-fed distributary in the Evrotas

Delta plain); the Spartan minnow roach Tropidophoxinellus spartiaticus classified
as ‘Vulnerable’ and endemic to the southern Peloponnese Peninsula; and the

Laconian minnow Pelasgus laconicus [48] classified as ‘Critically Endangered’,
endemic to the Evrotas and upper Alfeios River.

The Evrotas chub (Fig. 7) represents a relic cyprinid species, with remarkable

interest for its evolutionary history. In fact, in molecular reconstructions of the

Fig. 7 From top left: Peloponnesian endemics – Evrotas chub (Squalius keadicus), Spartan
minnow roach (Tropidophoxinellus spartiaticus) and Evrotas minnow (Pelasgus laconicus) –

and Mediterranean endemic, freshwater blenny (Salaria fluviatilis)
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phylogeny of leuciscin cyprinids, the Evrotas chub holds one of the two basal

branches in the phylogenetic tree. According to Tsigenopoulos and Karakousis

[49], the genetic divergence of the Evrotas chub started in the late Miocene,

5.5 million years ago (mya); however, another view maintains that the divergence

started 10.6 mya and coincided with the splitting up of the Aegean Arc [50, 51]. In

addition, Perea et al. [52] highlighted the importance for leuciscins of the opening

of Aegean Sea (Late Serravallian, 12 mya; Tortonian, 10/9 mya), which resulted in

the diversification of some Greek and Anatolian leuciscins. Whatever the case, the

Evrotas chub is one of the most ancient European cyprinid species, included in

phylogenetic comparisons attempting to elucidate the evolutionary history and

taxonomic relations of European cyprinids (e.g. [52]). Its present-day distribution

is restricted to Laconia (Evrotas and Vasilopotamos Rivers). However, there is

evidence from genetic studies that the historic range of this species was wider and

included rivers of the southwestern Peloponnese from which it was extirpated by

introgression with new Squalius spp. invaders [52, 53].
The Spartan minnow roach (Fig. 7) belongs to the Greek endemic Tropido-

phoxinellus sp., endemic to the Ionian region [29]. Its distribution is confined to the

southern Peloponnese (Evrotas, Vasilopotamos, Pamissos, Peristeras and Neda

Rivers). Its sister species, T. hellenicus, inhabits the Acheloos River in Western

Greece and the Pinios River in the Peloponnese. Both species are characterised as

fluviolacustrine. It is very likely that the ancestral habitats of the Spartan minnow

roach included lacustrine environments, since there is geological evidence that a

large lake existed in the middle and lower parts of the Evrotas River in Pliocene

times.

Finally, the Laconian minnow (Fig. 7) belongs to the genus Pelasgus, endemic to

the Balkans. They were earlier placed as Pseudophoxinus, which includes numer-

ous species in Asia Minor, Levant, Algeria and Tunisia [54]. Currently, there

are seven described species in this genus (P. epiroticus (possibly extinct),

P. thesproticus, P. marathonicus, P. stymphalicus, P. minutus and P. laconicus).
The Laconian minnow inhabits the Evrotas River and the Vasilopotamos River and

has also been found in the springs of Kato Assea (Alfeios River). The rest of the

Alfeios River is inhabited by the related species P. stymphalicus. Interestingly,
ancient writers mention that the Kato Assea springs of the Alfeios R. and the

Skortsinou springs of the Evrotas River were hydrologically connected through

surface flow. This past connection of the two spring areas may explain the common

occurrence of the Laconian minnow in the Evrotas River and the upper portion of

the Alfeios River; however the two spring areas are now far apart and separated by

mountain barriers.

The native fish fauna of the Evrotas River also includes the European eel

(Anguilla anguilla) and the peri-Mediterranean river blenny (Salaria fluviatilis).
In addition, two nonindigenous species have also been recorded in the basin, the

eastern mosquitofish (Gambusia holbrooki) which has been successfully

established in the lower part of the river and the rainbow trout (Oncorhynchus
mykiss) which was intentionally released for recreational angling in some upper
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river reaches and has also escaped from aquaculture facilities, however, without

establishing a viable population into the river.

Considerable amounts of useful information on the ecology and biology of the

river’s ichthyofauna are provided mainly from empirical observations, ad hoc

research efforts and recent research projects [13, 21]. Table 1 presents the distri-

bution and provenance of the Evrotas fish fauna and summarises some ecological

and life history traits.

The Evrotas chub was reported to prefer habitats with slow flow like most

Squalius. However, Barbieri et al. [55] and Skoulikidis et al. [21, 28] reported

that it is a highly energetic and strongly rheophilic species. Recently, Vardakas

et al. [56] investigated the early summer habitat use of all three endemic fish species

of the Evrotas River and identified the Evrotas chub, which could be characterised

as a habitat generalist, since it occupied both slow- and faster-flowing microhabi-

tats. However, data on seasonal habitat use are required, especially during the

spawning period (April–May), as a shift to higher velocity areas has been observed

in other Mediterranean chub species in spring [57, 58]. The Evrotas chub can reach

a maximum size of 25 cm in total length over 5 years. Both, females and males

mature at the second year (at about 10 cm SL), and the breeding season takes place

in mid-spring (second half of April and beginning of May). The species produces

adhesive yellowish eggs, about 2 mm in diameter, from which unpigmented

embryos, about 5.1 mm TL, hatch out [55]. The diet of the Evrotas chub consists

mainly of insects and various invertebrates; however, small fish cannot yet be

excluded.

The Spartan minnow roach is a less rheophilic species than the chub, showing a

marked preference for waters with slow flow [56]. It is a strongly phytophilic

species that depends on vegetation for reproduction, foraging and protection from

natural enemies. It is often found in pools and backwaters, hidden among aquatic

plants. It reaches about 15 cm in total length. Age of maturation is suspected to be at

their second year for males and females, and it breeds in April and May. Their diet

includes insect larvae, invertebrates, molluscs and algae [59].

The Laconian minnow is a stagnophilous (living in marshes) or limnophilous

(i.e. springs, lakes, ponds) species, showing little mobility and preferring protected

sites in rivers, often with stagnant waters or sluggish flow [56]. This species pre-

sents life history traits such as small body size, short life span, rapid growth rate,

high fecundity, early maturation and protracted spawning season, which confer a

survival advantage in low volumes of water and generally under harsh environ-

mental conditions. The presence of aquatic vegetation is an important habitat

requirement for this species. During the reproductive period, it lays down adhesive

eggs on aquatic plants. Its food consists of algae and a great variety of small

organisms [59].

Past ichthyological research indicated that all native fish species were widely

distributed along the entire Evrotas River and its tributaries. However, in the 1980s

there was evidence of contraction of the species’ ranges and indication that some

species were under threat.Α severe and prolonged drought between 1989 and 1992,

combined with extensive water abstraction for irrigation, caused almost the
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complete desiccation of the river and its tributaries. Fish populations were

completely extirpated from most of the basin, and only remnant populations

remained in few undesiccated sections. However, few years later fish populations

managed to become re-established in the river main stem but not at the majority of

tributaries [59]. Nowadays, fish assemblages assort at the longitudinal axis of the

Evrotas main stem, characterised by a decrease of the Evrotas chub and an increase

of the Spartan minnow roach, while the Laconian minnow displays a patchy

distribution [60].

3.4 Phytobenthos

Around 100 diatom species have been identified in the Evrotas River, most of them

in low abundances. Along the river, the ubiquitous species Achnanthidium
minutissimum present the highest abundance, and together with other species of

the genus (A. affinis and A. pyrenaicum) constitute up to 90% of the assemblage in

the northern parts of the river. In the south, Achnanthidium spp. present lower

relative abundances, coexisting with species of the genus Cocconeis, Encyonema
and Encyonopsis. Around the city of Sparta and its wastewater treatment plant, in

the summer, more pollution-tolerant, saprophytic species dominate, such as

A. saprophylum, Nitzschia palea and Navicula spp.

The seasonality that exists in the Evrotas River influences both the structure and

composition of the diatom assemblages. During spring, the higher flow favours a

few species that dominate the assemblage, especially A. minutissimum, a species

usually dominating in well-mixed, high-quality waters. On the other hand, during

summer, the lower flow allows more species to coexist, increasing evenness in the

assemblage. This does not necessarily lead to quality degradation, except in the

case of sites near Sparta, where an increase in phosphate concentration, possibly

due to increased retention of sewage discharge, favours species with higher nutrient

requirements. Overall, the water quality in the Evrotas River can be characterised as

high to good, based on benthic diatoms.

3.5 Reptiles and Amphibians

While the river delta hosts a diverse and abundant reptile and amphibian fauna,

specific amphibian populations, including the toads Bufo bufo and Pseudepidalea
viridis and the frogsHyla arborea, Pelophylax kurtmuelleri and Rana graeca, Rana
dalmatina, are scattered throughout the ERB. In addition, water snakes (Natrix
tessellata), various colubrid snakes and even the sand boa (Eryx jaculus) are often
seen at the river floodplain and in dried river beds. Tortoises (Testudo hermanni and
T. marginata) and terrapins are quite common, including the widespread Caspian

striped-necked terrapinMauremys rivulata, and the less common Emys orbicularis,
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which inhabit the river channels and canals. The Evrotas Delta beaches are impor-

tant nesting areas for loggerhead turtles (Caretta caretta). Many wholly terrestrial

reptiles often find food and shelter near the river as well as in the riparian areas.

These include the Greek rock lizard Lacerta graeca, endemic of the Peloponnese,

while the limbless skink Ophiomorus punctatissimus, which has a very limited

distribution range, has also been recorded in the ERB [61]. This rich reptile fauna

benefits by the low-intensity livestock grazing, the small-scale farming and the

remarkable habitat variety along the river valley and its tributaries. Land use

changes such as intensive agriculture, agrochemical, housing developments and a

denser road network may impact the populations.

3.6 Birds and Mammals

Studies of birds have primarily concentrated on the Evrotas Delta, a well-known

Important Bird Area [62], serving as a significant wintering and staging area for

migratory birds [8]. Although the river valley with its narrow floodplain marshes

and riparian woodlands does have some documented interest for a variety of bird

species, the delta is outstanding since it holds extensive wet grasslands, reed

swamps, brackish marshes, lagoons, beach dunes and river mouth habitats. These

habitats are rare in the surrounding areas, and waterfowl, waders, fish-eating birds

and birds of prey, many of which are now threatened in Greece, have been recorded

(target species for the conservation of the site include Plegadis falcinellus, Falco
naumanni, Aquila clanga, Ixobrychus minutus and others) [62]. Patterns of bird

movement, breeding bird communities and the needs of certain scarce species have

been poorly studied in the ERB as a whole.

Mammal assemblages are species poor in this part of the Peloponnese, but these

have also been inadequately studied. The water shrew Neomys anomalus, the bat

Pipistrellus pipistrellus and the golden jackal Canis aureus, recorded in the ERB,

are mentioned in the Greek Red Data Book as ‘Insufficiently Known’, ‘Endan-
gered’ and ‘Vulnerable’, respectively [63]. The populations of golden jackal have

plummeted during the last few decades in the southern Peloponnese [64]. A variety

of small mammals use the riparian areas of the Evrotas and its tributaries, including

widespread and abundant species such as beech martenMartes foina, badgerMeles
meles and, least, the weasel Mustela nivalis galinthias. The populations of the

European otter Lutra lutra are especially important in the Evrotas Delta [65]; the

species is found along the entire main stem of the river, especially where fish

survive. It is interesting to note that the survival of otters during prolonged drought

may depend on spring-fed pools and habitat refuges such as in gorges and extensive

riparian thickets, since large areas of the basin are nearly totally desiccated during

these times.
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4 Anthropogenic and Climate Change Pressures

and Impacts

4.1 Hydrological Alteration

Until the mid-twentieth century, the economy of the ERB was characterised by

slow growth rate. Most of the agricultural land was not irrigated, and the extraction

of substantial surface and subsurface water resources was maintained in low levels

[3, 17]. As indicated in [21], land reclamation and irrigation works helped to expand

the production and variety of irrigated cultivations, particularly the promotion of

citrus plantations after World War II. Up until the 1950s, the greatest part of the

Evrotas watercourse maintained near-natural hydromorphological features and

sustained surface water throughout the year, which is also supported by the former

existence of fish in many of the Evrotas’ tributaries [20, 59]. However, during the

period between the 1950s and 1990s, large-scale irrigation, river engineering and

drainage projects were carried out, targeted at flood retention, control of diseases

and irrigation of agricultural land. In the last three decades, the ERB has evidenced

rapid hydromorphological alterations as irrigated cultivations expanded towards

natural and seminatural land including riparian areas, while natural vegetation

along the riparian zones has been dramatically altered while, more recently, the

irrigation network expanded to olive groves [9, 66]. This surface and groundwater

over-exploitation (Fig. 8), especially during the dry years, affected the basin’s
hydrological regime and resulted in the lowering of groundwater tables [28]. During

extreme drought periods, such as between 1989 and 1993 and 2007 and 2008,

increased water requirements for irrigation resulted in the depletion of groundwater

aquifers and, consequently, in the desiccation of extensive parts of the river

network. These practices resulted in an artificial desiccation of the river network

during the summer periods and significant morphological degradation of the river

system, limiting water and habitat availability and severely affecting the aquatic

and riparian biota. The increase of pollution effects during drought years is also

evident [24, 67, 68].

Quantification of the effects of agricultural water exploitation on the Evrotas

flow regime was applied by Skoulikidis et al. [21]. In this study, the water balance at

the ERB was estimated, according to the current water uses, and the current water

uses excluding the water used for irrigation of olive groves. The decision to adopt

this approach was based largely on the fact that irrigation of olive trees has only

recently been introduced into the basin. The results of the monthly water budget

analysis indicated that at the end of the hydrologic period the remaining water

resources in the catchment were less than 2.9 m3/s. Considering that the total

irrigation requirements prior to the irrigation of olive groves (77% of the ERB’s
agricultural land) were 30% of the current uses, the discharge at the river outflow

during the dry period was estimated at 9.4 m3/s, which is over 3 times higher than

the current one. Figure 9 reveals that the water quantity used for olive grove

irrigation alone would be enough to maintain river flow during the dry season.
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According to meteorological data, every 7–8 years, the ERB has been affected

by severe droughts that reached a peak during the end of 1980s to the beginning of

1990s. Other severe droughts took place in 1977, between the years 1983 and 1986,

in 2004 and finally between 2006 and 2008, while 2007 had extremely low rainfall

and snow cover was also limited [21].

Within the last 35 years, a long-term decrease of both rainfall and discharge is

evident in the ERB. However, a 10.5% long-term (1974–2008) rainfall decrease

was accompanied by a 51.2% diminishing of river discharge for the same time

period (Fig. 10), and the estimated rainfall elasticity to stream flow, calculated for

Fig. 8 Water abstraction for irrigation at the lower parts of the river. Eutrophication is also

evident
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the same period, was very low compared to other catchments elsewhere in the world

[21]. The decrease of discharge is the highest among 15 major Balkan rivers

[24]. These results highlight the impact of water abstractions on the river’s hydro-
logical regime.

Extreme drought events strongly disturb the flow regime throughout most of the

river, as was documented in 2007. During April 2007, there was flow in most of the

river network. By the end of September to mid-October, water had vanished from

almost all tributaries and most segments along the main river course were
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Fig. 10 Long-term (1974–2008) variation of average rainfall and discharge at Vrontamas. Bold
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Fig. 9 Monthly discharge variation during the irrigation period of the Evrotas River at Vrontamas

for two different water abstraction states: (a) measured average river discharge for the period

1998–2000 and (b) hypothetical river discharge without the intense irrigation scheme conditions

(source: [21])
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completely desiccated (Fig. 11). Only some spring-fed river reaches (comprising

20% of the main river’s length) and a small number of headwater tributaries

retained surface water. The hydrological condition of the river during summer

and autumn 2008 was quite similar to that of summer/autumn 2007. With

progressing desiccation, isolated remaining pools of various sizes were formed in

several main reaches and tributary sections. A number of pools dried out

completely resulting to (the) massive fishkills. Some of the largest pools persisted

throughout the summer, providing shelter for fish and other aquatic organisms.

However, pool depth and surface area decreased constantly, resulting in severe

crowding of fish populations.

Historical records of fish occurrence and interviews with local people indicate

that in the past, all fish species were widely distributed throughout the entire river

and its tributaries. Due to human interventions (mainly severe water abstraction but

also pollution and morphological alterations), fish populations are constantly

declining. This is especially true in the tributaries of the Evrotas River, where

summer drying is now a seasonally predictable event and most fish populations are

permanently extinct.

The macroinvertebrate fauna of the Evrotas shows high resilience to drought, as

many species recover successfully when flow returns [21]. In fact, post-drought

macroinvertebrate community was relatively similar to the pre-drought one

(approx. 70% similarity), and minimum differences in assemblages were mostly

attributed to seasonality. The community structure of intermittent streams was

similar to that of permanent streams, and no marked differences were observed

Fig. 11 The active hydrographic network during the wet (spring 2007), dry (August 2007) and

end of the dry season (summer 2007)
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between macroinvertebrate assemblages. Although temporal features may decrease

or even eliminate species richness, as well as species size, summer drying does not

seem to affect the recolonisation potential of the Evrotas benthic fauna [21].

However, since historical data are lacking, it cannot be excluded that repeated

and prolonged droughts during the past years have already changed

macroinvertebrate communities towards species more resistant to droughts.

4.2 Point Source and Diffuse Pollution

Point source pollution in the ERB comes primarily from municipal and industrial

wastewaters. Almost 63,000 inhabitants from 95 municipal districts, including

Sparta, the capital city of the Laconia Prefecture, are recorded in the basin area.

The ERB has only one wastewater treatment plant (WWTP) in the city of Sparta,

serving the local population. The chemical properties of theWWTP’s areBOD5¼ 6–

14 mg/L, COD ¼ 12–43 mg/L, N-NH3
+ ¼ 1.5–1.8 mg/L, Ν-NO3

� ¼ 1.4–4.3 mg/L

and total P ¼ 2.6–4.2 mg/L [69]. All settlements outside the city are served by

private permeable and impermeable cesspools. Domestic wastewater from perme-

able cesspools gradually infiltrate to the groundwater aquifers, while those from

impermeable cesspools are often discharged illegally into the river, often resulting in

severe eutrophication at the downstream parts of the river course (Fig. 12). Industrial

pollution comes from two fruit juice production companies, a meat-processing

factory, almost 60 olive mills, specific large livestock breeding units and olive

Fig. 12 Eutrophication downstream of Sparta near Skoura village
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treatment-standardisation units. In addition, oil core plants and cheese manufactur-

ing units operate in the basin.

The chemical properties of olive mill wastewaters (OMW) have been well

documented, having very low pH and being extremely rich in nitrogen, phosphorus

and phenolic compounds, which are toxic to aquatic organisms [70–72]. The

operation of olive mills is seasonal and usually lasts between 3 and 5 months

(November–March) where large amounts of OMW are annually produced.

In 1998, the annual amount of BOD5, COD and total phenols from OMW in the

river basin was estimated at 4,430 tons, 9,080 tons and 1,040 tons, respectively

[73]. Although supposedly olive mills deposit their wastewater into the basin’s
streams and rivers after specific treatment, unprocessed OMW is being discharged

regularly throughout the river basin. In addition, effluents from the juice production

unit are occasionally discharged in the basin without any treatment.

Recently, the effects of OMW on the stream macro-invertebrates, water quality

and river ecological status were thoroughly and systematically studied in the

Evrotas River Basin [35, 36, 71]. The results of these studies revealed the spatial

and temporal structural deterioration of the aquatic community due to OMW

discharge with consequent reduction of the river capacity for reducing the effects

of polluting substances through internal mechanisms of self-purification. OMW,

even highly diluted, had significant impacts on the aquatic fauna and the ecological

status of the Evrotas River. The vast majority of macroinvertebrate taxa were

eliminated, and only a few tolerant Diptera species (i.e. Chironomidae, Simuliidae,

Syrphidae) survived with very limited abundances (1–4 individuals/1.25 m2).

Macroinvertebrate assemblages downstream the OMW outlets were dominated by

Diptera species, whereas Ephemeroptera, Plecoptera and Trichoptera (EPT), which

are pollution intolerant, were almost depleted during and after the OMW discharge

period (Fig. 13).

The ecological status of mountainous sites upstream of olive mills varied from

good to high during all months, while minimal variations among and within sites

were mainly attributed to seasonality. In contrast, sites downstream of olive mills

varied between good and high, before the wastewater discharge period, to moderate

and bad during the discharge period. Sites with relatively high slope, altitude and

oxygen, presented moderate ecological status due to the high self-purification

capacity, whereas sites located in lowlands were classified from moderate to

bad [36].

Similar results were also observed with orange juice processing wastewaters

(OJPW). Ecological quality monitoring and assessment carried out in these two

streams revealed significant loss of the benthic fauna, since during almost every

month of monitoring, only a few individuals of the dipteran families of

Chironomidae and Simuliidae were found [35]. Diffuse pollution in the ERB

includes surface runoff from the urban and industrial areas and the basin’s road

network, runoff from livestock breeding activities and from fertilisers/pesticides

used in agriculture. It has been estimated that 24,641 tons of nitrogen and 9,771 tons

of phosphorous are used in the basin (from agriculture, livestock, wet and dry

deposition, domestic wastewater and various point sources) [13].
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4.3 Forest Fires

Forest fires are usual phenomenon in the ERB due to the semiarid environment,

resulting in extended periods of water scarcity, mainly during the summer months.

While forest fires are usually restricted, in August 2007, 216 km2 of forested areas,

pastures and olive groves were incinerated, provoking large floods during autumn,

in which huge quantities of sediment were transferred downstream. Cropland was

reduced by 4.5%, and forests were reduced by 11.8% during these fires.

Research carried out after the catastrophic event showed that the wild fires

altered the soil’s hydrological and geochemical properties rendering the soil surface

more susceptible to erosion. Initial flood events enhanced runoff and erosion rates

in burned terrains, causing elevated sediment and dissolved and particulate phos-

phorus yields. While dissolved phosphorus concentrations where over 20 times

enriched against previous levels, particulate phosphorus represented 99% of the

burned hillslope phosphorus yield, and up to 20% of total particulate phosphorus in

burned sediment was shown to be potentially bioavailable [74].

Overall, taxa richness and total abundance were lower in burned than in refer-

ence streams [75]. Specific taxa responded differently to the effects of fire. For

example, densities of disturbance-adapted forms (e.g. Chironomidae, Baetis spp.)
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increased after the fire, while many other taxa showed the opposite response.

Adverse effects of wildfire on the biotic community were largely the result of

physical changes in habitat due to increased runoff and suspended matter and

clogging of river sediment pore space by ash and, possibly, to an over tenfold

increase of ammonium shortly after the fire compared to pre- and postfire periods

[75]. The ecological status of the sites prior to the wildfire was classified as high,

whereas after the wildfire the status declined to moderate.

5 Hydrogeochemistry, Pollution and Biogeochemical

Processes

5.1 Major Ions, Physicochemical Parameters and Nutrients

The vast majority of the Evrotas hydrographical network belongs to the most

representative hydrochemical river type found in Greece (Ca > Mg > Na > K–

HCO3> SO4> Cl; [76]), mainly resulting from the dissolution of carbonate rocks.

Situated within the southern part of geographical zone No. 3, the ERB presents an

example of the influence of dry climatic conditions on river hydrochemistry; in

contrast to the rivers located at the northern part of this zone, the Evrotas River is

characterised as very hard (median total hardness 307 mg/L CaCO3) and highly

mineralised (median total dissolved ion concentration 491 mg/L). As expected,

maximum solute concentration occurs during the dry period as a result of the

(1) low dilution capacity of the river water due to the lack of rainfalls, (2) increased

evapotranspiration and (3) contribution of alluvial aquifers, with higher solute

concentrations than the river. Due to the substantial karstic spring inputs, higher

hydrogen carbonate concentrations along the Evrotas main stem were found

upstream, at the midway and near the estuary. On the contrary, sodium revealed a

downstream increase as a result of (1) soil salinisation processes (due to irrigation

of agricultural land) (Fig. 14), (2) impacts of olive mill wastewater discharge which

are rich in salts [36], (3) salinisation of coastal aquifers and (4) transport of sea salt

aerosol.

