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Preface

Mediterranean Soil Ecosystems (MSE) is a peer-reviewed series of formal scien-
tific publications of the Soil Science Society of Turkey (SSST). The SSST was
established in 1964 and promotes research into soil science and related disciplines,
as well as developing a consensus for soil protection and use to sensitize gov-
ernments and the coming generations in Turkey.

Mediterranean Soil Ecosystems publishes original and review papers on the
global and regional scales concerning theoretical and experimental studies and
themes on soil ecosystems, soil and land degradation and desertification, agro-
ecosystem management, carbon dynamics and management systems and ancient
land use in the Mediterranean environment and context, palaeopedology and ge-
opedology, and the changing soils and soils of tomorrow and their probable use
under climate change scenarios. Special sections are devoted to current news from
the International Union of Soil Sciences, the Soil Science Societies of the Medi-
terranean riparian countries, and the Soil Science Society of Turkey (SSST).

Mediterranean Soil Ecosystems also aims to improve communication and
develop holistic integrated approaches among different disciplines seeking the
sustainable management of the environment. Contributions are drawn from soil
and earth sciences, agriculture, forestry, biology, botany, climatology, ecology,
ecological economics, environmental sciences and engineering, environmental
law, carbon policies, and information sciences related to environmental integrity.
Mediterranean Soil Ecosystems publishes studies by academic researchers and
professionals at universities, including those in business, government, research
institutes, and public interest groups, presenting a wide range of approaches.

Adana, Turkey, March 2013 Selim Kapur
Sabit Ers�ahin
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Chapter 1
Managing Terrestrial Carbon
in a Changing Climate

Rattan Lal

Abstract The threat of abrupt climate change by increase in atmospheric con-
centration of CO2 and other greenhouse gases has enhanced the interest and
urgency of identifying strategies for reducing and sequestering anthropogenic
emissions. The latter are caused by land use conversion that began with the dawn
of settled agriculture several millennia ago, and by fossil fuel combustion that
began with the onset of the industrial revolution in about 1750. Emissions from
land use conversion during the pre-industrial era until about 1850 are estimated at
*320 Pg. Since 1850, emissions from fossil fuel combustion are estimated at
*350 Pg and those from land use conversion at *150 Pg. These and other
anthropogenic activities have caused drastic perturbation of the global carbon
cycle with increase in the atmospheric C pool and an attendant decrease in the
pedologic, biotic, and geologic (fossil fuel) pools. Together, the pedologic pool
(4,000 Pg to 3 m depth) and the biotic pool (620 Pg), called the terrestrial pool, is
the third largest pool, after the oceanic (38,000 Pg) and the geologic (*5,000 Pg).
The depletion of the terrestrial C pool has created a C sink capacity which can be
filled by conversion to a restorative land use and adoption of recommended soil,
plant, and animal management practices. The process of transfer of atmospheric
CO2 into the pedologic and biotic pools is called carbon sequestration. This natural
process contrasts with that of the geoengineering techniques of carbon capture and
storage (CCS) involving geologic and oceanic storage and mineral carbonation
of CO2 into calcite etc. The strategy of biosequestration, in addition to being
cost-effective, has numerous ancillary benefits. It is a truly win–win option.
Specifically, it improves soil quality, enhances agronomic productivity, and
advances food security. Improvement in soil quality by C sequestration is related
to generation and stabilization of micro-aggregates created through formation of
organo-mineral complexes. The strategies of biosequestration involve develop-
ment of a positive ecosystems C budget in soil by mulch farming, conservation

R. Lal (&)
Carbon Management and Sequestration Center, The Ohio State University,
Columbus, OH 43210, USA
e-mail: lal.1@osu.edu

S. Kapur and S. Ers�ahin (eds.), Soil Security for Ecosystem Management,
SpringerBriefs in Environment, Security, Development and Peace 8,
DOI: 10.1007/978-3-319-00699-4_1, � The Author(s) 2014
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agriculture, no-till systems, integrated nutrient management including biological N
fixation and mycorrhizae use of amendments including biochar, and adoption
of complex farming systems such as agroforestry. There is no silver bullet or
panacea, and the choice of a practice/strategy depends on site-specific conditions.

Keywords Carbon sequestration � Geoengineering � Soil quality � Ecosystem
services � Carbon capture and storage � Conservation agriculture � Soil structure

1.1 Introduction

Enrichment of the atmospheric concentration of CO2 from 280 ppmv in the
pre-industrial era to 390 ppmv in 2010, and the attendant increase in risks of
abrupt climate change (ACC), have created an urgency to identity strategies of
managing the global carbon cycle (GCC), and to limiting the increase in global
temperature to 2 �C (Ramanathan and Xu 2010; UNFCCC 2009). Thus, estab-
lishing the cause-effect relationships for enrichment of atmospheric CO2 is
important to systemically reducing emissions and mitigating ACC. The impor-
tance of fossil fuel combustion since the onset of the industrial revolution during
the Anthropocene (Crutzen 2002; McNeill 2000) is widely recognized. Global
emissions from fossil fuel combustions increased dramatically during the second
half of the twentieth century (Sterman 2008). Yet the role of land use change in
emitting CO2 and other greenhouse gases (GHGs) into the atmosphere cannot be
overemphasized (Foley et al. 2005). In 1700, about 50 % of the terrestrial
biosphere was wild, and most of the remainder (45 %) was in a semi-natural state.
By 2000, most of the biosphere had been converted into ‘‘anthromes’’ consisting of
croplands, grazing lands, plantations, and urban ecosystems and rural communities
(Ellis et al. 2010). About 39 % of the earth’s ice-free surface had been converted
into agricultural and urban ecosystems, and an additional 37 % is embedded
within or in close proximity to anthromes and is drastically influenced by
anthropogenic processes. Transformation of natural/wilds to anthromes leads to
depletion of the terrestrial C pool and emissions of CO2 and other GHGs into the
atmosphere. Depletion of the terrestrial C pool causes degradation of ecosystem
services and functions. Management and restoration of the terrestrial C pool is
essential to restoring the ecosystem functions, improving the environment, and
mitigating ACC.

The objective of this chapter is to describe the relative contributions of land use
change and fossil fuel combustion to the emission of CO2 and other GHGs into the
atmosphere, to identify processes and practices of C sequestration in the biosphere,
and to explain the importance of soil C sequestration to adapting to and mitigating
(ADAM) ACC, improving the environment, and advancing food security. Further-
more, processes of soil C sequestration are discussed in the context of enhancing
permanence or mean residence time (MRT) and improving ecosystem services.

2 R. Lal



1.2 Relative Contributions of Fossil Fuel Combustion
Versus Land Use Change

From 1850 to 1998, approximately 270 ± 30 Pg C had been emitted as CO2 into
the atmosphere from fossil fuel burning and cement production. In comparison,
about 136 ± 55 Pg had been emitted as a result of land use change (IPCC 2000),
of which 78 ± 12 Pg was from world soils. Another estimate showed that between
1750 and 2002, 292 Pg CO2–C was contributed by fossil fuel combustion, and an
additional 200 Pg C was projected to be emitted between 2003 and 2030 (Holdren
2008). Houghton (2007) estimated the total magnitude of anthropogenic emissions
at 500 Pg since 1850, comprising 375 Pg from fossil fuel combustion, 100 Pg
from land use change, and 25 Pg from cement production. Of these emissions,
150 Pg have been adsorbed by the oceans, 125 Pg by the terrestrial biosphere, and
the remainder (225 Pg) by the atmosphere (Houghton 2007). The data in Table 1.1
show a progressive increase in CO2–C emissions from fossil fuel combustion,
beginning with merely 3 Tg (teragram = 1012 g = million metric tonnes) in 1750
to 8.7 Pg (petagram = 1015 g = billion metric tonnes) in 2008. According to
these data, total emissions by fossil fuel combustion since 1750 are estimated at
350 Pg (Marland et al. 2007). At present, about 1.6 Pg C/year are contributed
(*17 % of total) from land use change, involving primarily deforestation in the
tropics. As late as the early 1950s, more CO2–C emissions were contributed by
land use (deforestation) than by fossil fuel combustion. Global average per capita
CO2 emissions have doubled from 0.65 Mg CO2 in 1950 to 1.2 Mg in 1970, and
have remained stable since then (Oelkers and Cole 2008).

Both fossil fuel combustion and land use change are driven by the increase in
population (Table 1.2). The world population increased from merely 2 million in
*10,000 BCE to 188 million in 1 CE, 1 billion in about 1,800 CE, and 7 billion
in 2011. The increase in human population resulted in an increase in cropland area
from\5 Mha *5,000 BCE to 300 Mha in 1,600 CE, 419 Mha in 1,800, 850 Mha

Table 1.1 Global estimates
of fossil fuel emissions

Years Total emissions (Tg C/year)

1750 3
1800 8
1850 54
1900 534
1950 1,630
1960 2,578
1970 4,075
1980 5,297
1990 6,096
2000 6,744
2008 8,700

Source Adapted from Marland and Rotty (1984), ORNL (2001),
LeQuéré et al. (2010)
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in 1,900, and 1,500 Mha in 2,000. There was a similar increase in the area under
grazing land/pasture land. The area under grazing/pasture land increased from
0.4 Mha *5,000 BCE to 288 Mha in 1,600 CE, 513 Mha in 1,800, 1,293 Mha in
1900, and 3,429 Mha in 2,000 (Table 1.2).

Because of the drastic transformation of earth by humans since the transition of
hunter/gatherer societies to a sedentary lifestyle and settled agriculture, some
argue that the anthropogenic greenhouse era began thousands of years ago
(Ruddiman 2003, 2006). Indeed, records show that the increase in CO2 emissions
began with the start of forest clearance 8,000 years ago and the increase in CH4

with the onset of rice cultivation and the domestication of animals about
5,000 years ago. Ruddiman (2003) hypothesized that per annum rates of C release
of CO2 from land use in pre-industrial times may have been lower by an average
factor of 10 or more. Even so, the cumulative emissions over millennia (for
8,000 years) could still be enormous. Total emissions by land use conversion of
480 Pg have been estimated as follows (Ruddiman 2003):

ið Þ the pre-industrial era: 7800 years � 0:04 Pg C/year ¼ 320 Pg ð1:1Þ

iið Þ the industrial era: 200 years� 0:8 Pg C/year ¼ 160 Pg ð1:2Þ

Indeed, the greatest land clearance occurred during the last 200 years, with a
total mean annual flux of 1.04 Pg C between 1850 and 2000, and as much as 2 Pg
C between 1980 and 2000 (Table 1.3). Thus, cumulative C emitted from land use
conversion has been estimated at 480 Pg over the last 8,000 years, equivalent to
the enrichment of atmospheric concentration of CO2 by *120 ppm (4 Pg CO2–C
emission = 1 ppmv CO2 concentration in the atmosphere) (Broecker 2007).

These statistics of CO2–C emission from land use change (vs. fossil fuel
emissions) for the last 8,000 years or more, tentative and crude as they may be, are

Table 1.2 Temporal changes in population, and total and per capita croplands and pastureland
area

Time Population 106 Cropland Pastureland

Total (106 ha) Per capita (ha) Total (106 ha) Per capita (ha)

10,000 BCE 2 0 0 0 0
5,000 BCE 18 4.8 0.24 0.4 0.02
1 CE 188 131 0.52 106 0.56

500 210 124 0.43 108 0.51
1,000 295 153 0.36 143 0.48
1,500 461 232 0.33 224 0.49
1,600 554 255 0.29 288 0.52
1,700 603 300 0.30 324 0.54
1,800 989 419 0.24 513 0.52
1,900 1,654 850 0.35 1,293 0.78
1,950 2,545 1,214 0.33 2,466 0.97
2,000 6,145 1,532 0.16 3,429 0.55

Source Adapted from Goldewijk et al. (2011)
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important to the identification of strategies of C sequestration in the terrestrial
biosphere. The fact that the terrestrial biosphere has lost as much as 480 Pg is a
strong indication of its large C sink capacity. For this reason, recarbonization of
the biosphere, enhancing the C pool in both soils and vegetation, is an important
option to mitigating ACC.

1.3 The Global Carbon Cycle

The GCC involves principal C reservoirs and fluxes among them. The contem-
porary GCC involves five principal pools (Fig. 1.1). The largest pool is carbonate
rocks (65 9 106 Pg), followed by ocean comprising 38,000 Pg C, mostly as
inorganic C. The second largest pool is geologic, comprising fossil fuels, coal, oil,
gas, shale, and peat, together estimated at *5,000 Pg. The third largest pool is
soil, containing *4,000 Pg of soil organic carbon (SOC) and soil inorganic
carbon (SIC) to 3 m depth. The fourth largest pool is the atmosphere containing
*800 Pg C. Thus, atmosphere merely contains 0.001 % of the C contained in the
atmosphere–ocean–upper crust system (Oelkers and Cole 2008). The mass of the
Earth’s atmosphere is 5.14 9 1,018 kg (Trenbath et al. 1988); with a CO2

concentration of 390 ppmv, total mass of CO2 is about 3,000 Pg or equivalent to
about 800 Pg C (Oelkers and Cole 2008). The smallest pool is biotic, estimated
to contain 620 Pg C, comprising 560 Pg of live material and 60 Pg of detritus
material. Combined together, the soil (4,000 Pg) and the biotic (620 Pg) pools, or
the terrestrial pool, is estimated at 4,620 Pg, containing about 4.8 times more C
than the atmospheric pool.

The GCC on a decadal scale from 1960 to 2008 is shown in Table 1.4. The
cumulative annual sources of CO2 were 4.6 Pg during the 1960s, 6.0 Pg during
the 1970s, 7.0 Pg during the 1980s, 8.0 Pg during the 1990s, and 9.1 Pg during the
2000s (2000–2008), with total annual emissions of 9.9 Pg (8.7 from fossil fuel
combustion and 1.2 Pg from land use change) in 2008. Of the total annual
emissions, land use change contributed 32.6 % in the 1960s, 21.7 % during the
1970s, 21.4 % during the 1980s, 20.0 % during the 1990s, and 15.4 % during the
2000s (2000–2008), with a contribution of 12.1 % during 2008 (Table 1.4).
Whereas the emissions from fossil fuel combustion have increased between 1960
and 2008 at the mean annual rate of 0.117 Pg C/year, those from land use

Table 1.3 Estimates of average annual flux of CO2–C from land use change

Region Annual emission (Pg C/year)

1850–2000 1980–1989 1990–1999

Tropics 0.65 1.93 2.20
Temperate 0.39 0.06 -0.02
Total 1.04 1.99 2.18

Source Adapted and recalculated from Houghten (2003)
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conversions have decreased at the mean annual rate of 6.25 Tg C/year. Combined,
the anthropogenic emissions have increased at the mean annual rate of
0.110 Pg C/year between 1960 and 2008 (Table 1.4).

Table 1.4 Global carbon budget on a decadal scale

Parameter 1960s 1970s 1980s 1990s 2000–2008 2008

1. Sources (Pg C/year)
Fossil fuel ? cement 3.1 4.7 5.5 6.4 7.7 8.7
Land use 1.5 1.3 1.5 1.6 1.4 1.2
Total 4.6 6.0 7.0 8.0 9.1 9.9
2. Sinks (Pg C/year)
Atmosphere 1.8 2.7 3.4 3.1 4.1 3.9
Ocean 1.5 1.7 2.0 2.2 2.3 2.3
Land 1.2 2.6 1.8 2.6 3.0 4.7
Total known sinks 4.5 7.0 7.2 7.9 9.4 10.9
3. Residual sink 0.1 -1.0 -0.2 0.1 -0.3 -1.0
Total ocean ? land sinks 2.8 3.3 3.6 4.7 5.0 5.0
4. Natural sinks as % of sources 60.9 55.0 51.4 58.8 54.9 50.5

Source Adapted and recalculated from LeQuéré et al. (2010)

Fig. 1.1 The global carbon cycle. Source This author
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The atmospheric uptake has progressively increased (Pg C/year) by 1.8 in the
1960s, 2.7 in the 1970s, 3.4 in the 1980s, 3.1 in the 1900s, and 4.1 in the 2000s
(2000–2008). The oceanic uptake also increased (Pg C/year) by 1.5 in the 1960s,
1.7 in the 1970s, 2.0 in the 1980s, 2.2 in the 1990s, and 2.3 in the 2000s
(2000–2008). The uptake by land-based sinks (Pg C/year) also increased between
the 1960s and the 2000s by 1.2 in the 1960s, 2.6 in the 1970s, 1.8 in the 1980s, 2.6
in the 1990s, and 3.0 in the 2000s (2000–2008). The natural sinks (land and ocean
combined) absorbed anthropogenic emissions (Pg C/year) by 2.8 in the 1960s, 3.3
in the 1970s, 3.6 in the 1980s, 4.7 in the 1990s and 5.0 in the 2000s. Relative
uptake by natural sinks (land plus oceans) as a percentage of the total anthropo-
genic emission was 61 in the 1960s, 55 in the 1970s, 51 in the 1980s, 59 in the
1990s, and 55 in the 2000s. Some have argued that the C absorption by natural
sinks has declined between the 1960s and the 2000s, probably because of the
acidification of oceans and degradation and desertification of lands and soils.