In general, the Evrotas River presents satisfactory oxygenation conditions

[21]. However, the illegal discharge of domestic wastewaters, as well as the

malfunction of the WWTP in Sparta, may result to anoxic conditions. In fact,

automatic monitoring revealed recurrent zero drops of dissolved oxygen lasting

for several consecutive days during the summer months of 2009 downstream of the

WWTP (Fig. 15) [77]. Anoxic conditions are accompanied by low pH levels

suggesting increased respiration of organic matter. In addition, eutrophication is a

common phenomenon in summer especially downstream of Sparta (Fig. 12). In the

vast majority of the examined area, the molar ratio between nitrogen and phospho-

rus is by far more than 16 (mean: 67), thus indicating phosphorus-limited
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photosynthesis. Hence, to control eutrophication, management plans should focus

on phosphorus reduction [28].

Phosphorus levels in the Evrotas River are considered low (mean P-PO4: 16 μg/L,
mean TP: 40 μg/L), assessed as 5 times lower than the European average (78.8 μg/L,
according to http://www.eea.europa.eu/soer-2015/countries-comparison/freshwater,

accessed March 2016). Low phosphorus concentrations have also been reported for

other Greek carbonate basins located in zone No. 3, probably due to adsorption

mechanisms on carbonate material [24, 78]. Nitrate concentration has been positively

correlated with the percentage of agricultural land in the respective subbasins

(Fig. 16), suggesting the presence of nitrogen fertilisers. However, the mean nitrate

concentration in the ERB (0.55 mg/L N-NO3) was found to be 4 times lower than the

mean nitrate concentration found in other European rivers (2.2 mg/L N-NO3,

according to [79], data 2010).

Riverine biogeochemical processes intensify due to the increasing impact of

point source pollution, such as agro-industrial and domestic wastewaters and

WWTP effluents, as well as due to the diminishing water volume during summer

droughts and the initial autumn flash floods [14]. Research has shown that with

increasing desiccation, intensification of photosynthesis was apparent. This resulted

in nitrate and silicate assimilation and carbonate precipitation, even in unpolluted

river reaches. Carbonate precipitation is particularly pronounced in intermittent

reaches, where surface precipitates on riverbed pebbles and cobbles were investi-

gated [80]. As lentic conditions establish, and water temperature increases, respi-

ration processes become more dominant (Fig. 17). With increasing lentification, a

decrease of nitrate accompanied with a rise in ammonium may be attributed to

nitrate reduction [81]. A reduction of total nitrogen (TN) in isolated pools may
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result from denitrification and/or ANAMMOX (anaerobic ammonium oxidation)

[82] processes associated with benthic sediments colonised by microalgae

[83]. However, the expression of opposing processes in the same water body as a

result of differing microhabitat characteristics is not to be excluded [84]. During

complete desiccation, processes slow down due to low microbial activity [85–

87]. Upon rewetting, these areas comprise biogeochemical ‘hotspots’ and ‘hot
moments’ [88]. In Evrotas, initial floods caused a rise in nitrate (Fig. 18), nitrite,

ammonium, TN and silicate, compared to their annual averages [84]. The increase

of nitrogen species and especially nitrate and nitrite, during the flood events,

resulted in a decrease of nutrient quality (from moderate to poor for nitrate and

Fig. 15 Fluctuation of daily average dissolved oxygen (DO) and pH levels (derived from 10-min

automatic measurements) downstream of the inflow of the Sparta-WWTP effluents
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from high to moderate for ammonium) and is attributed to the release of nutrients

due to rewetting as a result of osmolysis of soil microbial biomass [89] and, shortly

after, to mineralisation and subsequent nitrification of labile organic matter accu-

mulated during the dry season in riparian soils and river bed sediments [90, 91].

Initial floods also caused substantial sediment mobilisation and flushing of

epsomite-type salts, which are very soluble [84].

5.2 Micropollutants and Priority Substances

Sediment samples collected within the GLOBAQUA research project (http://www.

globaqua-project.eu) in June 2014 (unpublished results) from four reaches distrib-

uted throughout the basin, revealed the presence of polar pesticides, halogenated

and organophosphorus flame retardants (low concentrations) and several pyre-

throids. Regarding pesticides, low concentrations were detected in the eight water

samples collected. Only triazine pesticides were detected from the mid- and upper

reaches of the river (Koliniatiko and Vivari), while diuron was also detected

(104 ng/L) in Vivari. Sediment samples from the same reaches detected concen-

trations of metolachlor, diuron, alachlor, triazines and organophosphate/carba-

mates. Metolachlor was the compound found at the highest concentrations,

ranging from 0.77 to 38.58 ng/L, with the higher concentration found downstream

of the wastewater treatment plant of Sparta. Diuron concentration ranged from 70 to

140 ng kg/L, triazine concentration ranged from 70 to 180 ng kg/L and traces of

organophosphates and carbamates from 10 to 30 ng kg/L.

Fig. 18 Nitrate variation (black line) during two succeeding initial flood events (red line repre-

sents discharge variation) that occurred on 25 and 28/29 January 2011, at the Sentenikos Reach.

Colours represent nitrate quality classes (blue high, green good, yellow moderate and orange poor
quality) according to the Greek Nutrient Classification System [76]. Dotted line represents the

mean annual N-NO3 concentration
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An older study conducted in 12 sites across 6 tributaries of the river, on a

seasonal basis from January 2007 to March 2008, revealed the presence of the

herbicides metolachlor and alachlor, the fungicides triadimenol and penconazole

and the insecticides dimethoate, monocrotophos, malathion, fenthion and carbo-

phenothion [68]. Most pesticides and the highest concentrations were detected in

November 2007 and March 2008, above the acceptable limits for potable water

(0.1 μg/L), while pesticide concentrations in stream sediments were also signifi-

cantly high. Alachlor and dimethoate were detected only in the water samples,

whereas monocrotophos and carbophenothion were detected only in the sediment

samples.

In the same study [35, 68], trace metals in stream sediments were analysed on a

seasonal basis (March 2007, November 2007 and February 2008). Trace metals

werefoundinthefollowingdecreasingorder:Ba>Cr>Zn>Ni>Cu>Pb>As>Mo.

Concentrations of barium (Ba) were above the acceptable limits (limits established

by various scientific groups and organisations, see p. 3072 in [68]). However, high

Ba levels are generally normal, also found in other parts of Greece, and thus are not

considered to be of anthropogenic origin. Furthermore, Cr and Ni concentrations

exceeded the acceptable limits. These high concentrations, however, occurred at

sites with good or high ecological status at relatively high altitudes and in forested

areas, suggesting inputs from ultramafic rocks in the region.

Analysis of other micropollutants conducted in 2015 within the framework of

the GLOBAQUA project revealed no polycyclic aromatic hydrocarbons (PAHs)

concentrations in river water samples. Total levels of PAHs in sediments were

always below 1 μg/L, with concentration values up to 70 ng/L. Similar outcomes

were observed regarding semi-volatile organochlorine compounds hexachloro-

benzene, gamma-hexacyclohexane, p,p0-dichloro-diphenyl-trichloroethane (DDT)

and related compounds (DDX). Hexachlorobenzene (HCB) and gamma-

hexachlorocyclohexane (also known as lindane) were not detected in any water

sample, and the levels of DDT and DDX were very low and never surpassed the

annual averages (AA-EQS – 25 ng/L) established in the Directive 2013/39/EU [92].

Regarding pharmaceutical compounds, 14 out of the 90 analysed compounds

were detected. The most frequently detected anti-inflammatory/analgesics were

naproxen, ketoprofen, salicylic acid, ibuprofen and diuretic hydrochlorothiazide.

Antihypertensive compounds detected were valsartan and irbesartan and the anti-

biotic azithromycin. The highest concentrations were found downstream of the

domestic wastewater treatment plant of Sparta. Pyrethroids, due to their hydropho-

bic behaviour (Kow between 4 and 7), are not usually found in water. Only

permethrin (1.0 ng/L) and tetramethrin (<2.6 ng/L) were detected at the upper

reaches of the river, at the Koliniatiko site. The same compound was detected but

not quantified in the mid-reaches of the river at the Vivari site (<0.8 ng/L). No other

pyrethroid was detected in the water samples. On the contrary, pyrethroids are more

likely to be found in sediments. Tetramethrin was found below the MLOQ (method

limit of quantitation) in sediments of Koliniatiko and WWTP sites; fenvalerate was

detected at the same sites below the MLOQ and 0.02 ng/g dw, respectively.

Permethrin, cypermethrin and deltamethrin were found in 100% of the samples,
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the two latter being the main contributors in all sediments. Total pyrethroid levels

ranged from 0.12 to 14.0 ng/g dw. Total levels ranged from 5 to 13 ng/g dw for the

Koliniatiko and WWTP sites.

5.3 The Ecological Status of the Evrotas River

The ecological status of the European Union’s fluvial ecosystems is assessed within

the requirements of the Water Framework Directive 2000/60/EC (WFD). Sampling

sites and water bodies are classified using a five-class system (high, good, moderate,

poor, bad), which combines physicochemical, hydromorphological and biological

data [93], appropriately collected to comply with the requirements of the WFD. In

Greece, the physicochemical quality is classified within the Nutrient Classification

System [76] and hydromorphological assessment within the River Habitat Survey

(RHS) method [94]. The biological quality classification is derived from the lowest

observed quality class among the four biological quality elements (BQEs): fish,

benthic macro-invertebrates, diatoms and macrophytes. The quality of each BQE is

determined independently, according to specific biotic indices [95–99].

The ecological status of the Evrotas River was assessed during 2006–2007 [28]

and 2009–2010 and has continued to be regularly assessed since 2013 within the

National WFD monitoring programme and since 2014 within the context of the

GLOBAQUA project. Physicochemical and biological data have since seasonally

been recorded, while hydromorphological assessment to quantify the degree of

hydromorphological alteration is applied once every 6 years. While the initial

evaluation of 2006–2007 and 2009–2010 included an extended monitoring network

of more than 50 sampling sites throughout the basin (Figs. 19 and 20), during the

WFD monitoring programme, seven key sampling sites were retained, allocated at

the upper parts of the river, at the mid-course and at the most downstream parts

including the river delta, in order to cost-effectively describe the gradient of

anthropogenic pressures in the ERB. To allow for compatibility and comparability

between the sampling periods, comparison is restricted to the seven sites of the

WFD monitoring programme (Figs. 21 and 22).

The ecological status assessment carried out during 2006–2007 and 2009–2010,

in more than 50 sites of the ERB (Figs. 19 and 20), showed significant degradation

in the sites around the city of Sparta, where most industrial activities occur, as well

as downstream of the city. In addition, the ecological status of many sites in semi-

mountainous areas was assessed as ‘good’ due to local point pollution sources

(e.g. olive mills) and due to hydrological disturbances, which resulted to poor or

bad biological status.

The ecological status of the seven monitoring sites of the Evrotas River for the

periods 2006–2007, 2009–2010 and 2013 (excluding the highly variable fish fauna)

is depicted in Fig. 21. The results reveal a stable, high or good ecological status for

the upstream sites (1, 2 and 3), which are less impacted by the previously mentioned

anthropogenic pressures. The status of site 4 was assessed as moderate during all
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Fig. 19 Ecological status of the Evrotas basin during the extended sampling campaign of 2006–

2007
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Fig. 20 Ecological status of the Evrotas basin during the extended sampling campaign of 2009–

2010
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studied periods, possibly reflecting the impacts of wastewater discharge from the

treatment plant of Sparta, in combination with the wastewaters from the juice

manufacturing factories in the nearby area. Site 5 shows high status variability,

ranging from poor to good (Fig. 21). This variation is mainly attributed to the water

Fig. 21 The ecological

status of the sites

investigated during the

three sampling periods

(from left to right: 2006–

2007, 2009–2010, 2013).

Status colour codes: blue
high, green good, yellow
moderate, orange poor

Fig. 22 The fish-based

biological quality of the

sites investigated during

four sampling periods (from

left to right: 2007, 2008,

2010 and 2013). Status

colour codes: blue high,
green good, yellow
moderate, orange poor,
red bad
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volume availability that dilutes wastewater loads from the WWTP, olive mills,

orange juice production units and agrochemicals. The status of the most downstream

sites was degraded from good to moderate, and as a result, in 2013, the mid- and

lower reaches of the ERB did not fulfil the requirements of the WFD 2000/60/EC.

The results assembled from the 10-year monitoring and assessment of the ERB,

suggest that, overall, the ecological status is moderate, despite the numerous

anthropogenic point and diffuse pollution sources and the seasonally severe effects

of water abstraction. A declining upstream-downstream trend is indicated, as the

human-induced pressures become intensified after the city of Sparta until the river

delta. Nevertheless, almost 50% of the watercourse failed to fulfil the demands of

the WFD, and measures are essential to reverse this situation. It must be noted that

the fish fauna, which is more sensitive to water level fluctuations in the river, was

critically impacted by the extreme drought event of 2007 in the ERB as mentioned

previously (Fig. 22). This resulted in bad status for sites 2, 5 and 6 during 2007 and

2008. In 2013, fish assemblages were recovered; however, the quality improved

only to moderate for all sites except for 2 and 3, which presented high and good

status, respectively. Thus, the integration of the fish fauna in the ecological assess-

ment indicates that in 2013, 72% of the watercourse failed to meet the requirements

of the WFD.

6 Management and Conservation: Main Actions

to Preserve and Restore the Aquatic Ecosystem

Effective river basin management should incorporate scientific information (data

from the WFDmonitoring programmes) and long-term ecological studies regarding

the ecological and chemical status of the river, as well as the opinions, interests and

possible conflicts of all stakeholders and managers, including the local communi-

ties near the basin. Specifically, the strategic objective is the integrated manage-

ment of water resources in the Evrotas River Basin that will contribute to

environmental status upgrade, social cohesion, local economic added value and

improvement in quality of life [13]. Within this optimistic vision, a strategic

management plan (SMP) was issued in 2009 [13] for the ERB within the LIFE-

EnviFriendly project, incorporating selected measures required to reach the

abovementioned generic target. In addition, measures and proposals derived from

the GLOBAQUA research project, which succeeded the LIFE-EnviFriendly pro-

ject, are included which, in turn, enhance the SMP of 2009. Overall, river basin

management for the Evrotas should focus on key thematic areas, which are briefly

summarised below:

1. Agriculture and water for irrigation

2. Reduction of the point and diffuse pollution sources
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3. Floods/droughts prevention measures

4. Biodiversity conservation and restoration of the aquatic ecosystem

6.1 Agriculture and Water for Irrigation

Land used for farming should be of high priority within a sustainable agricultural

approach. The missing organic carbon and significant trace elements must be

‘returned’ to the soil by rotating crops throughout the year, instead of monoculture

farming. Crop rotation will enable to replenish the soil with nutrients without the

use of fertilisers, while keeping the production cost low. Furthermore, by treatment

and utilisation of municipal wastes through the minimisation of landfilling and the

maximisation of recycling and composting, sufficient quantities of compost could

be produced to enrich the crop fields.

As mentioned previously, there are numerous private and municipal borehole

drillings (estimated at around 3,500) for irrigational uses scattered throughout the

basin. Irrigation withdrawals were estimated to 62 mm3 from groundwater wells

and 15 mm3 from direct abstractions from the river [100]. Water from these

drillings is pumped from the surface and groundwater network of the ERB without

any proper control by a supervising authority. In addition, it is currently very

difficult to estimate the real consumption of water; as in many private wells, there

are no records concerning well yield or well depth.

The sustainable scheme, however, would require the construction of drip irriga-

tion systems to minimise the water loss and the pricing of the irrigating water

according to the actual quantity of the water used and not according to the irrigated

area. Information systems could also be established to alarm the water users

(farmers), when water reserves are reaching minimum limits, in order to adapt

irrigational practices accordingly. Water from the domestic wastewater treatment

plant and the agro-industrial facilities is not currently reused. Water reuse, espe-

cially during the dry months, for irrigation could reduce water scarcity.

6.2 Reduction of the Diffuse and Point Pollution Sources

Regarding diffuse pollution, mainly derived from agriculture, the following mea-

sures are proposed:

1. Fertilisers should be used strictly in quantities necessary to enrich the soil and to

provide it with missing elements. Currently, the overuse of fertilisers has the

opposite effects than the ones expected by farmers, both regarding soil fertility

and economic yield.

2. Regular crop rotation is significant to maintain the structure and integrity of the

soil and improve its productivity.
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3. Organic farming is proposed, while Integrated Farming offers a complete farm

policy and systems approach to farm management. It seeks to provide efficient

and profitable production, which is economically viable and environmentally

responsible and delivers safe, wholesome and high-quality food through the

efficient management of livestock, forage, fresh produce and arable crops

while conserving and enhancing the environment. It is geared towards the

optimal and sustainable use of all farm resources such as farm, livestock, soil,

water, air, machinery, landscape and wildlife. This is achieved through the

integration of natural regulatory processes, on-farm alternatives and manage-

ment skills, to make the maximum replacement of off-farm inputs, maintain

species and landscape diversity, minimise losses and pollution, provide a safe

and wholesome food supply and sustain income [102].

4. Drainage canals management. Common reeds (Phragmites australis or Arundo
donax) and in general the vegetation growing in drainage ditches, if managed

appropriately, can reduce pollution from agricultural fields.

The most problematic point pollution sources are the wastewaters from olive

mills, orange juice production units and from the wastewater treatment plant of

Sparta. If these wastewaters are treated appropriately, organic pollution and eutro-

phication will be significantly reduced. The most appropriate and effective measure

will be the prohibition of direct wastewater discharge into the receiving water-

courses. Nevertheless, alternative management methods have been proposed, and

some are already applied: (1) OMW disposal in evaporation ponds/tanks and use

during summer for the irrigation of corn fields and for compost production, (2) by

underground disposal of OMW and phytoremediation with poplar trees and (3) in

the orange juice production unit, by installing an electrocoagulation unit for the

improvement of the wastewater effluent.

6.3 Floods/Droughts Prevention Measures

Significant flood and drought events have occurred historically in the basin, and,

therefore, the Prefecture of Laconia has already prepared a Management (Master)

Plan [25] for flood protection of the area. The plan has delineated and prioritised the

flood-prone areas and suggested a number of sustainable measures that take under

consideration mitigation measures for droughts. Some measures to promote resto-

ration of the active river channel and the riparian area could be planned in order to

provide synergies between flood protection and biodiversity conservation (e.g. in

the river delta).
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6.4 Biodiversity Conservation and Restoration of the Aquatic
Ecosystem

The protection of the basin’s biodiversity should be of high priority within a

sustainable scheme and should include specific measures:

1. Protection and restoration of the riparian vegetation – The riparian buffer has

been proven to prevent the incoming pollution from entering the watercourse

[101], serving as a filter, which reduces the incoming pollution load.

Maintaining the integrity of the riparian vegetation is of critical importance to

the detoxification of the river water in order to upgrade the ecological quality to

acceptable levels, especially downstream of the city of Sparta and around the

river delta, which were found to be more degraded than the upstream parts of the

river.

2. Protection of the river’s active channel – Excavators often enter the riverbed to

construct flood protection barriers. However, this practice constitutes a recurrent

pressure to the aquatic ecosystem, by eliminating fish spawning areas, des-

troying benthic fauna habitats and removing aquatic vegetation.

3. Establishment of ecological flows downstream of each water pumping and

drilling – Water abstracted from springs for irrigation and consumption is led

into the water supply network, and thus no water is left for the ecosystem,

resulting in the previously described consequences. Public authorities, with the

appropriate scientific assistance, should define and provide ecological flows to

ensure water flowing in the river throughout the year, as was the situation a few

decades ago.

4. Expansion of the protected Natura 2000 area to include an extended zone beyond

the river delta, in order to protect the watercourse. The delineation of this

protected area exemption must depend on revised biodiversity data and not

solely on isolated trigger species; a baseline biodiversity study for the basin

needs to be compiled to support conservation measures and decision-making.

The main proposed measures are summarised in Table 2. For each axis, a

detailed description of the measures has been carried out to achieve good water

quality. Some of the proposed measures, such as the biological farming system,

have already been implemented in the ERB. During the LIFE-EnviFriendly project,

several technologies for the minimisation of point and non-point sources were

demonstrated. In particular, (a) in ‘Tzinakos olive mill’; the wastewater is stored

in evaporation ponds and used during summer for the irrigation of corn fields and

for compost production; (b) in ‘Kokkolis olive mill’, the wastewater is disposed

underground, and phytoremediation with poplar trees is applied; and (c) in the

orange juice processing factory, an electrocoagulation unit has been installed for

the treatment and improvement of the wastewater. The management of drainage

canals as a low-cost agro-environmental measure was also demonstrated. Drainage

canals are areas of accumulation of organic debris due to erosion and growth of

plants, such as the common reed Phragmites australis. The appropriate timing of
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cutting may minimise pollutant uptake by plants. Based on the management

scenario simulations presented during the LIFE-EnviFriendly project, significant

reduction in water abstractions can be achieved without affecting agricultural

production. Direct abstraction from the river should be banned. In addition, waste-

water treatment should be established at all point sources.
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Table 2 Main environmental measures proposed in Evrotas River Basin

Axis 1 Modify farming system Implemented

Axis 2 Alternative choices for water

supply

Inter-municipalities companies of drinking water

supplya

Wise cost estimatea

Axis 3 Drip irrigation and drainage

system

Estimation of the real irrigation needs, switching irri-

gation methods

Change charges for water abstractiona

Water reuse (municipal and industrial treated

wastewater)a

Axis 4 Fertiliser control and

reduction

Phytoremediationb

Drainage canals managementb

Vegetation management on river banksa

Use of fertiliser recommendation systemc

Axis 5 Estimation zones vulnerable

to flooding

Riparian zone stabilisationb

Measures for fire disaster preventionc

Natural hazards procastingc

Management plans for drought and flood protectionc

Axis 6 Riparian forest protection River bed protection, remediation/protection of

flooded areasb

Ecological effective discharge quantification (during

dry period)a

Extension of protection areas to ensure the integrity of

biodiversity coresa

aUnder discussion
bActive
cHas been studied and actions are on the way
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41. Karaouzas I, Płóciennik M (2016) Spatial scale effects on Chironomidae diversity and

distribution in a Mediterranean River Basin. Hydrobiologia 767:81–93. doi:10.1007/

s10750-015-2479-7

42. Bianco P (1990) Potential role of the paleohistory of the Mediterranean and Paratethys basins

on the early dispersal of Euro-Mediterranean freshwater fishes. Ichthyiol Explor Freshwater

1:167–184

43. Economidis PS, Banarescu PM (1991) The distribution and origins of freshwater fishes in the

Balkan Peninsula, especially in Greece. Int Rev Gesamten Hydrobiol Hydrogr 76:257–283

44. Oikonomou A, Leprieur F, Leonardos ID (2014) Biogeography of freshwater fishes of the

Balkan Peninsula. Hydrobiologia 738(1):205–220

45. Barbieri R, Zogaris S, Kalogianni E, Stoumboudi MTH, Chatzinikolaou Y, Giakoumi S,

Kapakos Y, Kommatas D, Koutsikos N, Tachos V, Vardakas L, Economou AN (2015)

Freshwater fishes and lampreys of Greece: an annotated checklist. Monographs on marine

sciences, no. 8. Hellenic Centre for Marine Research, Athens

46. IUCN (2016) The IUCN red list of threatened species. Version 2016-3. http://www.

iucnredlist.org. Accessed 17 Feb 2017

47. Stephanidis A (1971) On some freshwater fish of Greece. Biol Gallo-Hell 3(2):213–241

48. Kottelat M, Barbieri R (2004) Pseudophoxinus laconicus, a new species of minnow from

Peloponnese, Greece, with comments on the West Balkan Pseudophoxinus species

(Teleostei: Cyprinidae). Ichthyol Explor Freshwater 15(2):147–160

49. Tsigenopoulos CS, Karakousis Y (1996) Phylogenetic relationships of Leuciscus keadicus, an
endemic cyprinid species from Greece, with other species of the genus Leuciscus. Folia Zool
45:87–93

50. Doadrio I, Carmona JA (1998) Genetic divergence in Greek populations of the genus

Leuciscus and its evolutionary and biogeographical implications. J Fish Biol 53:591–613

51. Zardoya R, Economidis PS, Doadrio I (1999) Phylogenetic relationships of Greek

Cyprinidae: molecular evidence for at least two independent origins of the Greek cyprinid

fauna. Mol Phylogenet Evol 13:122–131
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Macroinvertebrate Assemblages

and Biological Status of Rivers in Northern

and Central Greece

Lazaridou Maria and Ntislidou Chrysoula

Abstract This paper investigates the benthic macroinvertebrate fauna of the

northern and central rivers of Greece and their use in the assessment of the

biological/ecological conditions of water bodies towards the fulfilment of the

Water Framework Directive for good ecological status/potential by the end of

2015. The macrozoobenthos from reference or moderately disturbed sites did not

significantly differ as to their richness, diversity and sensitivity among sites.