Phytosequestration of land plants, and transfer of some net primary productivity
(NPP) into humus, is a viable option for recarbonizing the biosphere. The annual
gross primary productivity (GPP) is estimated at 123 Pg (arrow C, Fig. 1.1), of
which 60 Pg is returned to the atmosphere through plant respiration (arrow D,
Fig. 1.1). Of the remaining 63 Pg, called NPP, around 53 Pg (arrow E, Fig. 1.1) is
transferred to roots and allocated to plant metabolism, and the remaining 10 Pg is
called the net ecosystem productivity (NEP) (Jansson et al. 2010). Most of the NEP
is lost to the atmosphere by land use change (arrow B, Fig. 1.1), biotic stresses,
fires, and erosion (arrow F, Fig. 1.1). The remainder (0.3–0.5 Pg/year) is called the
net biome productivity (NBP) (Jansson et al. 2010). The NBP can be enhanced to
about 10 Pg C/year through land use and prudent management, and has the
potential to persist in the terrestrial biosphere for from centuries to millennia
depending on the specific land use in soils and biomass. Thus, C sequestration in
the terrestrial biosphere has the potential to offset anthropogenic emissions and
mitigate ACC. Here in lies the basic principle of managing the terrestrial C pool to
mitigate climate change and also improve the environment.

1.4 The Terrestrial Carbon Pool

The total land area under all biomes, including deserts and ice cover, is 14.3 Bha
(Bha = 109 ha) (Table 1.5). Of this, 4.85 Bha (33.9 %) is under forest, 2.4 Bha
(16.7 %) under savanna, 2.65 Bha (18.5 %) under deserts, 1.88 Bha (13.1 %)
under permafrost, 0.8 Bha (5.6 %) under tundra, 0.35 Bha (2.4 %) under peat-
lands, and 1.4 Bha (9.8 %) under cropland (Table 1.5). The total C pool in veg-
etation is *560 Pg, and an additional 60 Pg is contained in the detritus material
(see box marked Biotic Pool in Fig. 1.1). Of this, 447 Pg (78.8 %) is contained in
forests, 88 Pg (15.5 %) in savanna/grasslands/steppe, and the remaining 32 Pg
(5.7 %) in other biomass. The total C pool in the world’s soils is estimated at
4,000 Pg to 3 m depth (Table 1.5, see box marked Pedologic Pool in Fig. 1.1).
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Of this, 1,104 Pg (27.6 %) is contained in soils under forest, 517 Pg (12.9 %)
under savanna, 1,024 Pg (28.6 %) under permafrost, 450 Pg (11.2 %) under
peatlands, 332 Pg (8.3 %) under deserts, 144 Pg (3.6 %) under tundra, and 248 Pg
(6.2 %) under cropland.

The data in Table 1.5 and the analyses presented above indicate the following:

1. Vulnerability of the pedologic pools to climate change: the projected ACC and
the attendant warming may thaw some areas under permafrost and tundra, and
also accentuate decomposition of peat lands (through drainage and land use
conversion). Thus, 1,618 Pg (40 %) of the pedologic pool is vulnerable to
decomposition and emission to the atmosphere with the projected ACC. It is
important to identify technological options and policy interventions to mini-
mize the risks of positive feedback from these pools, which comprise 40 % of
the total pedologic pools.

2. The last column in Table 1.5 shows the ratio of C density (Mg C/ha) for soil:
vegetation. The ratio is 59 in croplands, 36 in tundra, 30 in peatlands, 11 in
temperate grasslands, 5 in tropical grasslands and 2.5 in tropical forests. This
high ratio implies the high risks of degradation of soils of these ecosystems (by
thaw, erosion, fire, deforestation, conversion to other land uses, or drainage)
to natural and anthropogenic perturbations. Therefore, the soils of these eco-
systems must be managed with extreme caution. An understanding of soil
properties and processes is extremely important to the sustainable management
of soils of these ecologically-sensitive biomes.

3. Major soils of the world are listed in Table 1.6. In terms of the land area,
principal soil Orders include Entisols (16.2 %), Aridisols (12.0 %), Inceptisols
(9.8 %), Alfisols (9.6 %), Gelisols (8.6 %), Ultisols (8.4 %), Oxisols (7.5 %),
Mollisols (6.9 %), Spodosols (2.6 %), Vertisols (2.4 %), Histosols (1.2 %), and
Andisols (0.7 %). Rocky land (10 %) and shifting sands (4.1 %) also cover
large areas, but have no or little vegetation cover.

In the context of the SOC pool, the fraction most vulnerable to decomposition
or erosion by land misuse and soil mismanagement is that in Gelisols, containing
316 Pg (21 %) of the pedological pools to 1 m depth (Table 1.6). The soils sup-
porting tropical rainforest or Oxisols contain 126 Pg (8.3 %). Molliosols and
Histosols together contain 300 Pg or *20 % of the pedological C pool to 1 m
depth. Thus, a total of *50 % of the terrestrial C pool is vulnerable to decom-
position, and may also create positive feedback to ACC.

The strategy of managing C in the terrestrial biosphere is therefore, the
following:

1. preserve the existing C pool by minimizing the risks of decomposition and
erosion, and

2. enhance the biotic and pedologic pools by carbon sequestration in ecosystems
which have been depleted through degradation (erosion, deforestation) and
desertification.
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1.5 Carbon Storage Versus Sequestration

There are two terms commonly used in expressing processes and techniques used
in transferring atmospheric CO2 into other pools with a long MRT. One is CO2

Capture and Storage (CCS) by geoengineering techniques. There are three types
of CCS technique: geologic, oceanic, and mineral carbonation (Fig. 1.2). The
potential and constraints of these techniques are described by Broecker (2008),
Oelkers and Cole (2008), Adams and Caldeina (2008), Benson and Cole (2008),
and Schneider (2008) among others.

Fig. 1.2 Storage of CO2 by several geoengineering and geochemical techniques. Source This
author

Table 1.6 Estimates of carbon pool in world soils (1 m depth)

Soil order Area Soil C pool (Pg) Total (Pg)

Soil organic carbon Soil inorganic carbon(106 ha) %

Alfisols 1,262 9.6 158 43 201
Andisols 91 0.7 20 0 20
Aridisols 1,570 12.0 59 456 515
Entisols 2,114 16.2 90 263 353
Gelisols 1,126 8.6 316 7 323
Histosols 153 1.2 179 0 179
Inceptisols 1,286 9.8 190 34 224
Mollisols 901 6.9 121 116 237
Oxisols 981 7.5 126 0 126
Spodosols 335 2.6 64 0 64
Ultisols 1,105 8.4 137 0 137
Vertisols 316 2.4 42 21 63
Rocky land 1,308 10.0 22 0 22
Shifting sand 532 4.1 2 5 7
Total 13,080 100 1,526 940 2,466

Source Adapted from Eswaran et al. (2000)
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In contrast to the geoengineering techniques of CCS, CO2 sequestration
involves the natural processes of photosynthesis and conversion of photosynthate
into stable materials (i.e., wood, bio char, humus, recalcitrant organic compounds)
so that its MRT within the biosphere is drastically increased from decades to
centuries to millennia. Sequestration of CO2 in the biosphere has two related but
distinct components: terrestrial sequestration and oceanic sequestration (Fig. 1.3).

Fig. 1.3 Types of CO2 sequestration in the biosphere to mitigate climate change. Source This
author

Table 1.7 Pros and cons of biospheric processes versus engineering techniques of carbon
sequestration. Source This author

Biotic sequestration Geoengineering techniques of CCS

1. Pros 1. Pros
Natural process High rate, and large total sink capacity
Cost effective and economical Rapid process
Numerous co-benefits Amenable to C trading
Improvement in environment
No health hazard
No legal issues
Amenable to trading C credits

2. Cons 2. Cons
Low sink capacity Expensive
Dependent on land use High risks and health hazard
Risks of leakage through

decomposition
Few co-benefits (enhanced oil recovery (EOR), coal-bed

methane (CBM))
Legal issue regarding measurement, monitoring and

verification (MMV)

1 Managing Terrestrial Carbon in a Changing Climate 11



The goal is to retain in the biosphere a large fraction of the NBP and NEP. Details
of the CO2 sequestration techniques in the biosphere are described by Jansson et al.
(2010), Jackson and Baker (2010), Lal (2010a), Sayre (2010), Read (2007), and
Ogle et al. (2005) among others.

Pros and cons of CCS and biosequestration are outlined in Table 1.7. The
natural process of biosequestration is cost-effective, and has numerous ancillary
benefits in terms of several ecosystem services. However, CCS techniques are
expensive and have high risks, though they are characterized by a large sink
capacity. There is no one solution to addressing the complex issue of mitigating
ACC by anthropogenic emissions. Niches for each technology must be identified
and assessed under site-specific conditions.

1.6 Processes and Techniques of Carbon Sequestration
in Soils

The strategy of C sequestration in soil is to increase C gains and reduce C losses.
Gains of C in soil are due to addition of biomass from crop residues, animal waste,
detritus material from timber and food industry, municipal waste, deposition etc.
The loss of C in soil occurs through mineralization or decomposition, erosion, and
leaching. The objective is to create a positive C budget in soil, especially by
reducing losses through erosion and decomposition. Important techniques of C
management on croplands are conservation agriculture or no-till farming,
mulching, integrated nutrient management (INM) through nutrient cycling and use
of bio and synthetic fertilizers, use of complex crop rotations including agrofor-
estry, and application of amendments such as biochar and nano-enhanced mate-
rials (zeolites). The importance of soil and water conservation cannot be
overemphasized (Lal 2004).

The goal is to produce more from less through sustainable intensification (Lal
2011). The latter implies less but efficient use of energy-based input, especially
those with high hidden C costs (HCC) such as fertilizers, pesticides, and use of
machinery. Conservation and an efficient use of water are also important, espe-
cially through replacement of wasteful flood irrigation by micro-irrigation tech-
niques. There are also techniques of management of pasture lands and forest lands
(Lal 2010a). Sustainable intensification of a managed ecosystem is needed to
meet all the basic necessities of a growing population, regardless of climate
change. These basic necessities of the world’s population, seven billion in 2011
and projected to reach 9.2 billion by 2050, include an adequate supply of food,
feed, fibre, and (bio-)fuel (4 Fs). Increasing the SOC pool to above the threshold
level (1.5–2.0 %) in the root zone is essential to improving agronomic production
and advancing global food security.

Principal processes of C sequestration in the pedosphere are outlined in
Fig. 1.4. There are four basic techniques, two each for the sequestration of SOC
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and SIC. Enhancing and increasing the stability of structural aggregates (especially
micro-aggregates) is a principal mechanism of stabilizing the SOC pool and
increasing its MRT. Structural aggregates are created and stabilized through the
formation of organo-mineral complexes, especially those involving complexation
of organic/humic substances with clay colloids and polyvalent cations (Ca2+,
Mg2+, Fe3+, Al3+).

The other mechanism is deep placement of C in the subsoil horizon, away from
the climatic elements and the zone of drastic anthropogenic perturbations. In
addition to illuviation and leaching, growing perennials/annuals with deep root
systems and those containing recalcitrant compounds (e.g. phenols, suberin) can
increase the MRT of the C added to the soil solum. Transfer of dissolved organic C
(DOC) into subsoil and its eventual precipitation in the aquifer or other aquatic
ecosystems is also an important mechanism which requires additional research.

Formation of secondary/pedologic carbonates and leaching of bicarbonates are
two important mechanisms of the sequestration of SIC (Lal 2004). In general, the
rate of C sequestration ranges from 10 to 1,000 kg/ha/year of SOC and from 1 to
10 kg/ha/year for SIC. Management-induced changes in the C pool are sensitive to
climate with the following order from largest to smallest changes: tropical
moist [ tropical dry [ temperate moist [ temperate dry (Ogle et al. 2005). Thus,
management-induced sequestration of SOC is strongly influenced by the present
and future climate.

Fig. 1.4 Pedospheric processes leading to sequestration and stabilization of carbon in soil.
Source This author
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1.7 Sequestration of SOC and Soil Quality

There exists a critical level of SOC below which soil quality is jeopardized (Aune
and Lal 1998), it is prone to degradation, and it is less or not at all responsive to
inputs. In view of the ever-increasing demands of the burgeoning population, there
is a strong need to enhance the SOC pool in the soils of agro-ecosystems. The need
is especially urgent for soils of the tropics and subtropics and those managed by
resource-poor and small-size landholders who predominately carve out their
meagre livings through the widespread use of extractive farming practices. Those
soils which have been subject to land misuse and soil mismanagement for a long
time, decades to centuries or even millennia, are in dire need of the restoration of
their SOC pool. There is an urgent need to enhance agronomic productivity, and
this has the additional benefits of offsetting some anthropogenic emissions and
improving the environment. For these depleted and degraded soils, each additional
1 Mg C/ha of SOC improves the agronomic yields of crops from 20 to 300 kg/ha,
depending on crop, soil type, climate, and management systems (Lal 2006a,
2010b, c). Food production in developing countries can be enhanced by an
additional 30 to 50 millions Mg/year by increasing the SOC pool in the root zone
of depleted and degraded soils by 1 Mg C/ha (Lal 2006b).

The increase in agronomic productivity by increasing the SOC pool occurs
through improvement in soil physical, chemical, and biological quality (Fig. 1.5,

Fig. 1.5 Impacts of improving SOC pool in improvements in soil quality. Source This author
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Table 1.8 Benefits of restoring organic carbon pool in depleted/degraded soils

Benefits

1. Improving soil structure and tilth
2. Enhancing activity and species diversity of soil fauna
3. Reducing risks of soil erosion and compaction etc.
4. Decreasing non-point source pollution
5. Improving water capacity available to plants
6. Strengthening nutrient cycling
7. Increasing cation exchange capacity (CEC) and nutrient retention capacity
8. Increasing agronomic productivity and food security
9. Offsetting anthropogenic emissions
10. Enhancing efficiency of use of agronomic inputs

Source This author

Fig. 1.6 Positive effects of mulch farming techniques on pedologic processes. Source This
author
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Table 1.8). Among numerous positive effects, improvement in soil structure and
the available water capacity (AWC) are specifically relevant to physically
degraded soils, increase in CEC and nutrient reserves for chemically degraded
soils, and increase in biodiversity and microbial biomass carbon (MBC) and
bioturbation for biologically degraded soils (Fig. 1.5). In addition to an increase in
soil quality, long-term adoption of conservation-effective measures based on
mulch farming also leads to improvement in biospheric processes (Fig. 1.6).

These processes enhance SOC sequestration, increase MRT, and lead to
numerous benefits which improve soil quality (Table 1.8). Both the quality and
quantity of SOC pool are drivers of numerous ecosystem services essential to the
well-being of the Carbon Civilization and to other vital ecosystem functions
(Fig. 1.7).

1.8 Conclusions

Sequestration of C in terrestrial ecosystems, soils, and vegetation is a win–win
strategy. In addition to offsetting anthropogenic emissions from fossil fuel com-
bustion and land use conversion, it also generates numerous ecosystem services.
Important among these are an improvement in soil quality with an attendant
increase in agronomic productivity and use efficiency of inputs, enhancement of

Fig. 1.7 Soil carbon pool and the ecosystem services (ADAM = adaptation and mitigation,
GPP = gross primary productivity, NPP = net primary productivity, NBP = net biome
productivity). Source This author
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the quantity and quality of water resources, and an increase in both above-ground
and below-ground biodiversity. The strategy of bio-sequestration differs from that
of CCS in being more cost-effective and economical, creating/strengthening
numerous ecosystem services, and having low environmental and health-related
risks. Improvement in soil quality by increasing the SOC pool is related to
beneficial effects on soil physical, chemical, biological, and ecological quality.
Common strategies of SOC sequestration are those which create a positive soil C
budget by decreasing losses (erosion, mineralization, and leaching), and increasing
gains (biomass C). The mean residence time of SOC can be increased by pro-
tection against microbial processes through physical, chemical, and biological
mechanisms. There is no one silver bullet or panacea, and the choice of appro-
priate strategies depends on site-specific conditions involving the political
parameters governing the issues pertaining to the human dimensions. Regardless
of the debate on climate change, recarbonization of the biosphere is essential to the
survival of the ‘‘Carbon Civilization’’.
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Chapter 2
Land Degradation and Security Linkages
in the Mediterranean Region

Winfried E. H. Blum

Abstract Impacts of land degradation on the technical, social, economic, and
cultural environments of the Mediterranean region are discussed under their
security aspects, including the risks caused by climate change and the possibilities
of mitigation.