Altitude, among other environmental parameters, was the differentiating parameter

according to the canonical correspondence analysis (CCA) of the structure/compo-

sition of benthic macroinvertebrates. Seasonality exists in high- and low-altitude

reference sites for sensitive to organic pollution taxa. The results of the

STAR_ICMi and HESY indices coincided totally when the ecological quality

was below good. More than 70% of the sites were characterised as of lower than

good ecological status/potential. According to HESY, water quality varied

according to the altitude from upstream to downstream sites (pollution gradient).

The application of operational monitoring or continuous programme of measures is

needed for most of the basins in order to meet the environmental objectives and the

risk management (IMPRESS analysis) according to the WFD. Finally, the DPSIR

framework shows that the ‘drivers’ agriculture, livestock and sewage untreated

effluents cause the deterioration of the ecological quality of water and habitat

degradation (‘state’).
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1 Introduction

In a few months from now, member states are supposed to have achieved at least a

‘good ecological status’ for natural bodies and ‘good ecological potential’, for
heavily modified and artificial water bodies according to the Water Framework

Directive (WFD, 2000/60/EC). The inclusion of explicit ecological reports for

every target and deliverable makes the WFD unique in its implementation and

delivery [1].

The originality of this WFD is the use of hydromorphological and physico-

chemical quality elements which have to support the biological ones, for the

ecological quality assessment of surface waters. In order for member states to

come up with comparable results, they must present the status/potential in a colour

class system: ‘high’ (blue only for the status), ‘good’ (green), ‘moderate’ (yellow),
‘poor’ (orange) and ‘bad’ (red). For this assessment, the observed quality elements

must be compared to the reference (undisturbed) ones [ecological quality ratio

(EQR)]. For the above ratio, surface waters must be classified into types following

the System A or B. Type-specific reference conditions are the basis of the classifi-

cation schemes and subsequent issues for the implementation of the WFD [2]. One

of the biological elements used for the quality assessment is the study of the

composition, abundance and proportion of sensitive to tolerant taxa of benthic

macroinvertebrates. Based on this, several scores and indices have been created

to assess the ecological quality (BMWP [3], IBMWP [4], STAR_ICMi [5], Hellenic

Evaluation System [6]).

Additionally, pressures and impacts play a key role in the likelihood that a

water body will or will not meet the set objectives of the WFD. The analyses of
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pressures and impacts are crucial to be developed if appropriate programmes of

measures have to be designed and implemented [7]. The driver-pressure-state-

impact-response (DPSIR) approach was established as a possible analytical frame-

work for determining pressures and impacts under the WFD [7–9] and identifying

the cause-effect relationships between the environment and various anthropogenic

activities in a wider socio-economic context [10]. The WFD also introduced the

requirement to evaluate new methodological approaches for the development of

strategies contributing to the sustainable water resources management [8].

This paper concerns sites coming from northern and central Greek rivers sam-

pled during the last 21 years. Comparisons are made (a) to reference samples as to

altitude, seasonality and sensitivity; (b) among sites of the same type as to their

ecological quality, status/potential, the morphological modifications and the likeli-

hood of these basins not to meet the objectives of the WFD according to an

IMPRESS analysis up to 2015; and (c) the results of the DPSIR framework

among the different subbasins/basins.

2 Methods and Materials

2.1 Databases

Four databases have been constructed from studies conducted in subbasins/basins

of northern and central Greece during the past 21 years, which include information

concerning the following: (a) benthic macroinvertebrates, (b) in situ physico-

chemical measurements and/or analyses in the laboratory, (c) in situ hydro-

morphological surveyed elements (in this database, the likelihood of meeting the

objectives of the WFD according to IMPRESS analysis was also included in each

basin/subbasin) and (d) the data of type-specific conditions only from reference

sites. The above studies were performed by members/students of the Laboratory of

Zoology, School of Biology, and of the Interdisciplinary Postgraduate Programme

of Aristotle University of Thessaloniki entitled: “Ecological Quality and Manage-

ment at a basin level” of the Schools of Biology, Geology and Civil Engineering

(Table 1).

2.2 Sampling Methods

The benthic macroinvertebrates were sampled using a 250� 230 mm, D-shaped

pond net (0.9-mm mesh size [60]) according to the semi-quantitative 3-min kick/

sweep method [61] plus a 1-min search applied when bank vegetation existed

[62, 63]. During the 3 min, all the microhabitats were covered proportionally

according to the matrix of 64 possible different river habitats which could be
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observed in a site [21]. Specimens were identified mainly down to the family level

except for Ostracoda, Hydracarina, Araneae and Oligochaeta (apart from

Tubificidae).

Dissolved oxygen (DO mg/l), water temperature (WTemp, �C) pH and conduc-

tivity (μS/cm) were measured in situ with appropriate probes. Total suspended

solids (TSS, mg/l), nutrients (N–NO2, N–NH3, N–NH4 and P–PO4, mg/l) and

biological oxygen demand (BOD5, mg/l) were estimated following APHA

[64]. Flow was measured with a flowmeter (type FP101) and stream discharge

(m3/s) was calculated for each station. The percentage composition of the substrate

was visually estimated according to the Wentworth [65] scale. The Habitat Modifi-

cation Score (HMS) from the River Habitat Survey [66, 67] was calculated to assess

the extent of human alterations.

Table 1 Sources of literature data used for the purpose of the databases

River Number of sites Number of samples References

Aggitis 9 48 [11–14]

Aliakmonas 60 112 [12–19]

Aoos/Vjose 17 33 [20]

Axios 46 113 [19, 21–27]

Chavrias 9 15 [28]

Dadia 18 26 [29, 30]

Kosynthos 9 9 [31]

Mavroneri 10 10 [32]

Olynthios 7 7 [33]

Nestos 11 23 [34, 35]

Pineios 77 77 [36]

Pieria 7 7 [37]

Pineios streams 11 21 [38, 39]

Skouries and Olympiada streams 25 92 [40, 41]

Samothraki 6 10 [42]

Sofaditis 17 28 [43, 44]

Strymonas 21 41 [45–48]

Streams of Mygdonia Basin 21 21 [49–52]

Streams of Plastira Basin 11 76 [53–55]

Travos 3 3 [56]

Tripotamos 10 20 [57, 58]

Ziliana 4 4 [59]

Total 25 409 796 50
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2.3 Typology

In Greece there is no national river typology system for the determination of

reference conditions. In these studies, System B according to the WFD 2000/60

EC was followed because the Axios/Vardar river basin (a transboundary Greek-

FYROM river) belongs to two different ecoregions (ecoregions 6 and 7) according

to System A. To distinguish the water bodies of the studied basins, the obligatory

descriptors were selected, and the slope from the optional ones was included.

Furthermore, a new category in the basin descriptor was added (0–10 km2), since

a large number of small but substantial rivers exist in Greece. Typology was applied

to ensure that sampling sites from upstream and downstream point sources of

pollution or tributaries, flowing into the main course, belong to the same type so

that a comparison of their quality is possible. The rivers were also characterised

according to the Mediterranean intercalibration typology [68, 69] in one of the five

types (R-M1, R-M2, R-M3, R-M4 and R-M5). Lately, the final European Commis-

sion 2013/480 proposal has excluded the altitude descriptor from all the

intercalibration river types.

2.4 Selection of Reference Sites

In order to create the dataset of the northern and central Hellenic reference sites, the

overall European criteria of the intercalibration technical report [69], approved and

applied over Europe, were adopted. The criteria were applied at a catchment reach

and sampling site scale, as described in Ntislidou et al. [70]. For smoother compli-

ance with Mediterranean peculiarities, the criteria proposed by Sánchez-Montoya

et al. [71] in Spain were also used. Initially, the choice of the reference sites/

samples was based on the absence of non-natural land uses at reach scale and

minor hydromorphological modifications at sampling site scale. Consequently,

Corine Land Cover 2000 was applied to calculate the percentage cover of

land uses upstream each site (e.g. % artificial, % intensive agricultural, % extensive

agricultural, % forest and seminatural, % wetlands and % water bodies areas). The

chosen samples were then checked for meeting the nutrient criteria proposed by

Bonada et al. [72] used in the Spanish programme GUADALMED (HID98-0323-

C05 and REN2001-3438-C07) and by Munné et al. [73] in the rivers of Catalonia

(Spain). Reference sites were estimated with high/good quality based on benthic

macroinvertebrates according to the Hellenic Evaluation System (HESY) [6].

The relationship of macrozoobenthos taxa from reference sites with environ-

mental parameters was performed with the canonical correspondence analysis

(CCA, with the CANOCO version 4.5.1 software) [74] because the length of the

gradient of the first theoretical parameter (of the first ordination axis) of detrended

correspondence analysis (DCA) was three or more times greater than the standard

deviation of the benthic macroinvertebrates [75]. The Monte Carlo test ( p< 0.05)
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and the inflation factor (<20) were taken into consideration in the selection of the

environmental parameters used in CCA [altitude (m), conductivity (μs/cm), temper-

ature (�C), pH, DO (mg/l), N–NO2 and N–NH4 (mg/l)].

Seasonality of benthic macroinvertebrates has been analysed in the reference

sites during the low and high flow period. The sensitivity of macrozoobenthos in

relation to organic pollution was based on the scores of the HESY (sensitive to

pollution, 120–80; medium, 78–50; and tolerant 40–1 score) [6].

The Kruskal-Wallis test (SPSS 20) was applied to the abundance, diversity and

sensitivity of the macrozoobenthos from reference sites in order to determine

whether there is a significant discrepancy among them.

2.5 Assessment of the Ecological Quality

In order to assess the good ecological status (GES) in natural water bodies and good

ecological potential (GEP) in heavily modified water bodies (HMWB), Guidance

No. 13 [76] was followed. For the determination of the GES, biological data are

examined for deviations from reference conditions, and subsequently the deviation

of the physico-chemical and the hydromorphological data are taken into consider-

ation. For the GEP, the hydromorphological potential is firstly checked and then the

biological and physico-chemical data. HMWB were not distinguished as separated

types but were integrated with natural water bodies having comparable typology

descriptors and categories [77]. Both arrive at a five-class quality assessment. In

this paper, the GES and GEP have been determined for 796 samples from northern

and central Greece. The Hellenic Evaluation System (HESY) was used for the

quality assessment [6], jointly with the multimetric STAR_ICMi index [5, 78]. The

permitted levels for the support of the fish life [79] were used for the assessment of

the physico-chemical values at each site. Finally, in order to meet the high status/

potential for the hydromorphological conditions, the HMS values were used,

grouped into three categories [HMS, 0–2 (pristine or seminatural), 3–8 (predomi-

nantly unmodified, >8 (obviously or significantly or severely modified)].

The HESY is based on a dataset of 143 reference samples from all river types

(R-M1, 2, 3, 4, 5) and 330 from less than good quality of seven different river

basins. The family identification level is applied to all zoobenthos taxa [except for

Ostracoda, Hydracarina, Araneae and Oligochaeta (apart from Tubificidae)]. The

HESY is composed of more families than the other European evaluation systems

[BMWP [3], IBMWP [4], BBI [80], etc.]. Moreover, it takes into consideration the

tolerance, the abundance/richness and the habitat diversity of the biocommunities,

all requirements of the WFD. It is composed of (a) the Hellenic Evaluation Score

(HES) which is a BMWP-type score [3], (b) the average HES (AHES) which is

similar to ASPT [3] and (c) the SemiHES (the semi-total of the HES and AHES

values resulting in the final HESY) which is standardised against the habitat

diversity richness matrix (GHRM) [21]. The SemiHES is interpreted at a
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five-class scale according to the WFD [6]. The HESY is intercalibrated for the

R-M4 [53] and R-M1 and R-M2 river types [70].

The multimetric index STAR_ICMi expresses the tolerance, the habitat diversity

and the diversity/richness of the benthic macroinvertebrates community, describing

the gradients effectively and discriminating between different quality classes which

can be calculated from a wide range of geographical contexts [81]. The median

values for each Intercalibration Common Metrics of Hellenic reference samples

were determined by [53, 70]. These values were used to transform the results

of biological metrics to the EQR multimetric index STAR_ICMi according to

the methodology proposed by the Mediterranean Intercalibration Group [81].

Finally, the quality of each station was determined by the officially set quality

boundaries [78].

Linear regression analysis (SPSS 20) was applied between SemiHES results and

the distance of each site from the source in order to study the possible longitudinal

pollution trend. The latter was applied only on the main course of the rivers with no

tributaries in between that may change the water quality and the existence of a

trend.

2.6 IMPRESS Analysis, Risk Assessment and DPSIR
Framework

IMPRESS analysis is based on pressures and morphological alterations. The

domestic wastewater and the livestock wastewater are considered as point sources

of pollution. In order to calculate the emissions from the domestic wastewaters,

their treatment (secondary or tertiary wastewater treatment) and/or the existence of

septic tanks and the total number of human population according to the Hellenic

Statistical Authority (ELSTAT, http://www.statistics.gr) from the census of 2001

were taken into consideration. For the livestock waste, the breeding animals from

the census of 2001 (ELSTAT, http://www.statistics.gr) were taken into account.

The emissions of human population were calculated according to the factors of

Fribourg-Blanc and Courbet [82] and Andreadakis et al. [83], whereas the ones

from the livestock were estimated according to [84]. The emissions from livestock

transported to the surface waters are 20% for BOD, 15% for N and 3% for P

[83]. Diffuse sources of pollution were determined using the Corine Land Cover

2000, and their emissions were calculated according to the factors of Andreadakis

et al. [83].

The pressures from pollution sources are significant if the total emissions exceed

the permitted limits for irrigation (e.g. [85]) and/or for fish life [79], after being

adjusted to the mean annual flow of each river basin. The morphological alterations

are significant if (a) agricultural land cover is more than 40% of the length of the

river course [86], (b) urban land cover is more than 2.5% [87] of the total extent of

the river basin and (c) HMS is more than 8. The impact assessment and the
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evaluation of likelihood of failing to meet the environmental objectives and the risk

management were based on the methodology proposed by Castro et al. [88].

The DPSIR is a chain of causal links starting from ‘drivers’ (causes) through
‘pressures’ (e.g. pollutants), ‘state’ (physical, chemical, biological) and ‘impacts’
on ecosystems (structure and function) in order to lead to ‘responses’ (policy)

(Guidance document 3 [89]). This framework was firstly used in 1995 by the

European Environment Agency and by Eurostat, in order to organise the environ-

mental indicators and statistics [90]. Natural, social and economics sciences are

combined together under one analysis for management, and DPSIR considers

human activities an essential part of the ecosystem [91]. In this study, the DPSIR

framework was performed in 23 basins in order to assess the effects of human

activities on ecosystems, trying to relate human drivers like agricultural activities

with pressures of nutrients and impact on physico-chemical values and bio-

communities and the institutional response in terms of regulatory legislation for

protection.

3 Results

3.1 Intercalibration River Types and Reference Sites

According to Corine Land Cover 2000, the reference sites had minimum artificial

surfaces and low percentage of nonirrigated or permanently irrigated land (Fig. 1).

In Fig. 1, the values of nutrient parameters of reference samples are also

represented. The reference sites based on the HESY had high quality (except for

3 out of 49 samples which displayed good quality in R-M2 river type).

The northern and central Hellenic reference database consists of 95 reference

samples (from 36 sites) (Fig. 2) from all R-M types (1, 2, 3, 4, 5). Among the

above samples, 30 (belonging to 9 sites) were ascribed to the R-M1 river type,

16 samples (from 10 sites) to the R-M2, one site/sample to the R-M3, 34 samples

(from 9 sites) to the R-M4 and 14 samples (from 7 sites) to the R-M5 according

to the European Decision 2008/915 [92]. Some of the sites/samples did not meet

the criteria of the above decision precisely; however, they ecologically belonged

to the proposed river type [e.g. in the R-M1 type, samples derived from an

altitude lower than 200 m or higher than 800 m (up to 1,000 m); in the R-M2

type some samples were taken from an altitude higher than 600 m (up to

1,000 m)] which is in accordance with the last European Commission decision

(2013/480) in which the altitude is excluded as a descriptor from all Mediter-

ranean intercalibration river types.

About 50% of the families overlapped between the different R-M types showing

that no clear type-specific macrozoobenthos taxa at a family level exist [93]. Alti-

tude was the most differentiating descriptor, affecting the structure of benthic

macroinvertebrates (Table 2) at the level of the reference sites according to the
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canonical correspondence analysis. The macrozoobenthos from reference or mod-

erately disturbed sites did not significantly differ as to the richness, diversity and

sensitivity among sites (Kruskal-Wallis, p> 0.05).

Fig. 2 Reference sites from northern and central Greece

Fig. 1 Boxplots representing the distribution of nutrients and HMS values and land use in the

reference sites
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3.1.1 Seasonality

Taxa sensitive and tolerant to pollution were found in all altitudes but their abun-

dance differed (Figs. 3 and 4). Sensitive to organic pollution, benthic macro-

invertebrate taxa (e.g. Leuctridae, Ephemeridae, Sericostomatidae, Athericidae)

Table 2 Interset correlations of environmental variables [statistically significant ( p< 0.05)

according to Monte Carlo Test] from the canonical correspondence analysis

Environmental variables

Axes

1 2 3 4

Altitude (m) 0.878 0.043 0.205 0.421

Conductivity (μS/cm) 0.303 0.323 0.151 0.054

Temperature (�C) 0.304 0.748 0.187 0.443

pH 0.220 0.683 0.504 0.172

DO (mg/l) 0.276 0.064 0.093 0.457

N–NO2 (mg/l) 0.390 0.097 0.355 0.024

N–NH4 (mg/l) 0.334 0.440 0.769 0.283

Eigenvalues 0.185 0.121 0.094 0.083

Species-environment correlations 0.867 0.864 0.674 0.746

Cumulative percentage variance of species data 5.6 9.2 12.0 14.5

Cumulative percentage variance of species-environment

relation

31.5 52.2 68.2 82.3

Test of significance of first canonical axis 0.002

Test of significance of all canonical axes 0.002

Bold characters indicate highest correlation
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during the high and low flow period
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were more abundant during the low flow period in mid and high altitudes (Fig. 3).

Tolerant to organic pollution, benthic macroinvertebrate taxa (e.g. Chironomidae,

Baetidae, Ephemerellidae) were more abundant during the high flow period in all

altitudes (Fig. 4).

3.2 Assessment of the Ecological Quality: Longitudinal
Degradation

The database of the benthic macroinvertebrates consisted of 833 samples from

northern and central Greece from 33 different river basins. In Fig. 5, the distribution

of the samples in the five Mediterranean river types is illustrated. Most of the

samples belonged to R-M3 and R-M1 type. The results of the STAR_ICMi and

HESY indices coincided when the ecological quality was lower than good (Fig. 6).

Greater differences existed between good and excellent water quality in the R-M1

sites (Fig. 6). In the R-M4 sites, there were minor differences. According to the

assessment based on HESY, the R-M1 sites with a lower than good quality

consisted of 21% moderate, 20% poor and 6% bad water quality. In the R-M2

sites, 28% refers to moderate, 41% to poor and 6% to bad water quality. In the

R-M4 sites, 6% of the studied sites concern moderate, 1% poor and the rest good or

high water quality. The water quality according to HESY differentiates according to
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the altitude, with better quality in semi-mountainous (>600 m) and hilly (150–

600 m) sites (59% and 60%, respectively, of the sites had good to high water

quality) than in the lowland. Only 21% of the lowland sites (<150 m) displayed

good to high water quality, and 52% of them had the mostly modified habitats

(HMS>8). Semi-mountainous and hilly sites are mostly (80%) unmodified

(HMS<8).

In the benthic macroinvertebrate database, 650 sites have been recognised as

natural water bodies and 146 as heavily modified water bodies (HMWB). The

ecological status of the natural water bodies was classified as of high status for

15 of them, good for 165, moderate for 316, poor for 131 and bad for 13. The

ecological potential of HMWB sites was found good in three sites, moderate in

57, poor in 66 and bad in 20.

Finally, when linear regression analysis was applied between SemiHES results

and the site distance from the source in the main course of the river basins (except

for R-M3), a significant degradation was found longitudinally (e.g. Olynthios,

r2¼ 0.61, number of sites (N )¼ 7, p< 0.05; Sofaditis, r2¼ 0.64, N¼ 10, p< 0.05).

3.3 IMPRESS Analysis, Risk Assessment and
DPSIR Framework

According to the IMPRESS analysis, in most cases (62.5%, Table 3), the immission

loads produced in 24 studied basins are higher than the permitted limits for fish life

[79]. In 50% of the cases, however, the immissions of all three pollutants exceeded

these limits (Table 3). BOD immissions of livestock wastes were the most polluting

activity (Fig. 7a). Total nitrogen immissions (Fig. 7b) were mainly due to agri-

cultural use, while most of the phosphorus immissions came from the domestic

wastewater and diffuse sources of pollution (Fig. 7c). From the 23 studied basins,

50 100 150 200 250 3000

R-M1

R-M2

R-M3

R-M4

R-M5

Others

Fig. 5 The distribution of the 833 samples to Mediterranean river types (others: sites derived from

catchment areas lower than 10 km2)
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18 of them exhibited moderate water quality, and among them, six need appliance

of operational monitoring and six a continuous programme of measures, four

surveillance monitoring and the remaining two immediate application of the

programme of measures or additional IMPRESS analysis or long-term programme

of measures. From the 23 basins, eight of them had mostly modified habitats, six of

them need operational monitoring or a continuous programme of measures, and the

Fig. 6 Water quality according to the European multimetric index STAR_ICMi and the Hellenic

Evaluation System in the five intercalibration types

Macroinvertebrate Assemblages and Biological Status of Rivers in Northern. . . 339



rest need surveillance monitoring or immediate application of programme of

measures.

According to the DPSIR, the main possible ‘drivers’ affecting the quality of the

23 studied basins were found to be agriculture, livestock and sewage untreated

effluents. The ‘pressures’ of these drivers were the fertilisers and pesticides,

livestock and domestic wastes. The ‘state’ was affected by the nutrients’ concen-
tration, habitat alterations and changes in the zoobenthos community as to the

tolerance of taxa. The ‘impacts’ of the above pressures were the deterioration of

ecological water quality and habitat degradation. Finally, the ‘response’ proposed
for the improvement of the quality was the change of agricultural policies, manage-

ment plans for the diffuse pollution loads, treatment of the point pollution loads

(domestic, livestock and/or industrial wastes) and connection of the semiurban

settlements with wastewater treatment plants (WWTP) according to existing rele-

vant national laws.

Table 3 Comparison of immission loads for 24 studied basins as to the permitted limits for fish

life (2006/45/EU)

Basins BOD TN TP

Pineios + + +

Aliakmonas + + +

Axios + + +

Nestos � � �
Almopaios + � +

Chavrias + + +

Olynthios + + +

Pieria + + +

Mavroneri � � �
Kosynthos +a � �
Travos + � +

Kompsatos � � �
Sofaditis + + +

Ziliana � � �
Volvi + + +

Melissourgos + + +

Apollonia � � �
Streams of Kastoria Lake, Krepeni Not applicable because no available data for the

flow

Streams of Kastoria Lake, Toixios � + �
Streams of Kastoria Lake, Xiropotamos +a + �
Streams of Kastoria Lake, Vissinias � � �
Streams of Samothraki Island, Xiropotamos + � +a

Streams of Samothraki Island, Tsivdogiannis + � �
Streams of Samothraki Island, Fonias + � �
The symbol + means the exceeding of limits
aImmission loads exceeding the limit for Salmonidae
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Fig. 7 BOD (a), TN (b) and TP (c) immissions from 24 studied basins produced from domestic

wastewater, livestock wastes and diffuse sources (land use). (1) Pineios (in this case study

livestock wastes and diffuse sources were combined); (2) Aliakmonas; (3) Axios (in this case
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4 Discussion

4.1 Intercalibration River Types and Reference Sites

During the WFD’s implementation phase, a wide variety of methodologies have

been applied in order to identify reference conditions [94] and achieve the require-

ments of the intercalibration exercise (IE). The latter is a significant technical and

scientific challenge, since it foresees the comparison of method classifications and

boundaries applied to national datasets accepting, at the same time, differences in

data processing and assessment methods [95] (Fig. 8). Such an intercalibration

approach had never been attempted, even in regions where biomonitoring had been

applied for a long time (e.g. the USA) [95]. The most crucial step in the

intercalibration exercise was the selection of reference sites, since biomonitoring

assessment and the development of biological indices or scores are based on their

type-specific conditions.