Keywords Land degradation �Mediterranean �Security �Climate change �Politics

2.1 Introduction

Land degradation in regions with marked water scarcity, like the Mediterranean
region, is seen as a trigger for security problems in the social, economic, and cultural
context. For this reason, NATO, together with the OSCE, organized an international
conference in Valencia, Spain in late 2009 to discuss the security aspects of the
impacts of land degradation, desertification, and water scarcity in the Mediterranean
region (Rubio et al. 2009). In the following paper, some of the results related to soil
and land degradation will be reported (see also Blum 2009; Kapur et al. 2011).

2.2 Land Degradation

‘‘Land’’ normally means a physical entity in terms of its topography and spatial
nature, including the natural resources such as soils, minerals, water, and biota
that the land comprises (UNEP 2001). The six main forms of land use are described
by Blum (2005).
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Land degradation is mainly caused by two types of unsustainable land use:

• sealing of land through urbanization and industrialization, excluding all further
uses of soil and land such as biomass production, filtering, buffering, and
transformation, as well as the function of soil as a gene reserve;

• unsustainable use of specific land functions, such as tourism and agriculture,
causing erosion, compaction, contamination, and further soil deterioration.

The problem of sealing becomes visible by comparing Europe’s natural
resources at daytime with Europe’s built environment at night, showing that large
parts of Europe are sealed by urbanization, industrialization, and transport, from
which emissions are released on the adjacent land surfaces (see Figs. 2.1 and 2.2).
Figure 2.3 gives a detailed view of the increase in artificial areas in the coastal
zones of the Mediterranean region between 1975 and 1990 by percentage, and the
projected increase in urban population between 1990 and 2025 (EEA 2001).

These pictures indicate that sealing prevents all other uses of soil and land,
especially biomass production, filtering of rain water, buffering, and biological
transformation, as well as its function as a gene reserve.

Figure 2.4 shows in more detail the process of sealing of a landscape, taking
southern Germany as an example, with towns, villages, and roads of first and
second order connecting urban and peri-urban settlements, at a scale which is
indicated in the picture.

Fig. 2.1 European natural resources in daylight. Source http://www.eea.europa.eu/data-and-
maps/figures/distribution-of-natural-resources-in-the-pan-european-region-for-selected-issues-2
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Sealing for urbanization, industrialization, transport, and tourism is causing
security problems in two ways:

1. Ecological-technical problems are:

• impedance of rainwater infiltration, causing surface run-off, with the danger of
flooding and the loss of rainwater storage in areas where this water would be
urgently needed;

• high evaporation and water losses to the atmosphere from urban surfaces
sealed by asphalt, concrete, and other dense materials, such as roofs, streets,
and parking lots;

• increased temperature levels due to storage of radiation energy in
constructions;

• production and accumulation of refuse and emission of dust and gases; and
• increased and concentrated demand for water in competition with other uses,

e.g. agriculture.
For this reason, extensive tourist areas in the Mediterranean basin must be
regarded from the aspect of security linkages.

2. Social, economic, and cultural problems are caused by:

• disappearance of natural landscapes formerly used for recreation, agriculture,
and forestry;

Fig. 2.2 Europe’s built environment at night. Source http://www.en.wikipedia.org
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• loss of livelihood for farmers and pastoralists through the loss of crop- and
pastureland; and

• emergence of new social groups, especially in urban and peri-urban
agglomerations, with problems of integrating into the existing social and
economic environments.

Besides sealing as an exclusive form of competition, urban and peri-urban
agglomerations cause important impacts, through physical and chemical loads, on
the adjacent agricultural and forest lands, on the atmospheric pathway, on the
waterways, and through terrestrial transport (see Fig. 2.5). These processes are still
going on and have even been accelerating in the last decade, contaminating land

Fig. 2.3 Increase of artificial areas in the Mediterranean coastal zone 1975–1990 in %. Source
http://www.eea.europa.eu
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and water surfaces with heavy metals and toxic organics at an intensity never
observed before (Blum 1998, 2006).

An extreme form of land degradation is desertification, occurring under arid and
semi-arid climatic conditions, characterized by a lack of rainfall during long
periods of the year and a deficit in the water balance. These areas are specifically
vulnerable to land degradation caused by forest fires, overgrazing, unsustainable
agricultural cropping or urbanization, and industrialization (Blum 2006).

Desertification is mostly related to water scarcity caused by a severe water
deficit. Moreover, a special problem in areas with water deficit is salinization
through irrigation without sufficient drainage. Further problems occur through
imbalanced water availability in upstream and downstream areas of water reser-
voirs. People upstream often have limitations on their land use, being forced to

Fig. 2.4 Sealing the landscapes in south-western Germany (note scale of 5 km). Source This
author
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avoid soil erosion and subsequent sedimentation of the water reservoir, whereas
people downstream are profiting from the water accumulated by the dams. Under
such conditions conflicting interests exist, and these have to be solved by politics
and decision-making.

Recently, new conflicts have arisen though the competition between the pro-
duction of food on one side and of biofuels such as ethanol and biodiesel on the
other, aggravated through water scarcity since water is needed for both production
lines.

Looking into the impacts in order of urgency reveals that land and soil losses
through sealing, mining of soil material, and soil erosion by water and wind, as
well as intensive pollution of soils by heavy metals, xenobiotics, radioactive
compounds, and advanced salinization and acidification and deep-reaching soil
compaction are irreversible, in the sense that they cannot be reversed in a time
span of about a hundred years or four human generations.

This judgment is important for defining priorities in combating land degrada-
tion and related security problems which may increase and accelerate with time,
causing large-scale security issues.

Fig. 2.5 Soil contamination through excessive use of fossil energy and raw materials. Further
impacts of land degradation are caused by tourism (Previtali 2011), mining activities (Faz Cano
et al. 2011), and especially by unsustainable agriculture. Figure 2.6 shows impacts on soils
through compaction, accumulation of contaminants, e.g. pesticides, through the use of manures
and fertilizers, through sewage sludge deposition, through soil erosion, through loss of organic
matter, and through other causes (Blum 2007a). Unsustainable agricultural land use through the
centuries can change and even ruin entire landscapes, as can be seen in many areas north and
south of the Mediterranean (cf. Fig. 2.7). Source Blum (1988)
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2.3 Security Problems Related to Water Scarcity

Water scarcity is typical for countries in the Mediterranean Basin because of its
specific climatic conditions. Competition for the use of the scarce water resources
already exists in areas with intensive agricultural irrigation, which consumes on
the average more than 70 % of all available freshwater resources and leaves only
less than 30 % for domestic and industrial purposes, not counting severe water
losses through deficient water distribution systems such as pipes, where often up to
25 % of all available water is lost. The share of irrigated arable land in the
Mediterranean region can be seen in Fig. 2.8 (FAO 2006).

Under these conditions, tourist activities during the dry season with a high
demand for water can come into conflict with the needs of the local population,
especially for agriculture and gardening. Moreover, unsustainable water use
through agriculture with insufficient irrigation techniques causes loss of water
reserves and salinization, and has an additional adverse impact on estuarine and
coastal environments.

In some Mediterranean regions, it can increasingly be observed that rivers are
no longer supplying groundwater resources. On the contrary, the groundwater
resources are providing water for the rivers, which is a strong signal that the water
balance is heavily disturbed. These processes are part of the desertification process

Fig. 2.6 Impact of agricultural and other human activities on soil. Source Eu.JRC.IES.Ispra/Italy
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and raise important issues of security, because under the prevalent and possible
future climatic conditions, the results may be irreversible and can therefore
endanger the basis of life of large parts of the population (Blum et al. 2004).

To summarize, security linkages can arise from two different kinds of impact:

• natural environmental imbalance leading to natural disasters such as extreme
meteorological conditions, forest fires, and landslides;

• human-induced environmental impacts such as the depletion of natural resour-
ces, especially of soil and water, the loss of biodiversity, the sealing of land by
urbanization, industrialization and tourism, and as an overall result of human
activities climate change, which is a global result of innumerable locally defined
processes.

For their impact as well as for the security problems they cause, two parameters
are of paramount importance:

• the dimension of space, meaning, for example, the spatial scale of urbanization,
of soil contamination, of landslides, and of forest fires and other events;

• the dimension of time, meaning the pace at which the impact-driven processes
occur. For example, it is very important to determine whether sealing of large
areas by urbanization occurs within a few years or within decades.

In this context, the impact of climate change might cause severe future risks.

Fig. 2.7 Extreme land degradation through long-term agricultural activities in western Algeria:
Source Photograph by the author
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2.4 Climate Change and Future Risks

Looking at the Intergovernmental Panel on Climate Change (IPCC) scenario up to
2100, it becomes clear that not only CO2 emissions but also the increase of CO2 in
the atmosphere and the resultant temperature rise are severe threats, especially to
the Mediterranean region (see also Steffen et al. 2004). The overall indications are
that the mean annual temperature in the Mediterranean Basin will increase,
whereas the mean annual precipitation will decrease. A special case study for the
Mediterranean coastal area is given by Fujinawa (2011).

If the distribution of irrigated land in the Mediterranean Basin is considered
(Fig. 2.8), it becomes clear that in the Mediterranean region, several countries, for
example Egypt, which is almost totally dependent on irrigation, will severely
suffer from the decrease in water resources (see also Parry et al. 2004; Fischer
et al. 2005).

2.5 Solving Security Issues by Bridging Between Science,
Politics, and Decision-Making

Impacts on social and economic systems caused by land use and water scarcity and
the resulting conflicts have to be controlled by politics and decision-making,
because sustainable use of land, e.g. through spatial and/or temporal harmoniza-
tion of the uses in a given area, to avoid or minimize irreversible impacts, as well
as imbalanced distribution of water resources, is not a scientific but a political
issue (Blum 2006, 2007a, b). Two decision patterns can be distinguished:

• top-down decisions, in which the top-ranking decision-makers manage the
infrastructure;

Fig. 2.8 Share of irrigated arable land. Source www.unesco.org
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• bottom-up approaches, in which the local population formulates its demands and
asks the leaders to take action.

As stated before, all land use and water scarcity issues are complex and have
ecological, technical, social, economic, and cultural dimensions. Therefore, it is
necessary to define indicators which can be used as an information base for
understanding and managing these complex systems.

Such indicators can be cultural, social, economic, or technical. Examples of
ecological indicators are: soil quality, water quality, biodiversity, and human
health; examples of technical indicators are: access to the land and availability of
tools; examples of social and economic indicators are: economic wealth and access
to social resources by the local population; a cultural indicator could be the
educational level in a certain region (Blum 2004).

The criteria for these indicators are fourfold:

• they must be policy-relevant and focus on the real demands;
• they must be analytically sound, based on good science, and demonstrate a clear

cause-effect relationship;
• they must be easy to interpret and understandable by farmers and stakeholders at

the grassroots level as well as by decision-makers and politicians;
• they must be easily measurable and therefore feasible and cost effective in data

collection, data processing, and dissemination.

With the help of such indicators it should be possible to mitigate and alleviate
future security problems, and so diminish the security linkages caused by unsus-
tainable land use and water scarcity in the Mediterranean region.
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Chapter 3
The Role of Soil Information in
Land Degradation and Desertification
Mapping: A Review

Claudio Zucca, Riccardo Biancalani, Selim Kapur, Erhan Akça,
Pandi Zdruli, Luca Montanarella and Freddy Nachtergaele

Abstract Mapping land degradation and desertification (LDD) has generally
been considered as a complex task, and past efforts have produced contrasting
results. Until recently, this exercise has often been seen as a soil scientist’s task by
the international community. However, the actual role and ‘‘weight’’ of soil
information in LDD mapping at different spatial scales has been influenced and
constrained by the changing conceptual frameworks and data availability. This
chapter reviews these aspects and discusses the most recent developments. Starting
from the evolving definitions of land degradation and desertification, it describes
the use made of soil information by past global mapping initiatives. It presents the
related past and new conceptual frameworks, and describes the approaches
adopted by the most relevant ongoing international initiatives such as LADA and
WAD. Finally, it highlights the existing constraints and limitations and provides
recommendations on gaps and needs in terms of soil-related knowledge and data.
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3.1 The Evolving Concept and Definition of Land
Degradation and Desertification

Since its coming into force, the United Nations Convention to Combat Desertifi-
cation (UNCCD 1994) has stimulated and framed the international debate on land
degradation and desertification (LDD). Desertification is defined by the Con-
vention as ‘‘land degradation in drylands’’: in other words, desertification is a
climatic sub-type of land degradation. However, the long-lasting debate that led to
the UNCCD definition is still developing, and in need of a more science-based and
rigorous definition. The related conceptual evolution has been discussed by several
authors (Thomas and Middleton 1994; Eswaran et al. 2001; Le Houérou 2002;
Herrmann and Hutchinson 2005; Safriel 2007; Reynolds et al. 2007).

The most recent tendency is towards defining desertification as ‘‘an end state of
the process of land degradation, expressed by a persistent reduction or loss of
biologic and economic productivity of lands’’ (DSD 2009). Its causes would be
linked to both human and natural factors; these often act synergistically.

The underlying basic concept of ‘‘land degradation’’ has evolved over time too.
Over the last thirty years land degradation concepts have moved from an initial
emphasis on the productive capability of the soils to the all-encompassing concept
of ecosystem capacity to provide goods and services to society. Some of the most
recent definitions are listed below.

• The reduction or loss of the biological or economic productivity and complexity
of the land resulting from land uses or from a process or combination of pro-
cesses, including processes arising from human activities and habitation patterns
(UNCCD 1994).

• The reduction in the capacity of the land to provide ecosystem goods, functions,
and services that support society and development (MEA 2005).

• The reduction in the capacity of the land to provide ecosystem goods and
services over a period of time for its beneficiaries (Nachtergaele et al. 2011).

According to the UNCCD, ‘‘land’’ means ‘‘the terrestrial bio-productive system
that comprises soil, vegetation, other biota, and the ecological and hydrological
processes that operate within the system’’.

Current ratification of the UNCCD reflects such a broader definition of
desertification with the vast majority of the countries of the world declaring
themselves as affected by desertification processes (Table 3.1). Among the 165
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affected country Parties, 154 prepared a report as affected countries, and 103 have
prepared their National Action Programme (NAP).1

Of the 193 UNCCD countries, 162 are developing countries (of which, 93
dryland-affected and 69 non-dryland-affected countries). The ratio of non-dryland
to dryland developing countries rose from 0.33 in 1995 to 0.74 in 2004. Safriel
(2007) discusses these figures and links this tendency with the increased funding
opportunities that derive from institutions like the Global Environment Facility
(GEF) or the World Bank (WB) that have included in their portfolios consistent
amounts of funding for combating land degradation. Therefore, the tendency is to
look at the UNCCD as a convention that deals with land degradation not just in the
drylands but in all lands that could be at risk of degradation or are already
degraded. This would represent a major shift for the convention and would give it
a more global mandate.

Safriel (2009) discusses the links between desertification and drought and
concludes that they are not straightforward and that the former does not necessarily
precede the latter, illustrating this with examples from the Sahel droughts of
1968–1974 and 1983–1985. Again, the adoption of the DLDD (desertification,
land degradation and drought) terminology shows that the UNCCD is struggling
to adjust its actions to reflect its wider membership.

Obviously soil degradation, soil quality, and soil health play a crucial role in
identifying areas affected by land degradation and desertification, and have been
given varying definitions. The World Reference Base for Soil Resources (WRB)
(FAO/ISRIC/ISSS 2006) describes the soil as:

…any material within 2 m from the Earth’s surface that is in contact with the atmosphere,
with the exclusion of living organisms, areas with continuous ice not covered by other
material, and water bodies deeper than 2 m.