The total number of the reference sites/samples in the northern and central

Hellenic reference database is relatively higher in relation to the reference sites

selected by all member states for the Mediterranean intercalibration exercise ([69],

Table 4). Additionally, physico-chemical parameters of all reference samples had

lower values than those proposed for Spain by Bonada et al. [72] and Munné

et al. [73]. However, our data were not included in the Mediterranean inter-

calibration exercise for the boundaries of the H/G and G/M quality of the Hellenic

river types (R-M). Reference samples were also in accordance with the levels of

morphological alterations (land use) recommended for rivers in Spain, by Sánchez-

Montoya et al. [71], andMediterranean rivers by Feio et al. [96]. However, P-PO4
3�

values were higher than those proposed by Feio et al. [96].

In the European Decision 2013/480, the R-M3 type is not included because of

the absence of reference sites in lowland regions. Different approaches, however,

like the use of historical data and/or the construction of models or expert judgement

[97–99] may replace the absence of anthropogenically undisturbed sites in the

R-M3 type [94].

In the European Decision 2013/480, the R-M5 type is characterised only by the

temporary flow regime. This raises the question of whether intermittent and ephem-

eral streams in a Mediterranean or European scale are to be considered as the same

type in terms of ecological quality assessment, especially towards the WFD

Fig. 7 (continued) study, the loads were estimated for the Greek territory except for the diffuse

sources); (4) Nestos (in this case study, the loads were estimated only for the upper part of the basin

of the Greek territory except for the diffuse sources); (5) Almopaios; (6) Chavrias; (7) Olynthios;
(8) Pieria; (9) Mavroneri; (10) Kosynthos; (11) Travos; (12) Kompsatos; (13) Sofaditis; (14)
Ziliana; (15) Volvi; (16) Melissourgos; (17) Apollonia; (18) streams of Kastoria Lake, Krepeni;

(19) streams of Kastoria Lake, Toixios; (20) streams of Kastoria Lake, Xiropotamos; (21) streams

of Kastoria Lake, Vissinias; (22) streams of Samothraki Island, Xiropotamos; (23) streams of

Samothraki Island, Tsivdogiannis; (24) streams of Samothraki Island, Fonias
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ecological assessment approach [29]. Regarding the different indices applied by

Argyroudi et al. [29], during the low flow season, only the Hellenic Evaluation

System could overlook the seasonal variability and assess the ecological quality

either as high or good, whereas the rest of the indices applied characterised one of

the samples as moderate. Feio et al. [95] and Munné and Prat [100] also reported

that a low accuracy in the prediction of ICMi values is achieved for temporary

Table 4 Comparison of the number of reference sites in the northern and central Hellenic

reference database to the Mediterranean intercalibration one [69] by MS

River type

Northern and central Hellenic reference

database

Mediterranean intercalibration

exercise

Sites Samples Sites Samples

R-M1 9 30 80 103

R-M2 10 16 36 41

R-M3 1 1 – –

R-M4 9 34 48 76

R-M5 7 14 46 65

Fig. 8 Range of EQR_STAR_ICMi values in the quality categories defined according to the

Hellenic Evaluation System and the STAR_ICMi interpretation in R-M1 river types [70]
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rivers compared to their national assessment approach. This may be caused by the

high community biodiversity in these river types as well by the different responses

of the EPT taxa to the flow regime [95, 100–102] which is related to the changes

between dry and wet periods. For this river type (intermittent and ephemeral

streams), as well as the R-M3, in-depth research both at a national and/or Mediter-

ranean level is needed.

4.1.1 Seasonality of Macroinvertebrate Taxa in Reference Sites

It is common to observe a zoobenthos taxon variation as to their distribution and

abundance concerning flow, substrate composition, vegetation cover, temperature,

stream discharge, etc., but seasonality is one of the prominent causes of temporal

variation in the benthic macroinvertebrate assemblages [103]. In this paper, taxa

tolerant to pollution were more abundant during the high flow period in high

altitudes but showed no seasonality. Sensitive to pollution, taxa, though, showed

seasonality in relation to the altitude. Chatzinikolaou et al. [20] and Krno et al. [104]

have found Leuctridae to be the most abundant family during low flow periods in

high-altitude sites. Moreover, the family Ephemeridae shows distinct preferences in

their distribution by being absent from lower altitudes and streams in the islands

[105], while it is more common at the mid- and upper-reach sites [106]. Also, this

family shows preference for areas where the velocity of the flow is slow because they

cannot tolerate fast waters [107–109]. Furthermore, the family Sericostomatidae

(Trichoptera) is mostly found in the middle and upper part of the basin [110–112].

4.2 Assessment of the Ecological Quality:
Longitudinal Degradation

The ecological quality of the rivers in northern and central Greece is mostly

characterised with lower than good quality based on the multimetric index

STAR_ICMi and the HESY, especially in the lowland regions. The Mediterranean

mountain streams (R-M4) have a better water quality in Greece (93% of the studied

sites ranged from good to high quality) than sites in large lowland rivers (R-M3) (86%

of the studied sites showedmoderate water quality). The samewas established for the

GES and GEP characterisation. In Europe, the results of the first river management

plans (RBMPs), submitted to the EuropeanCommission in 2009, indicate the demand

for substantial efforts in restoration, because almost 60% of European rivers fail to

achieve the WFD good status targets [113]. The downstream section of the rivers

is heavily impacted by urbanisation and agriculture, as well as excessive nutrient

load affecting the quality with the presence of high abundance of tolerant

macroinvertebrate taxa [114, 115]. Affected by the aforementioned conditions,

sensitive taxa, represented mainly by Ephemeroptera, Plecoptera and Trichoptera,
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usually disappear [116]. Moreover, it is important to understand that climate change

may bring a further deterioration in water quality on existing resources [117]. River

flow systems in theMediterranean climate zone are highly variable [118]. According

to Schneider et al. [119], in the future, the Mediterranean river flows are likely to be

even more intermittent, with an increasing number of zero-flow events, thereby

creating isolated pools; this will be further sharpened because large amounts of

water will also be withdrawn for irrigation purposes [120]. The above will negatively

affect the water quality as the concentration of pollutants increases when the flow is

reduced [101, 119, 121, 122]. The latter will be accentuated in ‘heavily modified’ and
‘artificial’ water bodies having a lower ecological potential as a result of hydromor-

phological pressures with the risk that the water bodies will not meet the expected

targets of the WFD and the need to implement extra measures [123, 124].

A significant proportion of European water bodies have been designated as

HMWB. In the Netherlands, Belgium, Slovak Republic and Czech Republic,

more than 50% of the water bodies were characterised as HMWB [124]. The rest

of the MS have provisionally identified around 16% of their water bodies as heavily

modified or artificial [124]. In Germany, 15.5% of the natural water bodies are

classified with at least ‘good ecological status’ and the rest (84.5%) are assessed as

‘moderate’ (32.5%), ‘poor’ (30.5%) and ‘bad’ (4.5%), while only 5% of all heavily

modified or artificial water bodies reach the WFD’s objectives [125]. In northern

and central Greece, 81.7% are natural and among these, 70.8% have lower than

good quality. Among heavily modified sites, 97.9% appears to be less than good.

The river continuum concept in undisturbed rivers suggests three sectors

longitudinally (upstream, middle and downstream) consisting of distinct macro-

invertebrate assemblages [126]. However, a longitudinal degradation in water

quality is noted and attributed by several researchers to agricultural and urban

activities [114, 127–129]. Longitudinal degradation is recognised as an important

factor in structuring macroinvertebrate communities in the rivers [130, 131]. A

positive relation was found in the Tripotamos River, when the distance of each site

from the confluence site was regressed against the Hellenic Evaluation System

values (SemiHes) [57]. The same was found in this study for the Olynthios and

Sofaditis Rivers. The absence of longitudinal gradient in basins larger than

1,000 km2 is explained by the confluence of many tributaries which alter the

water quality. The latter is also true for the Pineios River [36]. Similarly, the

Nevėžis River is in the middle Lithuanian lowland, and its catchment size is

6,140.5 km2, where there is no longitudinal gradient [132].

In this study, the hydromorphological changes are increased in lowland regions

and have obvious consequences in the loss of naturalness of streams and rivers.

According to Feio et al. [96], the hydromorphological changes of human origin

especially were almost always present in seven countries in the Mediterranean

region, resulting in the low number of selective reference sites. Channelisation,

bank alteration and changes in riparian vegetation affect the majority of small

streams, and on the other hand, streams in medium-sized catchment are more

affected by damming to retain water for power production, fishing and leisure

areas [96]. These alterations have expectable consequences for the aquatic
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biocommunities because they lead to loss of habitat for feeding, reproduction or

protection of aquatic animals and loss of retentive capacity for allochthonous inputs

[96, 133, 134].

4.3 IMPRESS Analysis, Risk Assessment and DPSIR Model

The European Environment Agency [135] stated that the water bodies are under

threat due to excessive nutrient input from point and diffuse sources. In many MS,

the high concentration of the nitrogen inputs from agricultural land is a common

problem; in the EU, the contribution of agriculture to pollution of surface waters is

estimated to be 55% [136]. In Greece, approximately 84% of the river basins had

lower than good water quality, and half of these need operational monitoring and

the rest a continuous programme of measures. According to the Commission of the

European Communities [137], most water bodies of the MS risk failing to meet the

environmental objectives of the WFD; MS focused more on operational than on

surveillance monitoring (17 of 25 MS) in order to establish the actual status of their

water bodies. According to Hering et al. [124], the operational monitoring does not

reveal long-term trends, which are independent of the local situation, in contrast to

the surveillance monitoring, which is validating the impact assessment, assessing

long-term changes in the river basin district and providing information for the

design of operational monitoring programmes.

The DPSIR framework comprises a systematic approach to environmental

management by exploring the interdisciplinary links [10]. In Mediterranean

regions, the main ‘drivers’ are the high population density and agricultural and

industrial activities, with ‘pressures’ such as dam constructions for water with-

drawal and inputs from not fully treated urban and industrial wastewater plants

which represent a serious threat to the biological integrity and diversity (‘impacts’)
[114, 129, 138, 139]. In the current study, the main ‘drivers’ affecting the quality of
the 23 studied basins were also found to be agriculture, livestock and sewage

untreated effluents. According to Tscherning et al. [140], most of the analysed

DPSIR model studies addressed the administrative systems, and only few (8 of

21 studies) integrated decision makers in the participative process. It is very

difficult for the practitioners of river restoration and decision makers to understand

the relation of the pollutants emitted to a river basin by the human activities

[10]. Thus, Song and Frostell [10] proposed the use of a simpler model: the DPR

(driver-pressure-responses) in order to improve the understanding and management

of human pressures on water systems and to develop more proactive strategies and

realistic objective systems for water management.
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referencia en los rı́os mediterráneos. Resultados del proyecto GUADALMED. Limnetica

21:99–114
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Socio-Economics and Water Management:

Revisiting the Contribution of Economics

in the Implementation of the Water

Framework Directive in Greece

Phoebe Koundouri, Dimitrios Reppas, and Vassilis Skianis

Abstract This chapter sets out the socio-economic principles that should govern

water resources management for the achievement of a sustainable allocation of the

resource over time and across space, in accordance with the EU Water Framework

Directive. The resulting allocation should be economically efficient, socially equi-

table and acceptable and environmentally sustainable. The main background con-

cept guiding the identification of such an allocation is the ‘total economic value

(TEV)’ of water resources. This concept derives from the ecosystem goods and

services that water resources provide the economy and society. In this chapter we

present the state of the art with regard to estimating the TEV of water resources and

explain how these estimations can facilitate the design and implementation of

different European policies in relation to mitigation of different forms of water

stress.

Keywords Nonmarket valuation, Total economic value, Water framework

directive, Water valuation
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1 Introduction

In this chapter, we provide a state-of-the-art review of the basic economic valuation

methods that can be used for the monetisation of the economic and societal benefits

provided by water resources and discuss how the valuation outcomes can inform

policymakers for a more efficient water management plan, in accordance with the

European Union’s Water Framework Directive (WFD) [1]. Contrary to previous

pieces of legislation which focused on specific water-related environmental issues,

the WFD aimed at creating an integrated policy framework for the sustainable

management and protection of aquatic resources (inland surface waters, transitional

waters, coastal waters and groundwater) both in terms of quantity and quality across

European Union country members [2]. Therefore, as stated in Waternote 9,1 the

Directive has developed a ‘combined approach for point and diffuse sources and

refers to several related directives’ (p. 1). The necessity for the development of such

1Waternote 9 can be accessed here (last accessed 12/02/2015): http://ec.europa.eu/environment/

water/participation/pdf/waternotes/water_note9_other_water_legislation.pdf.

358 P. Koundouri et al.

http://ec.europa.eu/environment/water/participation/pdf/waternotes/water_note9_other_water_legislation.pdf
http://ec.europa.eu/environment/water/participation/pdf/waternotes/water_note9_other_water_legislation.pdf


a policy framework became imperative by taking into account the increased

demand for high-quality water quantities. For the implementation of the Directive,

all member states are obliged within specific deadlines to identify all individual

river basins within their national territories and assign them to specific river basin

districts (RBDs).

2 Economic Aspects of Water Framework Directive

Given the increased water scarcity, the WFD has recognised the need of incorpo-

rating economic analysis in the water-related policy agenda through the use of

appropriate economic instruments for assessing water value, thus meeting certain

environmental objectives, in accordance with the various articles of the Directive.

Economic issues are mainly discussed in articles 5 and 9 and in Annex III.

According to article 5, all member states need to undertake an analysis of each

RBD characteristics, review the impact of human behaviour on the status of surface

water and groundwater and proceed with an economic analysis of water use.

Although each country shall proceed and implement its own techniques, the

European Union’s guidelines [3] suggest the following implementation steps:

(1) characterise the river basin in terms of the economics of water uses, trends in

water supply and demand levels and current recovery levels of water services’
costs, (2) identify all waterbodies or groups of waterbodies that fail to meet the

environmental objectives of the Directive, and (3) develop appropriate programmes

of measures to be included in river basin management plans through a cost-

effectiveness analysis and justify potential derogation from an economic

perspective.

As highlighted in article 9 and Annex III, countries shall take into account the

principle of cost recovery (including environmental and resource costs) of water

services and consider the social, environmental and economic effects of the recov-

ery and also the regional geographical and climatic conditions of each RBD. Table 1

provides a summary of the total cost of water services. The goal is to ensure an

adequate contribution of the various water users (industry, households and agricul-

ture) to the cost recovery of water services and to provide strong incentives for users

to use resources efficiently. It is also crucial to evaluate the cost of the application of

various measure programmes and choose the most cost-effective combination.

Overall, according to the relevant EU guidelines [3], the contribution of eco-

nomic analysis is along the following topics: (1) understanding the importance of

economic issues and trade-offs at each river basin; (2) identifying the most cost-

effective way (e.g. through water prices, pollution charges or environmental taxes)

for achieving certain environmental objectives for water resources, given the

limited availability of financial resources; (3) evaluating the role of various mea-

sures for the improvement of water status and considering policies for the compen-

sation of losers; and (iv) relaxing the environmental objectives on waterbodies, if

this can help promote overall sustainability.
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The following sections discuss how economic analysis has developed a variety

of appropriate tools for meeting the demands of the WFD. These tools allow us to

quantify the total economic value of aquatic resources and inform policymakers

about the effectiveness and sustainability of proposed management actions.

3 Methodology for Implementing the WFD

When a fully functioning market exists, as in the case of private goods, the value of

the assessed asset is normally reflected in the market price (e.g. fish products are

priced in a market). However, a market value does not exist for services such as

recreation activities or biodiversity. In this section, we provide an overview of the

most important economic techniques employed for identifying and estimating

water’s total economic value (or, at least, some components of it).

3.1 Total Economic Value

The total economic value (TEV) comprises two main types of values that can be

derived from an environmental resource: use and non-use values. The former refer

to benefits that people receive from the usage of the specific commodity, while the

latter refer to benefits people attach to the commodity even if they do not make use

of it. Use values can be further divided into three main categories: direct use values,

arising from the consumptive use of a certain environmental good; indirect use

values, arising when individuals indirectly interact with the resource; and option

values, representing the potential benefits that can be derived from the environ-

mental asset by future generations. Non-use values can be further classified into

existence values, i.e. values individuals place on the existence of the environmental

good as it stands; bequest values, i.e. values individuals place on the importance of

preserving the environmental asset for future generations; and altruistic values,

i.e. values individuals place on the need to maintain an environmental good in order

Table 1 Total economic cost of water services

Financial cost Cost of providing and administering water services. Includes capital cost,

operation cost, maintenance cost and administrative cost

Environmental

cost

Environmental cost represents the costs of damage that water uses impose on

the environment/ecosystems (e.g. a reduction in the ecological quality of

aquatic ecosystems or the salinisation and degradation of productive soils)

Resource cost Resource cost represents the costs of foregone opportunities which other uses

suffer due to the depletion rate of recharge or recovery of water (e.g. linked to

the over-abstraction of groundwater)

Source: Koundouri et al. [2], p. 10
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to be used by other individuals. Table 2 provides examples of these various

components of the TEV in the context of water resources.2

3.2 Nonmarket Valuation Techniques

The development of nonmarket valuation techniques allows us to quantify various

components of the TEV of water. Revealed preference techniques are employed to

estimate use values, while stated preference techniques are appropriate for estimat-

ing both use and non-use values.

3.2.1 Revealed Preference Techniques

In this section, we introduce the two basic revealed preference techniques, widely

used in environmental economics, for revealing the values individuals assign to an

environmental asset: the hedonic pricing method and the travel cost method.

Table 2 TEV components for water resources

Use values

Direct use values Indirect use values

Irrigation for agriculture Nutrient retention

Domestic and industrial water supply Pollution abatement

Energy resources (hydroelectric, fuel wood, peat) Flood control and protection

Transport and navigation Storm protection

Recreation/amenity External ecosystem support

Micro-climatic stabilisation

Option values Reduced global warming

Potential future uses of direct and indirect uses Shoreline stabilisation

Future value of information of biodiversity Soil erosion control

Non-use values

Biodiversity

Cultural heritage

Bequest, existence and altruistic values

Source: Birol et al. [4], p. 107

2 Please see also National Research Council [5] book on groundwater valuation (Table 1.3, p. 20)

for a taxonomy of groundwater values in particular. For example, according to this taxonomy,

groundwater use values are divided into extractive (municipal, industrial and agricultural) values

and in situ (ecological, buffer, subsidence avoidance, recreational and seawater intrusion values)

use values.
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Hedonic Pricing Method

This method uses the price variations of real estate market in order to estimate the

value of a local environmental good or service. The main assumption behind this

method is that people take into account local environmental characteristics when

deciding to buy a property; therefore, the quality of the surrounding environment

(such as air, water and noise pollution levels) will be reflected in the prices of real

estate property. For example, Mahan et al. [6], based on a dataset of 14,000 home

sales in Portland, found that proximity to wetlands had a positive effect on property

values (a decrease in the distance to the nearest wetland by 1,000 feet caused

property values to go up by $436). Likewise, in the context of groundwater, land

rent and property prices can be used as shadow prices, i.e. as implicit values for

estimating the value of water’s quantity and quality. Torell et al. [7], for example,

compared sales of irrigated and nonirrigated pieces of land in the southern High

Plains (an area within various central US states such as Texas, Oklahoma and

Kansas) and found that the value of groundwater was an important part of transac-

tion prices for irrigated farmland (comprising from 30% to 60% of the farm sale

price across the various states). King and Sinden [8] valued soil erosion and related

effects on groundwater in New South Wales, Australia, and concluded that the

market seemed to be working to conserve the soil in the examined region.

Travel Cost Method

This method is commonly used for estimating people’s willingness to pay for

visiting various ecosystem areas and natural landscapes for recreational activities.

The basic assumption behind this method is that the value of the environmental

amenity will be reflected on the time and travel cost that a person is willing to incur

in order to access the site. The results of this method are used to determine changes

in the access cost of a recreational site or to assess policy interventions with a view

to improving environmental conditions. Bowker et al. [9], for example, employed

the TCM in the Chattooga and Nantahala rivers in the USA and derived a value for

guided white water rafting between $89 and $286 per visitor per trip. Wilson and

Carpenter [10] estimated WTP for water quality changes in lakes, rivers, wetlands

and streams in the USA (their estimates were $6 per trip to avoid further degrada-

tion in the considered 13 sites, $13 per trip to improve water quality boatable state

to fishable state and $51 per trip to improve water quality from boatable to

swimmable state).

3.2.2 Stated Preference Techniques

In contrast to revealed preference methods, capturing only use values, stated

preference techniques are appropriate for measuring both use and non-use values

from ecosystem services. Capturing and monetising the value of ecosystem services
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may increase the efficiency of policy interventions, leading to an increase in

environmental sustainability and net benefits for society [11]. This section reviews

the two most popular methods of this type: the contingent valuation method and

choice experiments.

Contingent Valuation Method

This method aims at eliciting people’s willingness to pay (WTP) for positive
changes in the quantity or quality of an environmental resource or their willingness

to accept (WTA) compensation for negative changes in the status of the resource. It
is a survey-based approach in which participants are asked to state their preference

on a hypothetical scenario explained in the study. Therefore, the construction and

implementation of the survey is a major challenge: particular care is required for the

wording of the questionnaire and the administration of the survey so as to minimise

bias. Table 3 summarises the basic criteria for a good scenario. Pate and Loomis

[13] have provided a water-related application of CVM, in which households were

willing to pay for the adoption of an improvement programme in a wetland in

California. Hite et al. [14] also employed a CVM to assess public willingness to pay

for reductions in agricultural nonpoint pollution and concluded that significant

public support existed towards a policy providing farmers with precision applica-

tion equipment to reduce nutrient runoff.

Choice Experiment Method

The choice experiment method (CEM) is a relatively new addition to the pool of

stated preference techniques, having its theoretical foundations in Lancaster’s [15]
theory of value. The latter suggests that individuals derive satisfaction not by the

consumption of a certain good itself but from its various attributes. Therefore, in

Table 3 Scenario design criteria and contingent valuation measurement outcomes

Is the scenario. . . If not, respondent will. . . Measurement consequence

Theoretically

accurate?

Value wrong things (theo-

retical misspecification)

Measure wrong thing

Policy relevant? Value wrong things (pol-

icy misspecification)

Measure wrong thing

Understandable by

respondent as

intended?

Value wrong things (con-

ceptual misspecification)

Measure wrong thing

Plausible to the

respondent?

Substitute another condi-

tion, or not take seriously

Measure wrong thing. Unreliable, bias

susceptible don’t know or protest zero

Meaningful to the

respondent?

Not take seriously Unreliable, bias susceptible don’t know
or protest zero

Source: Mitchell and Carson [12], p. 190

Socio-Economics and Water Management: Revisiting the Contribution of. . . 363



choice experiments, a bundle of environmental goods is presented to respondents

with various attributes or characteristics (price is usually one of the main attributes).

Due to its experimental nature, the CEM enables researchers to evaluate attributes

at various levels (e.g. high, medium or low status of water quality) and identify

trade-offs that respondents have among the attributes. Each set of choices is then

associated with a certain level of utility. Willis et al. [16] examined consumers’
trade-offs between water supply security and river flows/biodiversity in local

wetlands in Sussex, UK. Their findings suggest that though consumers assigned

an insignificant value on increasing water supply, they had a positive value for a

unit increase in the conservation of wetland habitats and river flows.

As a summary of this section, Table 4 presents the advantages and disadvantages

of the main economic valuation methods. Also, it is worth noting that herein we

have mentioned briefly only a couple of applications of revealed and stated prefer-

ence techniques; nevertheless, the literature is vast (e.g. regarding the estimation of

groundwater benefits, we refer the interested reader to Work Package 6-Genesis

Project3 for a thorough discussion of a large number of valuation studies, under-

taken worldwide).

3.2.3 Laboratory Experiments

Laboratory experiments investigate preferences under a ‘real setting’ situation,

fully controlled in a laboratory [19]. Real economic incentives are provided to the

participants in order to reveal their WTP for a certain public or private good. Table 5

contains a brief description of some basic incentive-compatible mechanisms. For

example, in the second-price sealed-bid Vickrey auction [21], participants submit

sealed bids and the good is acquired by the participant who provides the highest bid,

but at a price equal to the value of the second-highest bid. Several conditions may

affect the quality of the performed experiments, such as the participants’ unfamil-

iarity with the elicitation mechanisms, their tendency to use numbers (presented to

them) as anchor values for their WTP, the presence of researchers scrutinising

participants’ behaviour and the use of a non-representative sample [20].

3Work Package 6 ‘Application of valuation techniques to assess the benefits of groundwater

quantity-quality improvements’ of the Genesis Project (Groundwater and Dependent Ecosystems:

New Scientific and Technological Basis for Assessing Climate Change and Land-use Impacts on

Groundwater). Genesis Project is available at: www.thegenesisproject.eu.
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Table 4 Advantages and disadvantages of economic valuation methodsa

Hedonic pricing

method

Advantages

Based on observable and readily available data from actual behaviour

and choices

Disadvantages

Difficulty in detecting small effects of environmental quality factors on

property prices

Connection between implicit prices and value measures is technically

complex and sometimes empirically unobtainable

Ex post valuation (i.e. conducted after the change in environmental

quality or quantity has occurred)

Does not measure non-use values

Travel cost method Advantages

Based on observable data from actual behaviour and choices

Relatively inexpensive

Disadvantages

Need for easily observable behaviour

Limited to in situ resource use situations including travel

Limited to assessment of the current situation

Possible sample selection problems

Ex post valuation

Does not measure non-use values

Production function

approach

Advantages

Based on observable data from firms using water as an input

Firmly grounded in microeconomic theory

Relatively inexpensive

Disadvantages

Understates WTP

Ex post valuation

Does not measure non-use values

Omits the disutility associated with illness

Contingent valuation Advantages

It can be used to measure the value of anything without need for

observable behaviour (data)

It can measure non-use values

Technique is not generally difficult to understand

Enables ex ante and ex post valuation

Disadvantages

Subject to various biases (e.g. interviewing bias, starting point bias,

nonresponse bias, strategic bias, yea-saying bias, insensitivity to scope

or embedding bias, payment vehicle bias, information bias, hypotheti-

cal bias)

Expensive due to the need for thorough survey development and

pre-testing

Controversial for non-use value applications

Choice experiment

method

Advantages

It can be used to measure the value of any environmental resource

without the need for observable behaviour (data), as well as the values

of their multiple attributes

It can measure non-use values

(continued)
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Table 4 (continued)

Eliminates several biases of CVM

Enables ex ante and ex post valuation

Disadvantages

Technique can be difficult to understand

Expensive due to the need for thorough survey development and

pre-testing

Controversial for non-use value applications

Source: Commission on Geosciences and Environment and Resources (CGER) [17], cited in Birol

et al. [4], p. 114
aWhen time and budget constraints do not allow for the employment of an original valuation study,

the benefit transfer method can be applied, i.e. economic estimations can be transferred from one

study site to another with similar location characteristics. More details about this method can be

found in Koundouri et al. [18]

Table 5 Incentive-compatible mechanisms

Elicitation

mechanism

Participant

procedure Market price Rule # of winners

English auction Sequentially

offer ascending

bids

Last offered

bid

Highest bidder pays

market price

1

2nd price auction Simultaneously

submit sealed

bids

Second

highest bid

Highest bidder pays

market price

1

Nth- price auction Simultaneously

submit sealed

bids

Nth highest

bid

n-1 highest bidders

pay market price

n-1

Random Nth- price
auction

Simultaneously

submit sealed

bids

Randomly

drawn Nth
highest bid

n-1 highest bidders

pay market price

n-1

Becker-DeGroot-

Marschak

Simultaneously

submit sealed

bids

Randomly

drawn price

Participant pays mar-

ket price if bid

exceeds market price

Individually

determined

Real choice Choose alterna-

tives in multiple

scenarios

Randomly

drawn bind-

ing scenario

Everybody pays mar-

ket price

All

participants

Incentive-compati-

ble conjoint rank-

ing mechanism

Rank alterna-

tives in multiple

scenarios

Randomly

drawn bind-

ing scenario

Everybody pays mar-

ket price

All

participants

Open-ended choice

experiment

Simultaneously

submit

quantities

Randomly

drawn price

Everybody pays mar-

ket price for submitted

quantities

All

participants

Multiple price list Accept/reject

stated prices

Randomly

drawn price

Participants pay mar-

ket price if it is

accepted

Individually

determined

Real dichotomous

choice experiment

Accept/reject Given price Participants pay mar-

ket price if it is

accepted

Individually

determined

Quantity trade-off

experiment

Accept/reject No price Participants complete

trade if it is accepted

Individually

determined

Source: Alfnes and Rickertsen [20], p. 219
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3.3 Integrated Hydro-Economic Models for Optimal Water
Management

In the previous section, we provided an overview of some common valuation

techniques with regard to the calculation of various components of water’s TEV.
Now, we turn to hydro-economic models as tools for estimating water’s economic

value and suggesting strategies leading to an optimal water allocation.4

Integrated hydro-economic models are mathematical models combining hydro-

logic, engineering, environmental and economic aspects of water resource systems

at a regional level [22]. They are used in order to suggest ways for more efficient

and transparent use of water, given the existence of scarcity. The main assumption

behind hydro-economic models is that demand for water may change subject to

dynamic changes in water quantity and the type of use. Due to the various

conditions that affect water availability (such as location and hydrologic condi-

tions), more than one demand curves may be used [22].

Although hydro-economic models are driven by various institutional and socio-

economic factors, the key focus is on the water system and its effect on one or more

economic sectors [23]. Figure 1 depicts the disciplinary dimensions behind inte-

grated hydro-economic models, and Table 6 provides a brief description of various

types of hydro-economic models with their associated advantages and

disadvantages.

Fig. 1 Disciplinary dimensions underlying integrated hydro-economic modelling. Source:
Brouwer and Hofkes [23], p. 17

4Apart from nonmarket valuation techniques and hydrological models, linear programming and

various other econometric modelling approaches can be used for estimating the economic value of

water. For example, programming models can be used for estimating the water quantity which

maximises farmers’ private profits through computer simulations (in cases where there is no data

on a wide range of prices). These techniques are, nevertheless, beyond the scope of this review

chapter.
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Table 6 Some design choices, options and implications for building hydro-economic models

Simulation/

optimisation

Simulation

Summary Time-marching, rule-based algorithms; answers question: ‘what if?’

Advantages Conceptually simple; existing simulation models can be used, reproduces

complexity and rules of real systems

Disadvantages Model only investigates simulated scenarios, requires trial and error to

search for the best solution over wide feasibility region

Optimisation

Summary Maximises/minimises an objective subject to constraintsa; answers ques-

tion: ‘what is best?’

Advantages Optimal solutions can recommend system improvements; reveals what

areas of decision space promising for detailed simulation

Disadvantages Economic objectives require economic valuation of water uses; ideal

solutions often assume perfect knowledge, central planning or complete

institutional flexibility

Representing time

Deterministic time
series

Model inputs and decision variables are time series, historical or synthet-

ically generated

Summary Conceptually simple: easy to compare with time series of historical data or

simulated results

Advantages Inputs may not represent future conditions; limited representation of

hydrologic uncertainty (system performance obtained just for a single

sequence of events)

Disadvantages

Stochastic and multistage stochastic

Summary Probability distributions of model parameters or inputs; use of multiple

input sequences (‘Monte Carlo’ when equiprobable sequences or ‘ensem-

ble approach’ if weighted)

Advantages Accounts for stochasticity inherent in real systems

Disadvantages Probability distributions must be estimated and synthetic time series

generated; presentation of results more difficult; difficulties reproducing

persistence (Hurst phenomenon) and non-stationarity of time series

Dynamic optimisation

Summary Inter-temporal substitution represented

Advantages Considers the time-varying aspect of value; helps address sustainability

issues

Disadvantages Requires optimal control or dynamic programming

Submodel integration

Modular

Summary Components of final model developed and run separately

Advantages Easier to develop, calibrate and solve individual models

Disadvantages Each model must be updated and run separately; difficult to connect

models with different scales

Holistic

Summary All components housed in a single model

(continued)
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4 Rapid Assessment of the River Basin Districts in Greece

In this section, we provide a brief description of the socio-economic and water

status of Greece’s river basin districts.

Greece occupies a total area of 131,957 km2 and consists of 14 river basin

districts. Table 7 summarises information about the population, area and water uses

in each RBD. Greek authorities have undertaken management plans in each RBD to

characterise the ecological and chemical status of all water bodies (e.g. rivers,

lakes, coastal areas, etc.). In some districts, authorities have aggregated across

waterbodies to determine the overall quality status for each basin, while in others

a characterisation is made separately for each type of waterbody (readers may want

to consult each district’s management plan for more information on the chemical

and ecological parameters).5

5 Review of Representative Valuation Case Studies from

Greece

In this section, we provide some representative examples of water-related valuation

studies in Greece. All these studies have been developed, during the last decade, by

the RESEES/ICRE8 team.6 We would like to point out that in no sense is this

current section meant to provide an exhaustive list of economic valuation methods

in the entire country; our goal is to present a representative sample.

Table 6 (continued)

Simulation/

optimisation

Advantages Easier to represent causal relationships and interdependencies and perform

scenario analyses

Disadvantages Must solve all models at once; increased complexity of holistic model;

requires simpler model components

Source: Harou et al. [22], p. 632
aIf optimised time horizon is a single time period, the model can be considered a simulation model

that uses an optimisation computational engine

5Management Plans (in Greek) are available at http://wfd.ypeka.gr (last accessed 12/02/2015).
6 The International Centre for Research on the Environment and the Economy (ICRE8) is the

outcome of the evolution of the Research Team on Socio-Economic and Environmental Sustain-
ability (ReSEES). More details about the team’s research can be found at: http://www.icre8.eu/.
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5.1 Production Function Approach (Duration Analysis):
Crete

Genius et al. [25] developed a model to investigate the potential effect of informa-

tion transmission on the adoption and diffusion of modern irrigation technology in

agriculture. Information transmission was considered through two main sources:

extension agents and social learning (i.e. interaction with peer farmers and learning

by doing). The model was tested empirically through a dataset of 265 olive growers

located in the island of Crete. The dataset included information about the year in

which farmers adopted a new irrigation technology (such as drip or sprinklers) and

about key farming-operation variables, such as production patterns, gross revenues,

input use, water cost and the farmers’ socio-demographic characteristics.

According to the available data, none of the farmers had adopted a new technology

before 1994, whereas 64.9% (172) of farmers had adopted a drip technology

between 1994 and 2004. The mean adoption time for the sample was 4.68 years.

Using duration analysis, the authors found that both extension services and

social interaction with peer farmers had been essential for the adoption and

Table 7 Economic analysis of the most important water uses in each RBD

RBD

Population

(2001)

Area

(km2)

Demand for

supply

(hm3/year)

Demand for

irrigation

(hm3/year)

Demand for

industry

(hm3/year)

Demand for

livestock

(hm3/year)

West

Peloponnesus

331,180 7,235 35 180 16.4 2.8

North

Peloponnesus

615,288 7,397 69.7 416 8.3 6.5

East

Peloponnesus

288,285 8,442 31.7 330 7.1 4.6

West Sterea 312,516 10,199 44 340 0.39 7.84

Epirus 464,093 9,980 54 303 4 10

Attica 3,737,959 3,186 414.7 68.5 20.8 1.6

East Sterea 577,955 12,291 49.6 796 29.2 7.5

Thessaly 750,445 13,142 83 1 211 17 13

West

Macedonia

596,891 13,624 140 938 83 95

Central

Macedonia

1,362,190 10,146 7.77 463 0.26 Trivial

East

Macedonia

412,732 7,320 47.7 816.3 16.2 5.8

Thrace 404,182 11,243 47.6 792.1 14.7 7.1

Crete 601,131 8,335 42.33 320 4.1

Aegean

Islands

508,807 9,103 37.19 80.20 1.24

Source: Data in this table (except the last two rows) were collected by different studies in Greek

(‘Ολoκληρωμε�vα Σχε�δια Διαχείρισης τωv Λεκάvωv Απoρρoής της Χω�ρας, 2013’) available at

http://wfd.ypeka.gr (last accessed 12/02/2015). For the last two rows, studies were not yet

available on-line, and data were taken by Koundouri et al. [24], p.13
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diffusion of new technology. Moreover, the two aforementioned channels were

found to be complementary. Other variables affecting the decision to adopt the new

technology were water and crop prices (water prices being positively while crop

prices negatively associated with the adoption time), risk attitudes (risk-avert

farmers being more likely to adopt the new irrigation technology), climatic condi-

tions (adverse conditions, as in the case of Crete, which is characterised by a

semiarid climate, were positively associated the adoption time) and some socio-

demographic characteristics (e.g. the adoption time decreased with farmers’ age up
to 60 years but thereafter increased, thus highlighting the combined effect of

planning horizon and farming experience).

5.2 Choice Experiment, Lab Experiment, Contingent
Valuation: The Asopos River Basin

The Asopos river basin runs in the Eastern RBD of Greece, approximately 60 km

north of Athens, and serves a population of approximately 70,575 citizens. The

Asopos area constitutes the largest industrial region in Greece. The river and

groundwater of the basin have been subject to long-term (since the 1970s) industrial

and agricultural pollution. Agriculture plays an important role on water quality due

to nitrate runoff from the excessive use of fertilisers, while industries create major

environmental problems due to the lack of a holistic plan for the treatment of the

produced industrial (liquid, solid and air) wastes. As a result, Asopos has been

characterised as one of the most polluted rivers in Greece, having an impact not

only on the areas that it runs through but also on the coastal area which it flows into.

Asopos’s serious environmental degradation, coupled with two different

sub-population groups with regard to socio-economic characteristics (rural local

residents vs. vacation urban residents from Athens), makes this case study partic-

ularly interesting.

For this purpose, Koundouri et al. [26] conducted a choice experiment in order to

calculate the WTP of the two sub-population groups (Asopos and Athens residents)

for improvements in environmental conditions. Following common practice, the

CE survey included the following steps: (1) selection of attributes, (2) definition of

attribute levels, (3) choice of experimental design in order to allocate alternative

scenarios to choice tasks and (4) elicitation of preferences, based on respondents’
ranking of available scenarios in each choice task. Table 8 presents the main

attributes and the corresponding levels in various policy plans presented to the

respondents. The results (Table 9) show that respondents from both sub-populations

had significant marginal WTP for alternative policy scenarios improving local

environmental conditions.

Moreover, a lab experiment [27] was conducted to examine the impact of

environmental degradation on health and the cost from consuming products pro-

duced in an area with poor water conditions. A sample of 61 consumers were
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recruited in Athens to participate in a 4th price Vickrey auction performed in the

lab: after a brief training on the lab experiment process, participants were asked to

bid in order to exchange a kilo of potatoes produced in the Asopos area with a kilo

of potatoes produced in a region with good ecological status. Bids were modelled as

a function of respondents’ socio-economic characteristics, initial monetary endow-

ment, risk perceptions and potato consumption habits. Estimates were obtained

through a random effects regression model. The results suggest that participants

were willing to pay a price premium in order to exchange the Asopos potatoes with

potatoes from a less polluted region (the mean upgrade bid from lower to upper

quality potatoes was found to be €0.60 euro per kilo). Moreover, participants were

willing to pay in order to reduce their potential health risk even when they were

informed that there would be no available data for assessing risks of consumption to

human health.

Also, Tentes and Damigos [28] and Tentes et al. [29] have conducted two

economic valuation studies, a contingent valuation and a choice experiment,

respectively, in the Asopos area with a view to estimating environmental damage

to groundwater. WTP estimates from both studies fall into the same range of values.

Different household profiles showed different willingness to pay, depending on

attitudes against the environmental damage, population age and place of residence

Table 8 Attributes and levels

Attribute Status quo (option A) Some policy action

Environmental conditions Bad Moderate or good

Impact on local economy Negative today Improved by 2015 or positive by 2027

Human health Water not suitable for

drinking, cooking and

irrigation

Water suitable for all uses (drinking,

cooking and irrigation) or water suit-

able for some uses (drinking and

cooking)

Cost in Euro (tri-monthly

water bill per household for

the next 15 years)

0 2, 4, 6, 8 or 12

Source: Koundouri et al. [26], p. 105

Table 9 Marginal WTP for the two sub-populations (all respondents)

Attribute level Marginal WTP (Athens) Marginal WTP (Asopos)

Status quo policy option 7.28*** 8.31***

Environmental conditions: moderate 10.07*** 9.59***

Environmental conditions: good 2.41*** 0.47

Local economy improved by 2015 4.03*** 1.70***

Local economy positive by 2027 �1.78*** �1.13***

Water for some uses 5.68*** 7.29***

Water for all uses 6.27*** 5.16***

Source: Koundouri et al. [26]
Note: Marginal WTP for status quo becomes insignificant when serial non-participants are

excluded, i.e. those that are not satisfied by none of the alternative policy scenarios

*** is 99% significance level
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[28]. Households were willing to pay almost 160 €/month for in situ remediation

measures at certain areas which suffer most, in order to serve all groundwater

uses [29].

5.3 Choice Experiment: Cheimaditida Wetland

The wetland of Cheimaditida, located 40 kilometres southeast of Florina in the

northwest part of Greece, covers an area of 168 km2 and contains one of the last

remaining freshwater lakes in Greece. Rich fauna, flora and habitat diversity can be

met in the wetland. However, the economic activity in the area (mainly agriculture,

forestry and fishing) has caused negative effects on the water quantity and quality

and in turn on the wetland’s rich biodiversity.

Birol et al. [30] conducted a choice experiment in order to estimate the value of

the benefits derived by the wetland. Face-to-face interviews were employed in eight

towns and two cities (Athens and Thessaloniki) representing a continuum of

distances from the wetland, as well as urban and rural populations. Table 10

summarises the main attributes and their various levels presented to the study

participants: two ecological (biodiversity and open-water surface area), two

socio-economic (research/education and retraining of farmers) and one monetary

attribute were selected. Different combinations of these attributes yielded the

following management scenarios: (1) current scenario (‘status quo’), i.e. low bio-

diversity, low water surface area, low research and educational opportunities and no

farmers’ retraining; (2) scenario 1 (low impact), i.e. low biodiversity, higher levels

of open-water surface area, low research and educational opportunities and

retraining of 30 farmers; (3) scenario 2 (medium impact), i.e. high level of biodi-

versity, low open-water surface area, high research and educational opportunities

and retraining of 75 farmers; and (4) scenario 3 (high impact), high level of

biodiversity, high open-water surface area, high research and educational opportu-

nities and retraining of 150 local farmers. The payment vehicle was a one-off tax

payment for the year 2006–2007 deposited to the ‘Cheimaditida Wetland Manage-

ment Fund’, controlled by a credible and independent body. The collected dataset,

besides responses on the various management plan scenarios, included socio-

economic characteristics and the participants’ attitudes towards the environment.

The econometric analysis (four basic conditional logit models) revealed that

respondents were willing to pay in order to promote all attributes of the choice

experiment: WTP varied between €15.10 and €17.8 for improvements in biodiver-

sity, €7.25 and €11.02 for improvements in open-water surface area, €8.69 and

€10.79 for education and research opportunities and €0.075 and €0.195 for farmers’
retraining. Taking into account the existence of potential heterogeneity among

respondents’ preferences, people with higher levels of education, income and

environmental consciousness appear to prefer management scenarios with higher

levels of ecological and socio-economic attributes. Also, the compensating surplus

increased when moving from the status quo to one of the alternative scenarios for
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the management of the wetland. Subject to various model specifications, the WTP

ranged between €58.2 and €107.59 for the low-impact scenario, €80.11 and

€116.49 for the medium-impact scenario and €102.69 and €134.46 for the high-

impact scenario. Finally, a cost-benefit analysis was employed to calculate the net

benefits generated by each of the three aforementioned scenarios. The estimated

aggregate net benefits were €335.351.463, €357.421.769 and €412.825.286 for the

low-, medium- and high-impact management scenarios respectively, indicating that

social welfare maximises with the high-impact scenario.

6 Conclusion and Policy Implications

Economic analysis needs to be integrated with other field expertise (climate change,

hydrology, geology, engineering, sociology, etc.) and be considered along the

management and decision-making process. The main purpose of this chapter was

to discuss how economic analysis can assist in achieving the targets of the ECWFD

in terms of designing efficient, socially equitable and environmentally sustainable

water management policies. In summary, integrating economic analysis in an

interdisciplinary management effort towards implementing the WFD entails iden-

tifying the uses of the RB services for different sectors of the local economy and

estimating their monetary value. Estimating such values is an important

Table 10 Wetland management attributes and levels used in the CE

Attribute Definition Management level

Biodiversity The number of different species of

plants, animals, their population levels,

the number of different habitats and

their size

Low: deterioration from current levels

High: a 10% increase in population

and size of habitats

Open-water

surface area

The surface area of the lake that

remains uncovered by reed beds

Low: decrease from the current open-

water surface area of 20%

High: increase open-water surface area

to 60%

Research

and

education

The educational, research and cultural

information that may be derived from

the existence of the wetland, including

visits by scientists, students and school

children to learn about ecology and

nature

Low: deterioration from the current

levels of opportunities

High: improve the level of educational

and research opportunities by provid-

ing better facilities

Retraining

of farmers

Retraining of local farmers in environ-

mentally friendly employment such as

eco-tourism and arid-crop production

Number of farmers retrained in envi-

ronmentally friendly employment:

30, 50, 75, 150

Payment A one-off payment to go to the

‘Cheimaditida Wetland Management

Fund’

4 payment levels from the pilot CV:

3, 10, 40, 80

Source: Birol et al. [30], p. 147
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prerequisite for the design of appropriate policies, leading to sustainable manage-

ment over time and space.

A variety of valuation methods, primarily revealed and stated preferences

methods, is available to economists in order to identify and quantify economic

values, use and non-use, arising from the various aquatic resources and ecosystems.

A brief description of water-related empirical studies conducted in Greece,

during the last decade, reveals that various socio-demographic characteristics and

different stakeholders’ interests affect perceptions and willingness to pay for a

certain environmental good or policy intervention. Comparing the benefits, for all

water users, yielded by the implementation of various water-related management

scenarios, to the associated costs, allows us to identify a socially efficient wetland

management strategy. In other words, CBA may be helpful in the avoidance of

policy interventions with disproportionate costs to member states.

In order to achieve a socially efficient policy and WFD compliance ‘good
status’, it is essential to employ economic instruments that allow us to impose the

payment of the total economic values of RB on the users of these services. For

instance, financial penalties could be imposed on pollution dischargers; alterna-

tively, subsidies could be paid directly by the central or local government to the

provider of water services in the form of investment subsidies (capital subsidies,

lowering fixed costs). In this way, users would internalise (in their individual

decisions) the social value of the resource and would thus be incentivised to use

it in a sustainable manner. The effects of such policy interventions on different

social groups could vary but could also be smoothed out with a redistributional

instrument subject to explicit government priorities, approved by democratic

processes.
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Environmental Impacts of Large-Scale

Hydropower Projects and Applied

Ecohydrology Solutions for Watershed

Restoration: The Case of Nestos River,

Northern Greece

Georgios Sylaios and Nikolaos Kamidis

Abstract The impoundment and abstraction of freshwater in river systems for the

purposes of power generation and agricultural irrigation has provided huge eco-

nomic benefits at global scale over the last 50 years. However, the environmental

and social costs induced by large dams have been poorly accounted for in economic

terms. Although the construction of large dams reduces the threat of devastation

from extreme floods, significant watershed changes arise as a result of reservoir

filling, river flow blockage, river flow storage, and flow regulation. Almost 15 years

after the construction and operation of the two large hydropower dams (Thissavros

and Platanovrisi), and approximately 50 years after the operation of the irrigation

dam at Toxotes, the environmental consequences at the downstream part, the

deltaic and the coastal zone of Nestos River are evident. The application of specific

ecohydrological concepts aims to mitigate these observed environmental effects.

Ecohydrology is an innovative and exciting topic, considered as the science of

interplay between biota and hydrology in an ecosystem. Riparian and coastal

ecohydrology concepts, together with the concept of “Green Hydropower”, may

be adopted as a tool for assessing the effectiveness of the measures adopted by the

hydropower companies aiming at improving the environmental functioning of such

systems.
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1 Introduction

Natural flow in the majority of the world’s rivers has been altered by humans,

through dam construction, water diversion and abstraction to cover present and

future water and energy needs [1]. As water and energy are indispensable for human

sustenance, the resulted impoundment of freshwater resources for water supply,

hydropower generation, and agricultural irrigation has provided huge economic

benefits at a global scale over the last 50 years [2]. In parallel, the growing

population and the rising level of economic activity increase human demand for

water and water-related services. For example, the electric power demand is

expected to rise by almost 55% until 2030, with countries like China and India

presently covering about the half of this demand [3].

To cover these needs, the mean construction rate of large dams, worldwide, but

excluding China, ranges from 160 to 320 large dams/year. Presently, there exist

more than 45,000 dams operating in over 150 countries, with height over 15 m,

leading to the impoundment of 8,400 km3 of water stored in reservoirs, seven times

higher than the water volume of 1,200 km3 in natural rivers [4]. These dams

generate approximately 19% of the world’s electricity and irrigate almost 40% of

the irrigated land worldwide [5]. Global hydropower generation is expected to rise

by 1.7% per year between 2004 and 2030, depicting an overall increase of almost

60% since 2004, as global investment in large dams in 2001 exceeded

$2 trillion [6].