Soil is the interface between earth, air and water and hosts most of the bio-
sphere. It is essentially a non-renewable resource in that the degradation rates can
be rapid whereas the formation and regeneration processes are extremely slow.

Table 3.1 Parties to the UNCCD and their status as affected or non-affected by desertification at
the end of 2009. Roman numerals identify the five UNCCD Regional Annexes. Source The
authors

Annexe Affected Non-Affected Total no. of countries

1: Africa 53 0 53
2: Asia 51 5 56
3: LAC 33 0 33
4 and 5: Northern Mediterranean

and/or Central and Eastern Europe
25 4 29

Non-annexe-specific OECD countries 3 19 22
Total 165 27 193

1 See at: \http://www.unccd.int/en/about-the-convention/Action-programmes/Pages/default.aspx[.
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Soil degradation is described by physical, chemical, and biological degradation
processes acting upon the soil and impacting human well-being and livelihoods
(Kaiser 2004). Each of these categories includes a set of degradation processes as
described below:

• physical degradation: decline in soil structure, crusting, compaction, sealing,
and erosion;

• chemical degradation: acidification, leaching, nutrient depletion, salinization,
and alkalinization;

• biological degradation: depletion of soil organic matter, reduction of soil bio-
diversity, decline in activity and species diversity of soil fauna and flora.

A combination of some of these threats can ultimately propel arid or sub-arid
climatic conditions towards desertification (European Commission 2006).

Given the conceptual differences between ‘‘land’’ and ‘‘soil’’, it is important to
point out the distinction between ‘‘land quality’’ and ‘‘soil quality’’. Eswaran et al.
(2003) state that the concept of soil quality is acceptable for plot- and farm-scale
assessments, while land quality is appropriate for more general evaluations
referring to national, regional, continental, or global scales. Land degradation often
initiates when there is a mismatch between land quality and land use.

The same authors introduce the concept of inherent land quality (ILQ) and
describe it as ‘‘the ability of land to perform its functions under natural conditions
influenced only by the intrinsic properties of the ecosystem and not significantly
modified by land management’’ (Eswaran et al. 2003). In addition to this concept
they mention that of managed land quality (MLQ), which refers to the ability of
land to function under managed conditions. The latter is very important since very
few places on Earth have remained untouched by humans. The comparison
between ILQ and MLQ indicates whether the natural equilibrium has been dis-
turbed towards enhancement or degradation.

Another interesting concept that needs attention is land resilience, described as
‘‘the ability of land to restore to an acceptable level of performance subsequent to
degradation’’ (Eswaran 1994). Resilience depends on soil-intrinsic fertility con-
ditions as well as on the socio-economic and political situation where the land unit
under consideration lies.

3.2 Recent Conceptual Developments

3.2.1 Ecosystem Goods and Services (G&S)

The ecosystem services framework is increasingly thought to provide a basis for
assessing and valuing the impacts of land change and degradation, as well as the
effects of the actions aimed at reversing it (DSD 2009). The major LDD processes,
including water and wind erosion, soil salinization, loss of vegetation cover and
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diversity, and degradation of the hydrological cycles, are globally affecting the
provision of ecosystem services (MEA 2005).

Ecosystem G&S, or ecosystem functions in general, were also claimed as a
candidate for a unifying concept for ecology and economics (de Groot 1987).
Ecosystem functions are defined as the capacity of natural processes to provide
goods and services that satisfy human needs, directly or indirectly: so, they are
‘‘reconceptualized’’ as ecosystem goods or services when human values are
implied (de Groot et al. 2002). The Millennium Ecosystem Assessment (MEA
2005) adopted the following G&S categories:

• supporting services (they support the provision of the other services): nutrient
cycling, soil formation, primary production, etc.;

• provisioning services: food, fresh water, wood and fibre, fuel, etc.;
• regulating services: climate, flood, and disease regulation, water purification,

etc.;
• cultural services: aesthetic, spiritual, educational, recreational, etc.

These G&S are linked to human well-being and security: the basic material for
life, health, social relations, etc. (MEA 2005).

The analysis of ecosystem G&S is increasingly seen as an effective way of
integrating relevant indicators to map the state and extent of LDD (Cherlet and
Sommer 2009; Sommer et al. 2011). Specified key indicators can ideally reflect
human–environment interactions and the associated ecosystem exploitation; hence
their variation can be directly related to core ecosystem services, and, in most
cases, the assessment of a specific ecosystem service will be a function of the
combination and/or integration of several key indicators (Sommer et al. 2011;
Zucca et al. 2012).

This approach emphasizes the role of soil information in LDD mapping. Soil is
a very dynamic system that performs many functions and delivers services vital to
human activities and to the survival of ecosystems.

The proposed EU Soil Framework Directive (European Commission 2006)
establishes a framework for the protection of soil and the preservation of the
capacity of soil to perform any of the following environmental, economic, social,
and cultural G&S:

(a) biomass production, including in agriculture and forestry;
(b) storing, filtering, and transforming nutrients, substances, and water;
(c) biodiversity pool, such as habitats, species, and genes;
(d) physical and cultural environment for humans and human activities;
(e) source of raw materials;
(f) acting as a carbon pool;
(g) archive of geological and archaeological heritage.

To that end, it lays down measures for the prevention of soil degradation
processes, both occurring naturally and caused by a wide range of human activi-
ties, which undermine the capacity of a soil to perform those functions. Such
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measures include the mitigation of the effects of those processes, and the resto-
ration and remediation of degraded soils to a level of functionality consistent at
least with current and approved future use.

The G&S identified in Europe may be as well considered for global assess-
ments; nevertheless, a consistent list is still lacking and should form a core element
of the revision of the World Soil Charter (FAO 1981) in the framework of the
Global Soil Partnership, as proposed by FAO (2011). A more comprehensive
discussion is developed by Toth and Nemeth (2011) and is summarized in Fig. 3.1.

3.2.2 The Anthroscape Concept

The ‘‘Anthroscape’’ concept as defined by Kapur et al. (2004) is a leading candidate
for a robust basis for mapping land quality and sustainable land use patterns. This
concept, since it embraces the components of the integrated environment, bears
significance in assessing human-induced land degradation: understanding soil–
landscape relationships in Anthroscapes helps to address LDD, especially when
marked differences or deviations from the normal, natural landscapes are observed
(Eswaran et al. 2011). Anthroscapes are the result of human impact on natural land-
and soilscapes and are therefore typical of the Anthropocene (Crutzen 2002).

The approach is intended to help develop sustainable land management pro-
grammes and the introduction of the ‘Anthroscape Land Quality Classes–ALQC’
to substitute the classical ‘Land Capability Classes–LCC’ of land use of the US
Department of Agriculture (Helms 1992).

Fig. 3.1 Soil ecosystem services, soil functions, and their interdependencies. Source Unpub-
lished material, courtesy of G. Toth
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The current LCC includes eight classes of land designated by the Roman
numerals I to VIII. The first four classes are arable land (suitable for cropland) in
which the limitations on their use and necessity of conservation measures increase
from I to IV, depending on landscape location, slope of the field, depth, texture,
and reaction of the soil. The remaining four classes may have uses for pasture,
range, woodland, grazing, wildlife, and recreation. Subclasses signify limitations
such as (e) erosion, (w) excess wetness, (s) problems in the rooting zone, and (c)
climatic limitations. To designate classes not suited to continuous cultivation, the
planners typically seize on classes from VI to VIII and subclasses IIIe and IVe.
The question is whether the land capability classes, especially IIIe and IVe, are
accurate and are a reliable method of identifying erodible land.

The ‘‘Anthroscape’’ context is based on a broader understanding than the LCC,
and concentrates on the major issues related to soil loss at basin-wide scale and,
thus, requires the integration of the baseline information concerning the topo-
graphic, vegetative, land use, demographic and socio-economic attributes with the
information on traditional technologies and past land use, with a view to a holistic
sustainable land and water management (SLWM) programme.