On the other hand, the projected climatic change impacts associated with the

decreasing trend in the precipitation patterns seem likely to induce water scarcity,

leading to lower river flow levels, especially over the Mediterranean basin
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[7]. Qualitative degradation of river water quality is also expected, resulted from

the projected exponential rise in the water requirements for food production and the

consequent increase in the utilization of fertilizers and pesticides.

All the above lead to the conclusion that humans will continue to exert signif-

icant pressure in the near future on rivers, and especially on dam-controlled rivers,

thus their environmental impacts on the watershed ecosystem should comprehen-

sively be revealed. Indeed, the environmental and social costs of large dams have

been poorly accounted for in economic terms, so that the wider long-term cost/

benefit analysis to determine the true profitability of these projects remains elusive

[5]. It is presently apparent that river damming changes watershed biosphere,

creating a completely different hydrologic and ecologic regime with more severe

alterations at the downstream part of the watershed, affecting river deltas and the

broader coastal zone and coastal ecosystem [8].

Over the years several investigators reviewed the impacts of river damming,

with special reference to the downstream part of the watershed: Brismar [9] in a

pioneer work presented extensively the cumulative environmental consequences

related to large dam projects, by classifying them into impacts related to reservoir

filling, river flow blockage, water storage, and flow regulation; Collier et al. [10]

and Lin [11] discussed the downstream hydrological effects associated with water

flow regulation due to river damming; Lerer and Scudder [12] and Tajziehchi et al.

[13] examined among others the environmental, social, and health issues related to

large dam projects, especially in less-developed countries.

The specific physical, chemical, and biological changes to the ecosystems of

upstream backwaters, the reservoir body and surroundings, and the downstream

river reaches, associated with river damming, are summarized as follows:

1. River water stage regulation and frequent short-term flooding incidents, as a

result of energy-demand peaks [14, 15];

2. Dams smooth the hydrologic peaks and floods, while freshwater abstractions

reduce the river flux reaching the coastal sea [16];

3. River water temperature regulation, with generally lower temperatures

prevailing throughout the year [17];

4. Retention of nutrients in the reservoir, thus changing the stoichiometry of river

water transported to the sea [18];

5. Changes in the downstream water quality which has effects on turbidity,

dissolved gases, concentration of heavy metals and minerals [19];

6. Reduction of sediment loads at the deltaic and coastal zone areas, resulting in

the alteration of coastal sedimentary budget and the occurrence of coastal

erosion [20–23];

7. Stoichiometric change leading to biogeochemical cycling alterations for

dissolved and particulate substances in coastal ecosystems [24];

8. Reduction of biodiversity due to the blocking of the movement of the organ-

isms and because of environmental changes described above;

9. Changes in aquatic flora and fauna, with significant changes in river fish fauna,

due to physico-chemical alterations [25, 26];
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10. Primary production shift from the coastal sea to the lacustrine environment

developed at dam’s reservoir;
11. Impacts on the spawning and nursery grounds of riverine and coastal fish

species, influencing coastal fisheries [27, 28].

From the above it occurs that dams affect (a) the hydrological system and river

dynamics, (b) river physico-chemical cycles, (c) soil, surface, and groundwater

quality and environmental toxicity, and (d) the watershed ecosystem. The scope of

the present paper is to investigate the environmental changes taking place along the

transboundary Nestos River (N. Greece), over the last 15 years since the construc-

tion and operation of two large hydropower dams (Thissavros and Platanovrisi),

and to discuss a series of mitigation and restoration measures that have been

(or could be) adopted, based on the modern principles of ecohydrology [29, 30]

and “Green Hydropower” [31]. Impacts assessment is based on existing datasets

obtained during previous studies and projects carried out either solely over the

Greek part or covering the whole watershed, funded mostly by cross-border col-

laborating programs (e.g., Interreg III and IV) and environmental restoration

initiatives (e.g., LIFE).

2 Site Description

2.1 Watershed Geology

Nestos/Mesta River is one of the 71 internationally shared river catchments of

Europe [32], located in Eco-region 7 (Eastern Balkans), according to the Water

Framework Directive 2000/60/EC (Fig. 1). Nestos/Mesta River valley is confined

between the Pirin mountain in the West, the Rila mountain in the North, and the

Rhodope massif in the East. The River drains 5,613 km2, of which 2,770 km2

(or 49.34% of the total basin) belong to Bulgaria, while 2,843 km2 (or 50.66% of the

total basin) is located in Greece [33]. In Bulgaria the river flows through a valley of

granite, until it reaches the Rhodope mountain chain, near the Greek–Bulgarian

borders, where a rugged mountainous terrain of Precambrian and early Paleozoic

crystalline rocks prevails. Two glaciations seem to have taken place in the moun-

tainous part of the basin, leading to the partial crushings of the granite peaks and the

formation of beautiful alpine edges, moraine fields, and vertical cliffs. After the

borders the river continues to flow on metamorphic rocks (gneisses, schists), until

the karstified marbles of Paschalia area. The impressive “Nestos Gorges” are

formed in this karstic zone between Stavroupoli and Toxotes, characterized by

the presence of steep slopes and meanders. At the deltaic zone, a floodplain is

formed covering 440 km2 of thick tertiary fluvial sediments belonging to Prinos–

Nestos formation [34].
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2.2 River Hydrology

The Nestos/Mesta River catchment experiences the influence of the European

continental climate over the entire river flow. The southern-most part of the river

valley serves as a corridor for the Mediterranean climate [35]. In the Bulgarian part

mean annual precipitation reached 810 mm/year, while in the Greek part 790 mm/

year. Mesta River is supplied by 25 tributaries, 9 of them are considered as first

order, as they transfer large water quantities. The biggest is Dospatska or Dospat

River, with a catchment area of 680 km2, which flows into Mesta in the Greek

territory (Fig. 1). In the Greek part, Nestos River is supplied by 18 tributaries, with

Arkoudorema, Diavolorema, and Musdarema being the most important, having a

total catchment area of 1,350 km2 [36].

Examination of the Nestos River mean monthly flow time-series at Temenos

site, during the period 1966–2000, revealed that the mean pre-damming annual

discharge was 39.7 m3/s and the annual discharge 1,120 Mm3, characterized by a

strong seasonal and inter-decadal variability [33]. The maximum mean annual

Fig. 1 The Mesta/Nestos River transboundary watershed
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discharge was observed in year 1996 at 75.48 m3/s (annual runoff 2,380 � 106 m3),

while a minimummean annual discharge of 15 m3/s (annual runoff 473.5� 106 m3)

was recorded in 1993.

2.3 Effects of Climate Change and Human Intervention
on River’s Hydrology

Koutroumanidis et al. [37] analyzed the 1966–1996 water discharge time-series

recorded at the border station Delta, upstream Thissavros and Platanovrisi dam

reservoirs, in an attempt to identify structural change points, as a result of climatic

and/or human interventions. They used the “fuzzy entropy” criterion, as a measure

of disorder within the hydrologic time-series, and the RCUSUM statistic to identify

the time-series phase change point. The conclusion that the Temenos series was

inhomogeneous and that it could be divided into five parts (generations) was finally

reached (Fig. 2).

Fig. 2 Nestos River discharge time-series measured upstream of Thissavros Hydropower Reser-

voir, during 1996–2006 (source: Greek Public Power Corporation)
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Generation 1 covers the period from January 1966 to May 1971, with a mean

annual discharge of 36.4 m3/s and a total annual runoff of 1,132 � 106 m3/year.

During Generation 2 (June 1971 to April 1980) a 21.8% reduction in the total

annual runoff was observed, but the generation trend remains positive. Indeed,

Nestos River discharge increases slightly during Generation 3 (May 1980 to

December 1982) to the level of 29.6 m3/s. However, a significant reduction in

Nestos River flow was recorded during the period January 1983 to January 1986

(Generation 4) to 22.3 m3/s, depicting a strongly negative trend. Finally, mean

monthly discharge reached 17.7 m3/s corresponding to a total annual surface runoff

of only 552� 106 m3/year, almost half compared to the first runoff period (Table 1).

Flow reduction in this fifth generation coincides well with the recorded trend in

precipitation at the northern part of Greece, with a rate of 0.57 mm/winter/year

[38]. Finally, the decomposition of the de-centered and de-trended above-defined

generations into their periodic components revealed the presence of periods similar

to those found in almost all world’s river discharge and precipitation series [37].

All the above indicate that climatic factors and intensified human usage through

damming, abstraction, and diversion decreased significantly the annual river flow

crossing the Greek–Bulgarian borders, during the last 30 years. Such reduction is

expected to exert in the future an important pressure at the dams’ downstream river

part, thus enhancing environmental impacts.

Table 1 Hydrologic characteristics of the five generations defined in the Nestos River discharge

time-series

Generation Time period

Mean

annual

discharge

(m3/s)

Total annual

runoff (�106

m3/year)

Mean daily

runoff (�103

m3/day)

Annual runoff

change from

generation 1 (%)

1 January

1966–May

1971

36.41 1,132 3,102.36 0.00

2 June 1971–

April 1980

28.47 886 2,426.30 �21.79

3 May 1980–

December

1982

29.59 920 2,521.34 �18.73

4 January

1983–

January

1986

22.31 694 1,900.89 �38.73

5 February

1986–

December

2004

17.76 552 1,513.50 �51.21
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2.4 Present Nestos/Mesta Water Uses

The water of Mesta/Nestos River in Bulgaria is mainly used for irrigation, domestic

use, fishery, tourism, waste disposal, and slightly for energy production. On the

other hand, this water in Greece is mostly used for energy production, irrigation,

domestic use, fishery, waste disposal, and tourism [39].

The water use for energy production in Bulgaria is limited. Three small hydro-

power stations exist in Mesta basin (Yakoruda, Razlog, and Toplika) producing in

total 7.4 KWh. Extensive water use for energy production takes place in Greece.

The Public Electricity Corporation constructed and operates since 1996 the

multipurpose dams of Thissavros and Platanovrisi. Their characteristics are given

in Table 2. On the Bulgarian drainage basin of Mesta, the dam of Despat River was

constructed and operated well before the dams on the Hellenic side [40]. This dam

diverts approximately 378 � 106 m3 towards the Maritsa/Evros basin.

In terms of irrigation, four extensive irrigation networks have been developed

along Mesta/Nestos River (two in Bulgaria and two in Greece), aiming to supply

with water the adjacent cultivations. In Bulgaria, approximately 50 � 106 m3 are

abstracted from Mesta/Nestos river, to cover the irrigational needs of 150 km2

cultivated land. In the Greek part the total arable land reaches 142 km2, of which

131 km2 are located at the deltaic area of the river and only 11 km2 are situated at its

central and northern part. Their total annual water demands exceed the level of

200 million m3 [33].

In Bulgaria, in terms of domestic water use, approximately 5.2� 106 m3/year are

abstracted to cover human consumption utilizing surface (56%) and groundwater

resources (34%). Industrial activities abstract water of the order of 3.8 � 106 m3/

year, especially at the towns of Razlog and Belitsa. In the Greek part, the domestic

water use of 5 � 106 m3/year seems balanced by the kartsic springs supply at the

southern part of Lekani marbles (springs of Paradeisos and Stratones).

Table 2 Descriptive data for Thissavros and Platanovrisi dams and reservoirs

Thissavros dam Platanovrisi dam

Mean width (m) 200 200

Mean depth (m) 40 15

Highest operational stage from MSL (m) +380 +227.5

Lowest operational stage from MSL (m) +320 +195

Volume at HOS (106 m3) 705 73

Volume at LOS (106 m3) 135 16

Reservoir area in HOS (km2) 18 3

Maximum annual stage fluctuation (m) 30 2

386 G. Sylaios and N. Kamidis



3 Environmental Impacts Related to Nestos River

Damming

3.1 Impacts Related to Reservoir Filling

After river damming two large reservoirs were developed: Thissavros Reservoir,

approximately 32.8 km in length, and Platanovrisi Reservoir, about 11 km in length.

These reservoirs inundated significant parts of mountainous forested land and

altered the hydrologic, biogeochemical, and ecological conditions of the system.

As pre-damming deforestation of inundated land was kept to minimal, the burial of

forested land at the reservoirs’ bottom enhanced the decomposition of organic

matter, released nutrients into the water column, and promoted anaerobic condi-

tions at the near-bottom zone. Figure 3 illustrates an indicative distribution of

dissolved oxygen along Thissavros and Platanovrisi Reservoirs, during summer

2006 (after [41]). The most common pattern appearing in all monthly transects in

both reservoirs is the increased DO-levels at the surface and the DO depletion near

the bottom (at depths above 40 m). Thermal stratification in the water column

during spring and summer obstructs vertical mixing and reduces DO bottom levels

near hypoxia (3.1 mg/L at Thissavros and 2.6 mg/L at Platanovrisi). Although never

measured, under such conditions the emission of methane gas and the production of

hydrogen sulfate and methyl mercury at the reservoirs bottom seem possible.

The thermal, nutrients, and primary production cycle of Platanovrisi Reservoir

was monitored throughout 2007, with 20-day repeatability [42]. In parallel, an

one-dimensional (z-axis) numerical model was developed to simulate the reservoir’s
water column dynamics. Results showed that the stratification–destratification cycle

strongly affects the vertical distribution of nutrients, as during the thermocline

presence (approximately Julian day 100–300) the hypolimnetic levels of nitrates,

nitrites, and total phosphorus were up to five times higher than those observed at the

epilimnion. The reverse behavior was exhibited by the dissolved oxygen concentra-

tion, leading to anoxic values during the stratified period near the bottom (Fig. 4).

Further, the change from riverine to lake conditions affected directly the biodi-

versity of the ecosystem. Koutrakis et al. [43] reported that the fish fauna in Nestos

River reservoirs is now dominated by limnophilic species, in their majority alien

and translocated species, favoring the post-damming established lacustrine envi-

ronment, while native species appear limited in richness and diversity.

3.2 Impacts Related to Flow Blockage

After dams’ development, Nestos river inflows into Thissavros Reservoir at signif-

icantly lower speeds, allowed the deposition of bedload and suspended sediment at

the entrance of the reservoir. Similarly, the entrapment and burial of solid wastes,

transferred from Bulgaria after heavy rainfall incidents, at Thissavros entrance, has
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Fig. 3 Dissolved oxygen content (in mg/L) distribution in Thissavros and Platanovrisi Reservoirs

during (a) summer 2006, (b) autumn 2006, and (c) spring 2007
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been regularly reported by local Greek authorities. Such process accumulates

dissolved and suspended pollutants (organic matter, nutrients, heavy metals, and

toxic substances) into the upstream part of the reservoir, changing water physico-

chemical characteristics.

Kamidis [41] monitored the distribution of total suspended solids (TSS)

upstream, along both reservoirs and downstream of the dams in Nestos River,

revealing that approximately 86–92% of the suspended material is entrapped by

the dams (Fig. 5). Summer TSS distributions encountered higher concentrations

near Thissavros reservoir bottom, most probably due to the resuspension of sedi-

ments under the anoxic hypolimnetic conditions. Hrissanthou [44] estimated a

sediment supply reduction in relation to historic sediment yields, at the deltaic

zone of 60%, as a result of river damming, while Andreadaki et al. [45] estimate this

reduction at 84%.

This entrapment reduces the sediment deposition at the downstream river chan-

nel and floodplains, thus affecting river’s morphology. This process influences the

seashore sediment balance, resulting in an obvious erosion of Nestos River mouth

and the adjacent coastline. Xeidakis and Delimani [46] and Xeidakis et al. [47]

showed that the Nestos coastal zone is eroded with a rate ranging from a few

centimeters up to 25 m/year. Comparing satellite images over the 1982–2001

period, Tsihrintzis et al. [48] estimated a total erosion area of 1.16 km2 and an

accretion area of 0.22 km2, indicating the net sediment deficit.

Material entrapment and burial mostly occurs along the upper part of Thissavros

Reservoir, where sediments appear strongly enriched in cadmium, in contents three

times higher than the downstream river, in copper, at approximately six times

Fig. 4 Temporal variability of (a) water temperature and (b) dissolved oxygen profiles in

Platanovrisi Reservoir during 2007
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Fig. 5 Total suspended solids (TSS, in mg/L) distribution in Thissavros and Platanovrisi Reser-

voirs during (a) summer 2006, (b) autumn 2006, and (c) spring 2007
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higher, and in chromium and mercury, at approximately ten times higher than the

downstream part [41].

Similarly, high nutrient concentrations have been observed at monitoring sta-

tions close to the Greek–Bulgarian borders, ranging between 20 and 40 μM for

nitrates, 0.6–1.1 μM for nitrites, 4–6 μM for ammonium, and 3–4 μM for phos-

phates [41]. These nutrients appear concentrated at the bottom of Thissavros

Reservoir, as a result of flow reduction and system alteration from riverine into

lacustrine. Platanovrisi Reservoir exhibits really low nutrient levels throughout the

year, as a result of nutrient filtering at the upstream lake. These changes affect the

biogeochemical cycle of systems, altering nutrient relative proportions and affect-

ing phytoplankton production in the system.

Finally, the impact of flow blockage is closely related to the geographic com-

partmentalization of the river course, obstructing the movement of migratory fishes

and genetically isolating aquatic populations. In Nestos River, Thissavros and

Platanovrisi Dams have heights of 175 m and 95 m, respectively, making extremely

costly any provisions for free fish movement through fish ladder and/or fish

passage. Koutrakis et al. [49] identified the problem and studied extensively the

impact of Nestos River damming on fish fauna isolation, especially for migratory

species as the rainbow trout (Oncorhynchus mykiss) and the Nestos trout (Salmo
macedonicus).

3.3 Impacts Related to Flow Storage

Flow storage in the dam reservoir produces a lacustrine environment changing

completely the riverine characteristics of the system. Under such conditions, the

impact of the incident solar heat radiation promotes the spring and summer vertical

layering and water column thermal stratification, changing significantly the distri-

bution of water physico-chemical properties (temperature, nutrients, DO, etc.).

Thermal stratification and destratification events, exhibiting seasonal patterns as

governed mostly by local meteorology (solar radiation enhances stratification,

while strong winds produce mixing), affect directly the hypolimnetic releases of

water from the reservoir towards the downstream part of the river.

Sylaios et al. [42] and Kamidis [41] explained that the presence of a water outlet

at the hypolimnetic layer of Platanovrisi Reservoir reduces the water temperature at

the downstream part of the river. Such hypolimnetic cold water releases appear

more eminent during the summer period, when the upstream-to-downstream water

temperature difference reaches its maximum at 11�C (Fig. 6). Cold hypolimnetic

releases affect the downstream river habitat, as fish and benthic organisms live

under limited seasonal temperature fluctuations. Koutrakis et al. [49] showed a

reduction in the downstream faunal richness along the main Nestos River channel,

directly related to the cold water releases and the sudden change in water flow

conditions.
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The water re-entering the river at the dams’ downstream portion has completely

different stoichiometric properties, thus affecting the aquatic biodiversity of the

river channel. Kamidis [41] showed that the N:P ratio along Nestos River changes

from pure nitrogen limitation (N:P ~ 4–5) at the upstream river part, into phospho-

rus limitation (N:P ~ 25–30) downstream, as a result of water storage at the

reservoirs. This change of water stoichiometry is also associated with a reduction

in the nutrients flux delivered to the coastal zone.

3.4 Impacts Related to Flow Regulation

Dam’s daily operation leads to the regulation of flow at the downstream river,

associated with frequent and rapid water flow changes. Such alterations affect the

timing and duration of peak flows (hydropeaking), since these are related to the

energy requirements and not to natural causes. Boskidis [50] and Boskidis et al. [51]

presented results from six water flow and stage monitoring stations installed along

the downstream Nestos River. Water discharge at the dam’s nearest station shows a
mean value of 37.2 m3/s, with significant fluctuation up to 220 m3/s and standard

deviation of 44.6 m3/s (Fig. 7). Daily fluctuations in river stage are also related to

dam’s operation and the peak energy demand (Fig. 8). Boskidis et al. [52] calibrated

and successfully validated a SWAT model in terms of water flows and stage
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variability, for the downstream Nestos River watershed. The model, with a time-

increment of 10 min, simulated these daily flooding peaks showing good agreement

with observations. Such flooding fluxes may increase the erosion at the river banks

Fig. 7 Temporal variability of Nestos River discharge at the closest station downstream of

Platanovrisi Reservoir (Stavroupolis)

Fig. 8 Temporal variability of water level downstream of Platanovrisi Reservoir (black line
Stavroupolis; red line Galani)
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and beds, thus elevating the concentration of TSS [41], and changing channel’s
morphology downstream.

Flow regulation appears also responsible for variations in the distribution of

freshwater fish lengths and ages observed between the upstream and downstream

parts of the river [53]. These changes may be attributed to the loss of feeding and

reproduction habitats for most species, due to the sudden flushing events occurring

daily downstream [54].

Sediment entrapment and water flow regulation directly affect the lowland

located Nestos riparian forest, causing functional impairment and serious degrada-

tion. Emmanouloudis et al. [55] investigated the sediment dynamics in the bed and

delta of the Nestos River, before and after the construction of the dams using

satellite imagery and GIS modelling, demonstrating that declining water supply

and sediment fluxes led to significant adverse effects to this exceptional system.

Reduction of water discharge at the river mouth leads to a consequent decrease

in the area affected by the river plume. Sylaios et al. [56] applied numerical models

to examine the impact of river damming on freshwater advection and stratification

conditions during the pre- and post-damming periods. Results showed that plume

expansion is significantly diminished, affecting the zone limited to the vicinity of

the river mouth, while water column stratification, determined by the ϕTotal-term,

appears reduced by 50.2% between the two regimes.

Further, such regime change significantly affects the functions of coastal lagoons

located at the Nestos deltaic zone. These lagoons are fishery-exploited with a

euryhaline fish production of 150 kg/ha/year, reduced strongly lately by 30–40%

as a result of freshwater shortage and transfer of agricultural residues. Under such

adverse conditions, phytoplankton and macrophytic blooms occur regularly in

spring and summer. Bloom occurrence has been successfully predicted for opera-

tional purposes utilizing data from on-line monitoring stations and a developed

fuzzy-logic numerical model [57].

4 Nestos Watershed Restoration Using an Ecohydrological

Approach

Ecohydrology is a rather new concept in ecosystems management (since 1990s), in

which the hydrological processes are integrated and interlinked with the ecological,

and vice versa, in order to buffer man-made impacts with the ultimate goal of

preserving, enhancing, or restoring the capacity of basin’s aquatic ecosystems for

sustainable use [58]. Through the knowledge of these two processes, researchers

attempt to find and apply innovative solutions, at river basin level, aiming to

improve the assimilative capacity of the ecosystem by regulating its ecological

processes [29]. In that sense, ecohydrology provides a new integrated way of

thinking, encompassing the sectoral knowledge of hydrology, ecology, socio-
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economics, and law into a rigid interdisciplinary context seeking for sustainable

environmental solutions [59].

Especially, in heavily exploited transboundary rivers, as Nestos River in North-

ern Greece, the need for integrative thinking in adopting a dual regulation scheme

between hydrology and ecology may mitigate the above-described adverse envi-

ronmental impacts related with river damming and water abstraction, by enhancing

the resilience and adaptation of such system [60]. Such sustainable solutions appear

particularly critical in facing the potential challenges of climate change in these

vulnerable Mediterranean watersheds.

To mitigate the impact of thermal stratification and the related effects of bottom

anoxia and cold hypolimnetic releases from the lower Nestos River reservoir

(Platanovrisi), artificial mixing is proposed as the most appropriate ecohydrologic

measure. Air bubble diffusers installed near the dam hypolimnetic outlet are

expected to induce thermocline destabilization, promoting vertical masses

exchange and leading to efficient mixing and oxygenation (Fig. 9). Kamidis et al.

[62] applied a 3D hydrodynamic model to study the impact of a series of air bubble

diffusers reducing vertical temperature differences at the first 20 m from 15.3 to

3.3�C.
Mixing changes the distribution of temperature vertically, as well as the avail-

ability of light and nutrients in the water column. Such method has been widely

used to control lake algal blooms and the selective inhibition of cyanobacteria

[63]. Becker et al. [61] reported the physical, chemical, and ecological changes

induced in the water column of a hypertrophic reservoir, as a result of artificial

mixing.

At the downstream part, river flow and stage regulation made most fish species to

leave the main river course and inhabit the torrents and tributaries of the system.

Electrofishing and artificial reproduction of endangered fish species was performed

by the Fisheries Research Institute team [49], within the framework of an Interreg

IIIA/PHARE CBC Greece–Bulgaria program. Shallow basins of higher tempera-

ture and lower flow conditions were constructed at three sites along river banks to

acclimatize and protect the enriched fish populations. Altered hydrologic conditions

led to the improvement of ichthyofaunal indices along river’s downstream part.

Fig. 9 Artificial mixing system composed by air diffusers and aeration pipes installed near the

dam hypolimnetic outlet (after [61])
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At the deltaic zone, the old Nestos River branches were reconnected to the main

course of the river and re-flooded within the framework of a LIFE-Nature program

(Fig. 10). These actions aimed to reduce the seawater intrusions in the mouth area,

to create a core protection site without human activities and to provide the oppor-

tunity for some rare wildlife species to stabilize and increase their breeding and

wintering populations. After reconnection, re-plantation, and reforestation, the

water quality in remote surface ponds was improved, while some important priority

riparian forest habitats were recovered [64].

At the periphery of Vassova and Eratino lagoons, surface flow constructed

wetlands were developed to mitigate eutrophication in their basins by removing

nitrogen and phosphorus compounds from agricultural drainage [65]. Indeed, for

many decades these lagoons suffered from low dissolved oxygen levels and adverse

environmental conditions, resulting in a decline in fish production. The operation of

these wetlands achieved to reduce the imported total inorganic nitrogen by almost

85%, total phosphorus by 15%, and total coliforms by 90%, but failed to reduce the

inflow of organic matter (BOD and COD).

Further, Nestos Lagoons management to mitigate eutrophication appears

directly related to the hydrodynamics prevailing at their tidal inlet. As the geomet-

ric characteristics of these inlets are man-controlled, a simple one-dimensional

model was developed, adapted, calibrated, and verified to link inlet geometry to

lagoon exchange capacity and therefore to its ecology and diversity [66]. The model

Fig. 10 Reconnection of Nestos River old branches to reduce sea intrusion and improve the

deltaic ecosystem functioning
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tested several restoration alternatives to improve tidal flushing in parallel to

increasing internal and inlet flow at levels that favor the recruitment of juvenile fish.

At the coastal zone, the restoration of the coastline from the induced erosive

trend was proposed through an extended beach nourishment project [67]. Submarine

relict sand deposits were detected in the vicinity of Nestos River mouth, to be used

for potential beach nourishment works. Under various scenarios it occurred that the

excavated sediment volume could vary from 5.0 � 106 to 4.3 � 107 m3. For the

restoration of 21 km coastline, these scenarios correspond to a nourished beach

width of 52–450 m, respectively, that could sustain the sand (with the present

sediment transport rates) for a period of up to 30 years. However, consideration

of environmental impacts showed that sea bottom dredging activities and the

produced turbidity plumes may affect the benthic assemblages in the sand excava-

tion zone, such as small crustaceans, shrimps, and demersal fishes.

5 Conclusions

An extensive review of the environmental impacts induced on a river watershed by

the construction and operation of large hydropower dams is presented herein. Such

impacts are expected to affect gradually a higher number of riverine systems, as the

needs for freshwater for food and energy usage will increase sharply. Impacts are

presented and discussed through the changes seen within a period of 15 years after

the construction of two dams along Nestos River, a transboundary watershed

located in Northern Greece. Present analysis depicted that these extensive changes

are related to reservoirs’ filling, river flow blockage, river flow storage, and flow

regulation during dams’ operation. The newly introduced concept of ecohydrology

and the adoption of its management principles could be considered for the mitiga-

tion and restoration of these heavily modified systems.
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River and Wetland Restoration in Greece:
Lessons from Biodiversity Conservation
Initiatives

Stamatis Zogaris, Nikolaos Skoulikidis, and Elias Dimitriou

Abstract Rivers in Greece have seen extensive human-induced degradation, and

there are increasing demands on the goods and services they provide along with

increasing threats from future anthropogenic pressures. These multi-scale alter-

ations to rivers and associated wetlands and riparian zones have severely impacted

biodiversity. The Greek government has responded by creating various new

protected areas and promoting interest in conservation, while attention to monitor-

ing waters has increased with the implementation of the EU WFD. Unfortunately,

bioassessment-based monitoring, long-term conservation programmes and restora-

tion actions in rivers have lagged behind other EU countries. Here we outline the

state of river and wetland restoration progress; we describe key restoration exam-

ples and discuss shortcomings, pitfalls and opportunities in various aspects of

restoration.

Keywords Biodiversity conservation, Environmental history, Restoration, Rivers,

Wetlands
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1 Introduction

Restoring rivers is somewhat like a complex medical therapy. Rivers are the

“arteries and capillaries of the earth,” providing pathways of water, sediments,

nutrients and biota, and they are vital to human societies [1]. Rivers nourish and

interact with wetlands and riparian zones creating living networks of corridors in

the landscape [2]. The restoration of these ecosystems is not a straightforward

undertaking; it requires the harmonised engagement of science, policy, local com-

munities and management practices. Restoration does not solely mean returning

ecosystems to a natural condition; rather it is an umbrella term to cover the full

array of rehabilitation, mitigation, habitat enhancement, species transplants and

other restorative measures meant to reduce the impact of human-induced degrada-

tion [3–5]. Ecological restoration in rivers should be understood as something

concerning broader spaces than aquatic river channels; thus, an integrated river

basin management approach should be pursued [6, 7]. A more science-based

adaptive management framework takes careful planning and may have high costs.

The challenge of scientifically guiding cost-effective restoration may help us to

better understand the structure and functioning of complex river-wetland-riparian

ecosystems and the management schemes required within specific sociocultural

contexts [8].

In Greece, rivers and wetlands have been “managed” since prehistoric times

[9, 10]. Some of the oldest reclamation projects, converting wetlands to agricultural

land, were in karstic basins such as the lakes of Kopais (Boeotia) and Dystos

(Euboea) [11]. Although extensive irrigation projects expanded in the 1950s,

there is evidence that even in low-intensity traditional cultural landscapes, waters

were often overexploited, long before the modern industrial era [12]. During the last

five decades, water use for lowland agriculture has greatly increased, and large-

scale water diversions and water storage structures have been created [13, 14]. Yet

Greece remains a global hotspot for river and wetland conservation due to its rich

aquatic biodiversity. The territory of Greece includes eight distinct freshwater

ecoregions; it is a biological crossroad of unique international interest [15]. Remark-

ably, much of this diversity of river types and conditions is poorly documented, and
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there are no completed maps that accurately depict natural flow river regimes or a full

wetland inventory for the entire country [16, 17]. In this context of data scarcity, long-

term human-induced water stress, increasing anthropogenic pressures and threatened

biodiversity, conservation and restoration actions may best be considered as a “crisis

discipline” [18].

Various reasons have made restoration projects in Greek rivers and wetlands to

lag behind in comparison to other EU Mediterranean countries. However, restora-

tion is often mentioned as an important part of biodiversity conservation both in

designated protected areas and in river water management units (i.e. theWFD 2000/

60 water bodies); yet the restoration proposals are usually left “on paper.” In this

chapter, we provide a review based on accumulated experience of biodiversity

restoration initiatives in rivers and associated wetlands in Greece. We also explore

the shortcomings, pitfalls and opportunities in various aspects of restoration and

propose some unmet needs and initiatives.

2 A History of River and Wetland Alteration in Greece

More than half of Greece’s major river water bodies are now degraded by human-

induced pressures [19, 20]. Furthermore, it is estimated that 68% of Greece’s
wetlands were completely drained or destroyed during the twentieth century [21,

22], while the larger ones endured important human pressures [14, 23]. Despite

widespread impoverishment and loss, the concept of river and wetland restoration

in Greece is something quite recent and poorly developed. In order to promote

actions towards “therapy” for these degraded ecosystems, it is important to under-

stand the historical context that has led to their current state.

There are historical and cultural reasons that explain a significant lag behind

other European countries in the conservation and restoration of Greece’s rivers and
wetlands. Until 1974, malaria was endemic and widespread; Greece is said to have

had the highest prevalence of malaria in Europe during the early twentieth century

[24]. Wetlands and riparian zones of any kind, including lowland rivers and riparian

floodplains, were considered “unhealthy” areas requiring drainage projects and

mosquito poisoning campaigns [25, 26]. After WWII, hundreds of small wetlands

and river floodplain ecosystems were destroyed or reclaimed to rid the country of

these so-called unhealthy conditions. In the Greek islands, many wetlands were

in-filled, drained or converted to industrial sites (e.g. many of the Greek island

airports are on former wetland sites) [16].

Extensive efforts for agricultural development and land reclamation began in the

1920s and 1930s, in an effort to assist the resettlement of more than one million

refugees who flooded in from Asia Minor after the 1919–1922 Greco-Turkish war.

After the WWII occupation in the 1940s and the Greek civil war (1944–1949), an

intensification of so-called agricultural reclamation and river engineering took

place during the 1950s and 1960s [25]. The Greek Military Dictatorship (1967–

1974) continued some unusual wetland drainage projects (e.g. the destruction of
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several wetlands on Euboea, Skopelos, etc.) [16]. Even as late as the early 1980s,

wetland drainage and anachronistic river engineering and embankment-building

anti-flooding works were ongoing due to efforts for regional economic develop-

ment (e.g. the draining of Kandila Lake in the Peloponnese in 1981 and the raising

of the Kerkini weir on the Strymon in the early 1980s). In one spectacular case, an

entire deltaic lagoon was drained by local farmers in the Evros Delta, in 1987

[27]. In the name of supposed flood protection schemes, various river engineering

projects, check dams and riparian modification works have been practised even in

many upland areas [28] and especially in areas after wildfire damage.

By the late 1990s, many of the larger major wetland and lake areas were officially

designated protected areas (i.e. including ten Ramsar sites, many sites in EU Natura

2000 network). As a result, many smaller, isolated wetland sites and small stream

environments have been degraded to a greater extent than larger wetlands during the

last 25 years [16]. In the rivers, although the rate of large dam building declined,

many smaller dams and hydroelectric plants have been developed and are being

planned on many small tributaries. The tapping of springs, over-abstraction and

water transfer works continue to silently destroy aquatic life in small rivers and

streams. Usually the small stretches of perennial waters that existed downstream of

springs are given little consideration and are lost after a single water abstraction

project. Despite attempts to protect the waters “on paper,” as promoted by the EU

Nature Directives, the war on “natural waters” has continued into the twenty-first

century. Many incremental changes continue to degrade the state of rivers, small

wetlands and riparian areas. In this century, some projects, which were supposedly

acting as irrigation developments, have also masked actual drainage schemes, even

in protected areas; one such case is the Acheron Delta drainage project, where a

tunnel was dug through a hill to drain a wetland for agricultural and touristic

development in the 2010s [29]. The artificial desiccation during the long summer

period and total control of floodwaters aids the agricultural expansion of water-

hungry crops in the smaller river deltas such as the Evrotas Delta [30]. These

examples reinforce the fact that many smaller sites of lotic and wetland habitat are

continually being degraded and much of the loss is poorly documented.

Although irrigation is responsible for approximately 85% of water consumption,

adequate restrictions in this sector have not yet been developed and the domestic

and industrial sectors are not water efficient [5, 31, 32]. In Mediterranean-type

rivers, seasonal pollution is closely related to summer-autumn drought and associ-

ated declines in flows and water levels. Nitrogen fertilisers, nitrates, pesticides,

phosphorous and organic discharges from urban and agricultural wastewater are

the main pollutants of rivers in Greece [33] and these pressures intensify during

drought periods. Moreover, mismanagement of irrigation schemes may lead to

excessive irrigation water returning to rivers and wetlands which results in an

increase of nutrient, sediment and pollution inputs into these systems [34]. Pollution

crimes, such as illegal dumping of untreated sewage and industrial wastes directly

into rivers and wetlands, are often documented, but polluters are rarely

apprehended. The local pollution of groundwater is also a serious problem

(e.g. Asopos river). Although the chemical quality of surface waters is generally
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satisfactory in the uplands, many lowland rivers, even small streams and wetlands,

show the effects of seasonal pollution, while their impacts have been poorly

monitored up until recently [35]. Implementation of EU legislation and structural

funds in the last 25 years have been decisive in developing municipal waste water

treatment infrastructure in all major cities, towns and industrial areas [36]. Some

sewage treatment plants may periodically malfunction or are poorly planned and/or

maintained, but overall, the large number of sewage treatment facilities has helped

to ameliorate conditions in some river stretches, especially near certain cities [33].

The effects of drought and other meteorological extreme events, perhaps related

to human-induced climate change, have caused significant damage to river and

wetland biodiversity. The intensity of near-total desiccation during unusually

prolonged summer droughts increases, since during these events, over-abstraction

by humans also peaks. During prolonged drought, pollution or salinisation may

often intensify [5, 37] and is usually signalled by mass fish deaths (e.g. [38, 39]; and

references herein). In many cases, a lot of aquatic species eventually recolonise

after the drought [40], but in some cases, certain invertebrates such as freshwater

mussels and other molluscs and fish species will not be able to recolonise due to

anthropogenic barriers to dispersal (such as dams and weirs). As a result, extirpa-

tion of many species, both locally threatened populations and widespread species, is

commonplace, although inadequately documented in the literature [41]. One of the

most dramatic periods of widespread desiccation took place between 1987 and

1992 in southern Greece [13, 42]. Although organised biological monitoring did not

exist during this period, some species of fishes have been lost from certain river

basins during this period [42, 43]. The effects of climate change and prolonged

drought and ecosystem degradation due to ensuing climate variability and other

associated effects on waters are predicted to have severe effects on biodiversity,

such as cold-water fish species, in the near future [44].

Apart from the rivers and wetlands, riparian zones have also suffered, but these

have been poorly inventoried or delineated in Greece [45]. The effects of riparian

degradation are also seen in upland rivers [28] away from the lowland areas where

agricultural intensification often erases any trace of riparian vegetation. Much of

the damage in riparian areas and riverbank conditions is difficult to document and

very widespread [46]. An increase in the roads next to streams and rivers, even

within protected areas, has created remarkable damage particularly after the

mid-1980s. The degradation of riparian zones in Mediterranean rivers often has

powerful and unexpected effects on aquatic ecosystems (water temperature

changes, increased siltation, erosion, instream habitat alteration, etc.).

Finally, a kind of “biological pollution” in the form of invasive animal and plant

species is also a serious stress and mounting threat for Greece’s river basins. Often
influenced by changing hydrological conditions, water transfer projects, increased

eutrophication and increased artificial storage of waters in reservoirs, many alien

species in inland waters are on the rise [47]. Until the early 1990s, Greece had a

relatively low incidence of alien fish species, but this number has increased
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especially in lakes and reservoirs and the lowland areas of the larger river basins

[43]. Over 30 alien fish species are now present, some of which are the most

invasive and harmful species in Europe, including eastern mosquitofish (Gambusia
holbrooki), pumpkinseed (Lepomis gibbosus), Prussian carp (Carassius gibelio)
and topmouth gudgeon (Pseudorasbora parva). Some species are spread by anglers,

in order to increase recreation values; this includes species native to the country but

artificially introduced outside the boundaries of their natural distribution. Trout and

other native species, which are translocated from one river basin across ecoregional

boundaries to other river basins, are a serious form of biological pollution. Although

similar looking to the host basin species, these translocated alien fishes may result in

hybridisation and genetic introgression (or effects such as outbreeding depression),

which could affect reproductive success and cripple local native populations [48].

Furthermore, fish also transport fish diseases and alien invertebrates that can also

infect areas where they did not formally exist. These anthropogenic changes could

severely alter and/or homogenise previously endemic-rich ecosystems.

3 Conservation Policy and Cultural Context

Between the early 1990s and up until the first decade of this century, Greece

increased its designated protected area cover from less than 3% to roughly 27%

of the land territory [23, 49]. This was primarily a result of the EU Birds and

Habitats Directives, which promoted the Natura 2000 network of protected areas

and was supported by many NGOs and members of the scientific community

[49]. Along with the WFD, which gives special reference to protected areas,

grounds for management and restoration have ameliorated. Since the late 1990s,

Greece has witnessed some positive institutional changes that assisted conservation

management [50]. However, as is the case in other parts of southern Europe, Greece

has struggled with severe implementation problems in its protected area network

[51] and management plans [49, 52], and this has stalled progress in effective

management, conservation measures and restoration, especially after the Athens

2004 Olympics.

Public awareness for water issues has risen in Greece. It is remarkable that a

paradigm shift in many local communities’ outlook on the values of river corridors

and wetlands has taken place particularly since the early 1990s [5, 26, 53]. Wetlands

and river valleys and deltas, once considered unhealthy wastelands, are being

promoted for protection and “eco-development” [26, 54]. Although the value of

Greece’s river deltas and wetlands was originally promoted by visiting naturalists in

the 1960s [55], the government commitment essentially began with the first delin-

eation of large wetland areas in the 1980s enacted since Greece’s ratification of the

Ramsar Convention in 1975 and the Birds Directive’s Special Protected Areas

designations after 1980 [49]. Afterwards, many Greek NGOs and certain

researchers and policymakers were effective in influencing society and state policy

with effective protected area creation initiatives [54]. Especially the efforts of
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environmental NGOs are well known in the remarkable and rapid expansion of

preliminary conservation areas or “paper parks” [56]. Much work by environmental

NGOs promoted effective wetland protection and on-the-ground initiatives in

particular. Few of these campaigns focused on restoration, and the focus was

protection; for example, one of the longest and most bitter struggles concerned

the Acheloos river transfer ([57] and references herein). Certain NGOs provided

outstanding support for long-term conservation actions in certain showcase-

protected areas such as Prespa, Zagori and Dadia, often touching on water-related

conservation issues. Also, a small number of scientists in government institutions

and academia effectively promoted a new interpretation of wetland values and the

demand for protection of the larger wetlands and river delta areas [26, 58,

59]. Although problems did exist, conservation and restoration were often politi-

cally tied to efforts for EU-funded structural projects, tourism development and

local identity promotion (see, e.g. [60–62]).

Efforts for protected area conservation, thus, gained an unprecedented rise in

Greece especially after the early 1990s. By the early 2000s, a preliminary system of

protected area management bodies was set up for 28 management bodies of the Natura

2000 network, many of them dominated by wetlands and lentic water bodies. Con-

servation and ecosystem restoration have become targets in the National Biodiversity

Strategy [63]. Significant funding for biodiversity conservation developed after the

Habitats Directive came into force in 1992. The EU financial instrument for the

environment, the LIFE funding mechanism, achieved some important results, and it

dominates Greece’s aquatic-wetland-riparian restoration history.

4 Review of River and Wetland Restoration

Restoration proposals, actions and monitoring are poorly reported in the scientific

literature in Greece [5, 64]. During the 1970s and 1980s, there were no restoration

actions aiming at conservation of the natural environment in rivers or wetlands in

Greece. Very rarely were restoration works an advocacy issue in early conservation

campaigns, which, until the early 1990s, concentrated on antipollution and preser-

vation of natural areas or urban issues [49, 65]. Even urban park and stream

engineering works are, by European standards, wholly anthropocentric, and there

are few examples of creating or recreating new river habitat for river biodiversity,

as was commonplace in many major cities in Europe and North America [66]. Res-

toration works are notably scarce in small rivers or intermittent and urban streams

outside protected areas [45]. Until the mid-1990s, many studies and statements

drafting interest for river restoration were made; however, nearly all of these ideas

were left on paper.

Major ecological and restoration targeting biodiversity in inland waters effectively

began with EU policy-relevant actions under the LIFE initiative in the mid-1990s.

Since the inception of the LIFE programme, 213 projects have been implemented in

Greece (up until mid-2014), which involve environmental innovation, protection of
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nature or biodiversity as well as information and communication. These projects

correspond to overall investments amounting to €280 million, of which the EE

contributed €150 million [63]. A review of the LIFE-funded projects where funds

were placed to actively restore or enhance attributes of the river, lake, riparian or

wetland environment in Greece within the LIFE initiatives shows that very few

projects affect river or lotic ecosystems in general. Twenty-four (24) LIFE project

examples are shown in Fig. 1; all of these have some interaction with river sections

and associated wetlands. These projects were often of fairly large scale, involving

several separate conservation and restoration actions, most targeting species and

habitat types that are of priority for conservation in the European Union. Focus on

habitat enhancement work for particular bird species dominates the actions. In fact, by

2005 more than 1/3 of all funds given for LIFE-Nature projects in Greece targeted just

four high-profile vertebrate species, namely, Mediterranean monk seal, loggerhead

turtle, brown bear and bearded vulture [67].

The most effective restoration actions for inland water biodiversity conservation

are associated with long-term investments (i.e. 3-year projects or more) in the larger

protected areas, such as Prespa, Amvrakikos, Koronia-Volvi, Strofylia-Kotychi,

Axios, Nestos Delta and Evros Delta [62, 64]. One such project in the Amvrakikos

(1999–2003) created a sluice-controlled break in the artificial embankment of the

Louros river to re-wet the former river delta swamp of Rodia [68, 69]. The work

was associated with the reintroduction of water buffalo for reed control [70]. The

Amvrakikos LIFE project (and an INTERREG project immediately after this) also

promoted a restoration of riparian woods along the Louros [71] (Fig. 2). Similar

works on various wetland types have taken place in the Evros and Nestos Deltas

[64]. The largest riparian forest restoration work in Greece has taken place at the

Nestos Delta, where about 80,000 trees have been planted in an area of 280 ha

[72, 73]; this initiative is also one of the few well-monitored restoration efforts in

the country [74, 75]. Many LIFE projects also promoted lesser actions that affected

wetland habitats such as pond building, riparian tree planting and water control

structures for management.

Other than the LIFE mechanism, other projects also promoted biodiversity

restoration, but these were often of small spatial and temporal scale and are very

poorly documented. The EU INTERREG programme and the EU Structural Funds

have also assisted restoration efforts particularly in the late 1990s and early 2000s.

NGOs, government research institutes and university departments have been active

too, often in cooperation with the local and federal government [76]. Some of these

small projects were promoted by NGOs and local government, most of them in the

1990s and 2000s. Examples include restoration works such as removing in-filled

debris (garbage and construction site infill) from coastal wetlands in Attika [77, 78]

and a remarkable project to remove in-filled debris at the Moronis river and river

mouth wetland, Souda, Crete [79]. Mitigation measures that promote wetland

biodiversity restoration have rarely been practised, apart for the exceptional exam-

ple in Schinias Marathon National Park in Attika after the Olympic Games [80].

Although conditions were more mature after the year 2000, it is remarkable that

few ecological restoration projects were initiated in this century. The 2004 Olympic
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No TITLE REFERENCE
1 Restoration and conservation management of Drana lagoon in Evros Delta LIFE00 NAT/GR/007198
2 Habitat Management and Raptor Conservation in Nestos Delta and Gorge LIFE02 NAT/GR/008489
3 Conservation management in Strofylia-Kotychi LIFE02 NAT/GR/008491
4 Conservation of priority bird species in Lake Mikri Prespa, Greece LIFE02 NAT/GR/008494
5 Actions for the conservation of coastal habitats and significant avifauna species in NATURA 2000 network sites of Epanomi LIFE09 NAT/GR/000343
6 Conservation of priority forests and forest openings in "Ethnikos Drymos Oitis” and “Oros Kallidromo” of Sterea Ellada LIFE11 NAT/GR/001014
7 Sustainable management and financing of wetland biodiversity – The case of Lake Stymfalia LIFE12 NAT/GR/000275
8 Conservation management of Amvrakikos wetlands LIFE99 NAT/GR/006475
9 Actions for the protection of the calcareous fens LIFE99 NAT/GR/006499

10 Implementation of management measures at the Agras wetland LIFE03 NAT/GR/000092
11 Conservation measures for the endangered fish Ladigesocypris ghigii LIFE98 NAT/GR/005279
12 Demonstration of the Biodiversity Action Planning approach, to benefit local biodiversity on an Aegean island, Skyros LIFE09 NAT_GR_000323
13 Integrated approach for solving the problem of liquid hydrocarbons present in the Hellenic Aspropyrgos refinery (HAR) LIFE96ENV/GR/000535
14 A Resource Exchange Programme For River Potamos LIFE98 ENV/GR/000234
15 Mediterranean reservoirs and wetlands. A demonstration of multiple - objective management in the island of Crete LIFE00 ENV/GR/000685

16,17 Implementation of management plan for Pylos Lagoon and Evrotas Delta LIFE97 NAT/GR/004247
18 Implementation of management actions for Tavropos Lake area in Greece LIFE99 NAT/GR/006480
19 Conservation management of Cheimaditida-Zazari wetlands LIFE00 NAT/GR/007242
20 Bird conservation in Lesser Prespa Lake: benefiting local communities and building a climate change resilient ecosystem LIFE15 NAT/GR/000936
21 Development of Ecotourism in the Riparian Ecosystem of Evrotas near Sparta LIFE94 ENV/GR/001263
22 Integrated management of Sperchios River ecosystem LIFE92 ENV/GR/000054
23 Conservation of birds of prey in the Dadia Forest Reserve, Greece LIFE02 NAT/GR/008497

24,25,26 Conservation of Phalacrocorax pygmaeus and Anser erythropus in Greece LIFE96 NAT/GR/003217
27,28 Living Lakes: Sustainable Management of wetlands and shallow lakes LIFE00 ENV/D/000351

Fig. 1 Examples of conservation-oriented EU LIFE-funded projects that involved restoration

practices in Greece’s rivers and associated wetlands in the last 20 years
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Games was an important catalyst for various mega-construction projects in Athens,

and some ideas and mature proposals that were meant for conservation were

actually displaced by pressing Olympic Games infrastructure timelines after late

1997, the year that the Games were awarded to Athens. After 2008, work on

restoration also subsided due to Greece’s economic recession. The economic crisis

years helped shift the attention away from nature conservation and restoration aims

which had been proposed since the 1990s [50]. A prime example of this is the

notable delay in the application of the programme of measures in designated river

water bodies for the implementation of the EU Water Framework Directive 2000/

60/EC in Greece.

5 Achievements

5.1 Inventory and Classification Baselines

In-depth wetland and water body inventories were first introduced in the early

1990s [81], and they continue with policy-relevant applications. Baseline wetland

site inventory work was done by the Greek Biotope-Wetland Centre (EKBY) [82]

and by WWF Greece [16]. River, lake and riparian zone monitoring was promoted

Fig. 2 Restoration works at Amvrakikos wetlands (clockwise from top left): the river Louros

floodplain at Petra (riparian forest restoration actions); canal and sluice construction in the Louros

floodplain (2001); reintroduced water buffalo to enhance reed-bed diversity; canal reconnecting to

wetlands and buffalo fencing (Photos: S. Zogaris)
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by HCMR and EKBY [17, 20]. Typologies for artificial water bodies and their values

to biodiversity were also recently attempted [83]. These baselines are of outstanding

value for conservation planning and are all fairly recent developments that require

refining and completion [17]. These efforts were also important in providing the first

surveys of Greece’s richness in terms of all inland water ecosystems. They also

assisted in promoting policy stakeholder and public sensitisation.

5.2 Local Studies and Restoration Planning

Due to EU policy directives and land use planning needs, many biodiversity

conservation studies were commissioned particularly between the early 1990s and

the first decade of the 2000s. Restoration was often mentioned and designs were set

[84]. Some challenging issues such as artificial water bodies have also recently been

investigated (e.g. reservoirs on Crete, see [85]). Proposed management plans within

the policy-relevant special environmental studies for delineating and applying

measures for protected areas provide many practical experiences [64]. In many

cases, large-scale studies focused primarily on severe degradation problems in lakes

and coastal lagoons (e.g. Lakes Pamvotis, Kastoria, Koumoundourou, Karla,

Koronia) [86–88]. River basin management in an integrated form is being devel-

oped, and science-based management is being promoted in recent years, often

incorporating needs for restoration (e.g. [84, 89]). Many of the studies have become

interdisciplinary in recent years, but research and proposals continue to focus on

lentic rather than lotic water bodies (e.g. [90]).

5.3 Learning by Practice

Biodiversity conservation-oriented restoration actions, particularly through the EU

LIFE projects, focused on threatened species and, in particular, the so-called priority

species and habitat types, as demanded by relevant EU directives. These included

emblematic ecosystems such as lakes, coastal lagoons, riparian woods and various

river delta habitats and wetlands. Efforts targeting habitats in places such as the Nestos

Delta, Evros Delta, Amvrakikos Gulf wetlands, Gialova-Pylos, Strofylia-Kotychi

wetlands and Prespa are in tune with local conservation awareness and should be

regarded as important “initiating acts” for restoration [64, 91]. Much of this often

complicated, restoration-conservation work had never before been attempted in

Greece, so it is an important “practice” for future work. In fact, it has been said that

without the LIFE-funding mechanism, modern biodiversity conservation practice, as

we know it, would be “non-existent” in Greece! [92].

However, there are many biodiversity elements that have still received very little

attention. Fish are rarely targeted by conservation-restoration projects, and there

is very little experience in restoring the ichthyofauna in Greece. In the Spercheios
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river basin, one small government-funded conservation project successfully exe-

cuted the first species transfer (assisted migration) of the endemic Greek stickle-

back Pungitius hellenicus to an adjacent spring-fed pool that harboured no fish in

1997 [93]. The small population of translocated fish survives to this day. Efforts for

translocation of similarly range-restricted species have also recently begun in other

parts of Greece (Kalogianni, E. pers. com). Another important fish-based project,

this time a LIFE-Nature project, targeted the endemic Gizani of Rhodes,

Ladigesocypris ghighii, and was also important as an initiation into river restoration

actions for a threatened freshwater fish in Greece [94]. During the project’s survey
work, the threatened species was also discovered in new areas on the island

[95]. Remarkably, no other LIFE project has applied integrated, scientifically led,

restoration targeting endangered freshwater fish species in Greece [96].

Since Mediterranean riverine landscapes and riparian zones have seen a decrease

in ungulate grazing regimes, the reintroduction of grazing by large herbivores is

important. This kind of work was initiated in wetlands in the late 1990s. In Greece,

reintroduction of water buffalo has seen success [97, 98]. Good evidence-based

restoration results were produced during a LIFE project also in reed-bed manage-

ment from the Amvrakikos wetlands (e.g. [99, 100]), and now water buffalo

populations have increased and spread to other wetlands (e.g. Spercheios).

It should be noted that even small-scale restoration works, unrelated to large,

long-term projects, seem to be important for conservation education and awareness

at the local level; this has been well demonstrated by the WWF Greece campaign

for small wetlands on Crete and other islands [79]. Work on urban rivers is

important as an “initiating enterprise” for restoration [101–104]. Interest in this

aspect through the concept of green infrastructure in cities has recently been given

increased attention [66, 105], but on-the-ground applications are scarce. Focus on

riparian corridors in cities in Greece is a very new subject that should see important

developments in the coming years [104].

New technologies for restoration in polluted waters, such as sewage treatment

and water purification, are also on the rise [36], and some are of immediate interest

for restoration of rivers and associated wetlands [106–108]. A major problem in

Greece is olive oil mill treatment waste that is usually dumped directly into small

rivers and streams; some pilot-scale work on this issue has begun [109].

Some evidence of notable conservation successes shows that strategic conser-

vation actions can reduce the rate of species and population declines. The positive

achievements of some of these species-centred conservation projects in Greece are

seen primarily in effects on bird populations at specific sites. There is evidence that

several species of birds requiring wetland and river delta habitats have increased

during the last three decades [110]. In wetlands such as the Prespa, Kerkini, Karla,

Evros, Amvrakikos and other sites, this is directly the result of targeted conserva-

tion and restoration efforts [111]. Since birds are not persecuted by humans as they

were in the recent past, some populations have rebounded, such as pelican, cormo-

rant and heron species [112]. Birds are good indicators of management of wetlands

and other inland water bodies at the landscape scale [113, 114], and they have

seriously promoted conservation designation and management [115] as well as
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restoration proposals in Greece (e.g. [116, 117]). Unfortunately, there are very few

cases where there has been mention of benefits to other animals, such as fishes, from

restoration projects in Greece (an exception is outlined in [118]). Despite the

species-specific success stories, many species remain conservation dependent,

requiring sustained, long-term investment that may require future restoration

actions.

6 Failures, Shortcomings and Challenges

6.1 Problems with Past Restoration Projects

The largest restoration works that influence running water environments and their

surroundings have very few follow-up actions, serious monitoring or adaptive

management frameworks (e.g. Evrotas, Amvrakikos, Evros). In nearly all cases,

the effectiveness and cost-effectiveness of these actions have been poorly assessed

or monitored and disseminated in published works. One exception is the exemplary

case of riparian woodland restoration in the Nestos river delta, which did provide a

post-restoration monitoring plan [73], and in this case there is close cooperation

with local Hellenic Forest Service workers and other stakeholders to monitor results

at this important site.

It is rather unusual that most restoration efforts rest on large and often expensive

engineering or forestry initiatives in high-profile degraded lentic or wetland habi-

tats; there are very few efforts in the lotic environments and surprisingly few in

small running waters and urban running water settings [45]. The lack of research,

monitoring and understanding of river ecosystems functions, such as self-

purification attributes of rivers, may also create complexities in applying ecological

restoration [119]. Even some typical mitigation structures such as “fish ladders” in

small hydroelectric works have no documented assessment of effectiveness in

Greece.

Defining goals for the re-establishment of degraded river basin ecosystems such

as drained foodplains and lakes has also created some examples of “failures.” Of

course, assessing the success of a project should always consider local sociocultural

and political circumstances, yet guidelines for assessing the success of ecological

restoration works are fairly simple (see [7]). Although not related to a lotic

environment but a unique semi-isolated sub-basin of the Pinios river, the Lake

Karla area was the most expensive restoration project in Greece [120] and was

originally designed primarily as an ecological restoration action [88]. Instead of

working to restore a natural lake-floodplain system, Lake Karla was created as a

multifunctional and ambitious reservoir system with huge embankments and arti-

ficial water pumping works that would also supply future water for irrigation. This

situation created some serious problems, including harmful algal blooms

[120, 121]. Other problems where EU funds have been spent on reservoir or
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irrigation development instead of real ecological restoration actions have also been

documented; two examples are the Atzan wetlands [122] and Lake Taka [123].

6.2 EU WFD Challenges

River restoration is a critical part of the EU WFD (Water Framework Directive

2000/60/EC), which is guided by river basin management plans (RBMPs) that

should implement a programme of measures (PoMs) for degraded river water

bodies. There has been considerable delay in the implementation of the Water

Framework Directive actions in Greece, and this has already led the European

Court of Justice to rule against Greece for not having completed the RBMPs on time

[124]. The roots for the majority of the implementation problems are in governance

and its changing architecture in Greece (see [125]). Also, since there is a poor

history of limnological and ecosystem research in rivers, there is a poorly defined

understanding of real restoration needs. Monitoring of conditions, especially the

biota, began very recently at a nationwide scale [126]. However, despite these

serious shortcomings, the framework for monitoring, planning and river basin

management that the WFD has brought to Greece has seriously changed and

challenged river management issues [127].

6.3 Current Management Difficulties

In many cases, restoring rivers and wetlands may be impossible, even if economic

constraints could be surpassed (i.e. in urban and agricultural landscapes). Local

socio-economics and politics influence the work’s effectiveness by challenging the

administration, planning and management related to these restoration projects; such

coordination difficulties have been observed in many large-scale EU-funded pro-

jects in Greece [23]. In some cases, poor decision-making at the central and

regional levels can lead to bad practices that resonate with negative aspects,

e.g. the case of Lake Karla [120, 128] and difficulties with river conservation

management at the Spercheios River [129]. In other cases, governmental control

and development, even when guided by strict policy demands, may falter or fall

behind, as is the case with Greece’s river basin management plans [125, 126]. The

economics and socio-economics of restoration planning are very important: perhaps

in some cases it may be more effective to simply protect what you have than to

focus on expensive narrow-scale restoration efforts. Such management difficulties

become more complicated in times of economic and political instability. For

8 consecutive years, Greece has been greatly affected by the most severe economic

crisis since WWII: a deep economic recession, sharp reductions in government

spending and constant increase in unemployment rates. With this in mind, and
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despite the demands of EU and national policies, conservation and restoration

actions may continue to fall further behind.

6.4 The Research-Policy Disconnect

EU Directives guide management objectives; however, optimal river basin man-

agement is hindered by a disconnect between policy-relevant research and action on

the ground. Although the WFD is a stringent bureaucratic process, many aspects of

its implementation in Greece seem to have somewhat progressed but with many

difficulties. Some of the problems are grounded in ecosystem management concepts

and applications [126]. One of the most important aspects is the importance of

understanding aquatic ecosystem ecological integrity and designing restoration

actions through the development of river-type-specific baselines and water body-

specific targets. The WFD demands the use of type-specific reference conditions for

assessment and as measures for restoration. This is correct in an ecological resto-

ration framework, since the design of an ecological river restoration project should

be based on a specified guiding image of a healthier river that could exist at the site

[7]. However, the concept of “reference” is still debated within the scientific

community and among management and conservation practitioners [6, 130]. Refer-

ence conditions can be historically based, geographically based or process based,

and absolute or relative, depending on context and the specific spatio-temporal and

ecosystemic thresholds. Understanding the natural history of varied river types is

very important to restoration planning [131], and this is vital in any kind of

ecosystem-based river management. There is increasing emphasis in Europe on

river restoration driven by demands of the WFD; however, Greece has yet to

promote restorative measures in its river water bodies [125]. Moreover, the current

focus on instream aquatic conditions and aquatic biota that is routinely monitored

ignores that many of the pronounced effects of degraded hydromorphology relate to

the headwater intermittent streams, riparian zones, related wetlands and their wider

floodplains. This problem is pronounced in the Mediterranean countries as a whole

but is accentuated in data-scarce and poorly monitored situations such as the case of

Greece [126].

Assessing the state of ecological integrity and measuring degradation are not

easy or straightforward in Mediterranean river basins dominated by such long

human history in complex cultural landscapes. The influence of humans on water

resources is confounded by the region’s inherent climate variability, since it

drastically influences river flow regimes, river hydromorphology, biodiversity

patterns and habitat structure. The degradation of the flow regime is the most

widespread and often most destructive human-induced pressure in Mediterranean

rivers; it is also difficult to accurately assess what is a natural or anthropogenic

variation. Scientific reconstructions of the wider region’s climate demonstrate a

series of alternating periods with varying climatic characteristics with fluctuation

lengths spanning from a few decades to many centuries [132]. In Crete, for
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example, during the little ice age (ca. 1,500–1,850 AD), it has been estimated that

nearly two dozen perennial rivers run straight to the sea, whereas now less than five

major streams do so during the summer months [12]. Part of this change is

attributed to recent climate warming and part due to overexploitation for modern

agriculture. Without in-depth study within each river basin, it is difficult to assess

the degree that human-induced pressures have on recently altered waters

[33, 40]. Building adequate and adaptive monitoring and multidisciplinary collab-

orative research at the regional and ecosystem scale is required for more effective

and efficient restoration application in such complex conditions.

7 Unmet Needs and New Challenges

In the last few decades, three major types of restoration measures have been widely

promoted in streams and rivers in Europe, America and Australia: riparian buffer

and floodplain management, instream habitat enhancement and the removal of

weirs and dams [131]. In Greece, even these basic actions have rarely been

attempted in river environments, so there is much opportunity for this kind of

policy-relevant restoration work in the future.

The following initiatives are deemed important in terms of ecological restora-

tion, focusing particularly on river ecosystems and associated wetlands in Greece:

• Water pollution-related issues. Acute problems caused by poorly functioning

sewerage treatment plants, small industry and poor controls on dumping still

exist despite cleanup efforts.

• River floodplain restoration for flood control and flood protection. This synergy

with restoration involves riverbed widening and embankment dismantling.

• Hydromorphological restoration in combination with habitat enhancement in

protected areas. The channel, riparian zone, sediment and flow regimes may be

restored in some cases through biodiversity conservation initiatives (e.g. in

protected areas).

• Ecological flow issues below dams. This includes mitigation measures for fish

migration (fish ladders).

• Water management issues in irrigation networks. Control and recharge, allowing

more water to follow a natural flow regime in the extensive irrigated lowlands.

• Small urban stream restoration. Many cities could have greenways and rehabil-

itated stream reaches in an effort to expand constrained bed and riparian zones

for green infrastructure and flood protection.

• Alien species management. Strategic management must be developed to clean

problems associated with this form of “biological pollution.”

• Monitoring and follow-up on restoration initiatives. These include works in the

larger wetlands and river engineering areas; these can become “schooling”

experiences for technique and educational development (Fig. 3).
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Some other outstanding and rather difficult issues that have intriguing idiosyn-

crasies and are important for biodiversity conservation in the future are outlined

below:

7.1 Insect-Borne Diseases

After 2009 there is evidence that the malaria situation in Greece has been changing

as locally acquired cases of Plasmodium vivax malaria have been repeatedly

documented [133]. A reason for this spread is an influx of human immigrants

from Asia and Africa and a change in the agricultural workforce that uses undoc-

umented migrant workers, the majority of whom are from malaria-endemic tropical

countries. As malaria cases and some other insect-borne diseases that are some-

times thought to be associated with “wetlands” increase, vector control will become

important and may alter societal views of wetland and natural river habitats in the

affected areas. The issue of malaria and other mosquito-borne diseases (such as

West Nile virus) is serious for wetland and river conservation. Careful planning and

Fig. 3 Challenges for restoration ecology in Greece (clockwise from top left): urban stream

restoration, the flood-prone area of the Pikrodaphne stream in the Metropolitan Athens basin; road

culvert creates artificial fish barrier in the Erymanthos river basin, Peloponnese; poorly designed

urban spring-fed river park creation at the town of Skala, Peloponnese (Photos: S. Zogaris)
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multisectoral collaborations are needed both for human health protection and

evidence-based treatment and for scientifically guided public awareness. Local

communities and local government in Greece have recently wrongly targeted

wetland drainage referring to mosquito control [29]. The issue of mosquito-borne

disease and its relation to human migrants has recently been called a “public health

tragedy” [134]. Great care is needed not to skew the public and policy approaches to

wetland ecosystem conservation due this potentially serious health management

issue.

7.2 Assisted Migration or Reintroduction of Fishes
and Other Species Groups

Assisted migration refers to the human-aided translocation of select species or

populations of plants and animals to suitable habitats outside their current ranges

as well as to new sites within their current ranges. Although this issue is a source of

debate among some conservationists [135], it is an imperative for saving rare

species especially within conditions of extreme climate variability and change in

situations of human-induced water stress and habitat and/or species population

fragmentation [136, 137]. Already, some fish species have been extirpated and

some are already extinct in the wild in Greece. This issue applies to fishes such as

sturgeon, shad, salmonids, lampreys and local populations of several endemics in

Greece. Many of these species are on the edge of extinction, and it seems that all

sturgeon populations (four native species) have completely collapsed in Greece, in

recent years [43]. Well-designed restocking programmes within a framework of

fisheries management, protection measures and habitat rehabilitation may serve as

valuable tools for reintroduction or enhancement of wild stocks. However, the risk

of losing genetic variability, which happened after the massive restocking

programmes abroad, should be thoroughly considered in advance. A strong level

of scientifically led conservation genetics is required to do this kind of work (see

[138]). Unfortunately, most previous efforts in Greece have had poor or no results

(e.g. [139, 140]).

7.3 Managing “Novel Aquatic Ecosystems”

Heavily modified and artificial water systems may drastically change ecological

integrity of wider river basins. Artificial water bodies, such as ditches and artificial

channels, trans-basin transfer canals and instream reservoirs have been constructed

in many river basins in Greece, and these are rarely managed for their biodiversity

or ecological potential [83, 141]. Recently, these human-modified systems are
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being called novel aquatic systems, and their management is being treated as being

important for biodiversity [142, 143]. The interaction of these systems with natural

stream conditions and the spread of alien species is a growing conservation concern

[144], and often several basins may be degraded when human-induced connectiv-

ity, artificial flow and alien species interact (Fig. 4). The degraded novel systems

may function as reservoirs for the spread of alien invasive species further degrading

ecological integrity. A scientifically led precautionary approach is needed to assess

both the negative impacts and conservation opportunities provided by novel aquatic

ecosystems.

7.4 Adaptations to Climate Change

A key characteristic in Mediterranean climate conditions is the remarkable climatic

variability observed during the last few centuries [132]. The southern Balkans are

among the regions which are predicted to become drier under IPCC climate

scenarios, and the hydrological effects have concerned several researchers

[145]. In recent years, there has been evidence of increased climatic dryness in

Fig. 4 Schematic representation of the interactive effects of artificial changes in aquatic connec-

tivity and intermittency producing significant biotic changes and novel freshwater ecosystems. (a)
Alien fish stocking in a lake spreads invasive fish species (red stretches), and (b) inter-basin
diversion of stream flow to a city in a neighbouring basin (indicated by broken red/grey line)
further assists invasive spread. Native fish species populations become fragmented into a series of

isolated populations in headwaters (blue-shaded streams) above artificial barriers. (c) Artificial
barriers and dams have produced stretches where fish are extirpated, and some of these are

artificially intermittent (shown by dotted line for the river stretch) Adapted from [144]
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parts of Greece, and an alarming indicator is the decline of spring-fed water systems

[146]. Hydromorphological and flow regime change evidence is also being com-

piled (e.g. [147]). Ecohydrological modelling has shown that predicted scenarios

will alter ecosystems, for example, cold-water biota such as trout streams [148]. For

the conservation of biodiversity, it is important to focus on four initiatives for

adaptation to climate change: (a) land and water protection and management,

(b) direct species management, (c) monitoring and planning, and (d) law and policy

(see [149]). Gaining experience in restoration and in assessing and understanding

scientific ecosystem change and evolution is critical for effective adaptation to this

broad-scale and largely poorly predictable environmental change. The need to

promote adaptive management frameworks in aspects of conservation and moni-

toring is also an imperative within the climate change context.

8 Conclusions

Until recently a wholly anthropocentric development worldview has exploited

rivers and wetlands solely as commodities and for human health risks (as related

to insect-borne disease and flooding). This paradigm has changed in Greece as

many rivers and wetlands have been designated as protected areas primarily for

their biodiversity. Still, progress in integrated conservation and restoration has been

very slow [51]. There are many opportunities to develop restoration in rivers in

Greece; some important approaches include the following:

– The WFD’s programmes of measures (PoMs) for water bodies represent the

most important opportunity for widespread policy-relevant restoration in river

corridors.

– Ecological flow measures are an important unmet challenge, and beneath many

hydroelectric dams, there are significant degradations due to flow regime alter-

ation (e.g. hydropeaking). Holistic approaches should be developed that are both

policy relevant and satisfy site-based optimal mitigation measures.

– Reintroduction or assisted migration schemes for fishes and other species could

assist both biodiversity conservation and community restoration; fish pass con-

struction is also important and poorly implemented in Greece.

– Biodiversity restoration applications should work synergistically with WFD

demands in protected areas (e.g. aimed specifically at habitats and species

assemblages that have been degraded by hydrological and hydromorphological

changes).

– Antipollution initiatives and strictly enforced regulations can make a very big

difference especially targeting point-source pollution problems (light industry,

agriculture, sewage treatment plant outfalls).

– Taking advantage of land abandonment, which facilitates renaturing and

rewilding in river riparian zones, could promote the conservation/restoration of

floodplain buffers.
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– Riparian and river restoration in urban and peri-urban areas in combination with

flood protection schemes should enhance best practice, green infrastructure and

public awareness.

– Involving the public in volunteer and citizen sciences, that is, promoting resto-

ration actions also for education, recreation and ecotourism. This is again

important especially in urban, peri-urban and touristic protected areas.

Significant positive synergies may be created especially with respect to flood

control and river engineering requirements in agricultural areas and WFD measures

within protected areas. An example of this is “river widening” engineering prac-

tices, since this can become an important tool to link ecological objectives with

flood protection and habitat enhancement, recreating multichannel networks in

previously artificially constrained channelised systems. Although this is now

widely practised in Western Europe, efforts in Greece are usually only at the

proposal stage (e.g. [101]).

Ecological restoration is not an easy and straightforward undertaking [8], espe-

cially in Mediterranean rivers [150]. In Greece, a problem is the disconnect among

scientists, society and conservation/water management practitioners. Since the

2008 economic crisis, it is inevitable that many members of the public may see

restoration actions as a luxury. This negative perspective must change for serious

broad-scale restoration work to move forward. It has been shown that volunteer

involvement is extremely important and valuable for guiding conservation planning

and promoting positive stakeholder involvement and science-guided public aware-

ness. Citizen science may also provide screening-level information for river and

wetland conditions; data from participatory monitoring networks are not less

informative and may sometimes be more informative, than those collected in

professional schemes [151]. The Natura 2000 protected sites and their management

agencies could play a leading role in providing best practice applications that

involve citizen scientists [64]. Scientific monitoring of rivers is now a policy-

relevant imperative, and this should develop into an adaptive monitoring approach

that can guide, prioritise and better inform conservation and restoration needs.
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