Understanding the soil–landscape relationships in Anthroscapes is a pre-
requisite for addressing land degradation and desertification. Conventional
descriptions and analyses of soils may not suffice to address the subtle changes in
soil attributes and functions. The ultimate outcome of the Anthroscape approach is
the development of an ‘Anthroscape Land Quality Class’ map and the relevant
‘Ideal Land Use Patterns’. These products are sought as a means of revealing the
magnitude and the distribution of the degradation of the selected area, as well as
allocating the ideal land use types. In a basin-wide scale, the downstream part of
the map would show, so to say, the degradation arising via the intensive cultivation
practices, where the class stated in the map would reveal the need of an integrated
SLWM programme to revert the lower ALQCs to higher and more sustainable
ALQCs. The net primary productivity (NPP) can be used via land cover and
management as a supplementary indicator of the Anthroscape Land Quality.

3.3 Some Complex Aspects in LDD Assessment
and Mapping

LDD takes on a multitude of complex forms and processes in each of the affected
regions (Geist 2005) and is highly context-specific (Warren 2002). It can be dif-
ficult to take general decisions on which features are to be considered and mapped
as LDD indicators, especially if the selected indicators must conserve their validity
(and univocal interpretation) over wide areas (e.g. regional to global). This is a
major factor explaining why the methodological debate on indicator selection has
still not been resolved by the UNCCD (DSD 2009; Orr 2011).
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Ecosystem goods and services (G&S) provisions are not necessarily evolving in
the same direction and some may well improve while others decline. A simple
example to illustrate this is the cutting down of a forest to make way for a road
because of the needs of a developing economy. Such an intervention triggers a near-
immediate decline of the ecosystem G&S. The biomass and a carbon sink disappear
overnight, the soil is completely sealed or heavily disturbed, and ecosystem con-
nectivity is affected. In the long run, the presence of this road may become an even
more serious ecological threat, favouring penetration of human activities into the
forest area, which can become detrimental to the integrity of the ecosystem. Eco-
nomically, however, the land value is increased through an increased accessibility
to markets and possible opportunities for the economic exploitation of the forest
areas. The recreational use (and functions) of the forests may also be increased.

The above example also raises the question of the diversity of the G&S and for
whom their provision is important. This means that it is necessary to take into
account the interests of particular parties that may influence the definition of the
concept of land degradation at any one particular time. When LLD occurs, it is
often a matter of more concern to some groups of stakeholders than to others,
including future generations whose opinion cannot yet be heard.

G&S provided by the land ecosystems also need to be operationally defined, in
a way that allows quantification and integration/trade-off between very heteroge-
neous assets, from economic goods to inspirational services.

LDD is a dynamic process; it involves a change over time in the functioning of
the land ecosystem due to human or natural pressures. In this process the land
changes from a given state to another, where a decline in functioning is considered
as degradation. This implies that a timescale must be set to evaluate LDD, as well
as a benchmark baseline against which the changes can be compared.

There is no agreement on the timescale or the baseline year. A pragmatic
approach could be to refer to the time span scientifically documented in terms
remote sensing and climatic data, about 40 to 50 years maximum. The GLASOD
(Global Assessment of Soil Degradation) project Oldeman et al. (1990) made an
assessment covering the 25 years up to 1990, presumably based on human memory.

Another question is related to the sometimes difficult distinction between
ongoing land degradation and degradation inherited from the past. Land degraded
in the past may be stable now if pressure factors are no longer active. Furthermore,
the productivity of some soils is naturally constrained, as for the natural saline soils.
Confusing these stable ‘‘bad lands/problem soils’’ with land presently undergoing
bad management and affected by degradation processes would be misleading.

It is often difficult to obtain evidence that past conditions were better than
present and that presumed degradation was due to recent or present land use.

Finally, concerning the new definitions proposed for desertification, conceptual
and practical problems arise from expressions such as ‘‘end state of the process of
degradation’’ and ‘‘persistent reduction’’ because it is problematic to assign them
an objective meaning. The same can be said for the distinction between reversible
and irreversible conditions, although some authors still claim that what distin-
guishes desertification is its irreversibility (Santini et al. 2010).
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3.4 The Role of Soil Information in Past LDD Mapping

3.4.1 Global Mapping

Mapping land degradation and desertification has generally been considered as a
complex task. Past efforts have produced contrasting results, due also to evolving
assumptions and methods. The never-ending debate on definitions, along with the
scarcity of suitable global datasets, make LDD mapping a real conceptual and
operational challenge (Sommer et al. 2011; Zucca et al. 2011).

Several global maps have been drawn since the 1970s, as reviewed by Grainger
(2009). Most of the LDD maps produced so far have also been based on expert
knowledge (especially mapping of LDD status), or on simple empirical models
(mostly adopted to map LDD sensitivity). Among these we can mention:

• the Global Map of Desertification Status (Dregne 1977, 1983);
• the FAO/UNEP Provisional Methodology for Assessment and Mapping of

Desertification (FAO/UNEP 1984);
• the Global Assessment of Soil Degradation (GLASOD; Oldeman et al. 1990);
• the UNEP World Atlas of Desertification (UNEP 1992, 1997);
• the Global Desertification Vulnerability Map (USDA 2003).

Apart from the FAO/UNEP (1984) Methodology that mixes status and risk fac-
tors, and the US Department of Agriculture (2003) Vulnerability Map, the others are
mostly based on expert evaluations of current LDD status. These expert judgements
are then usually ‘‘attached’’ to different kinds of predefined map units (either pre-
existing or purposely created by overlaying sets of maps). The approaches adopted
are most often oriented to reporting on the occurrence of land degradation processes,
with a special emphasis on soil degradation. The degradation processes and the
related indicators considered by some of these studies are summarized in Table 3.2.

Until recently, GLASOD (Oldeman et al. 1990) was the only global study to
estimate the extent of human-induced soil degradation (Fig. 3.2). It discovered that
out of the 11.5 billion hectares of vegetated land on Earth, 17 % was degraded
largely by erosion, and on this land one in six hectares could no longer be culti-
vated. The main causes of this environmental disaster were deforestation and
adverse farming practices such as overgrazing and nutrient mining. GLASOD
estimates are mostly based on expert assessment, but it deserves credit because it
contributed greatly to bringing the issue of soil degradation to higher political and
decision-making levels.

Other studies that could be mentioned for the inputs and the results they pro-
duced at regional scale are the Assessment of human-induced soil degradation in
South and South-East Asia (ASSOD) (van Lynden and Oldeman 1997), Digital
Geo-referenced database of soil degradation in Russia (Stolbovoy and Fischer
1997), and Soil Degradation in Central and Eastern Europe—SOVEUR (van
Lynden 2000).
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Table 3.2 Indicators taken into account by some global LDD mapping studies. Source The
authors

Processes and factors
assessed

Dregne
(1977)1

FAO/UNEP
(1984)2

Oldeman
et al. (1990)3

UNEP
(1992)4

Soil Water erosion X
Erosion occurrence X
Gullies (number and

shape)
X

Gully area X
Surface status (stones,

rocks…)
X

Soil thickness X
Loss of soil depth over

root-inhibiting layer
X

Eroded area/subsoil
exposed

X

Wind erosion X X
Dunes (size, vegetation

cover, mobility
X

Chemical degradation X
Organic matter reduction X
Salinity X X
Physical degradation X
Soil crusting and

compaction
X X

Vegetation Vegetation degradation
Undesired shrubs X
Fall in cover and

composition
X

Yield/
productivity

Farm yield decrease X X

Terrain suitability to local
farming

X

Ease of restoring yields X
Ease of restoring terrain X

Ecosystem Biotic functions X
1 Simple indicators related to four processes (e.g.: ‘‘many large, deep gullies’’; ‘‘undesired
shrubs’’) are assessed in three broad land use classes (rangelands, rain-fed croplands, and irrigated
croplands) to define four degrees of desertification severity
2 Four degrees of desertification severity are assessed based on the evaluation of status, rate, and
inherent risk related to six processes. Due to the number of indicators considered, the table only
reports the status factors related to water erosion. For this process, the rate is related to the
decrease in annual biomass production, the increase in eroded area and soil loss, the sediment
deposition in reservoirs, and the related loss of storage, while risk is linked to the climatic
aggressivity, the pedo-topographical conditions, and the potential soil erosion
3 Degree and extent of degradation are assessed for each soil degradation process (four cate-
gories, each including several specific indicators) in each of a predefined set of mapping units, to
estimate four degrees of desertification severity
4 Five degrees of desertification severity are considered. Land degradation, and in particular soil
degradation, is assessed in two land use systems (rangelands and rain-fed croplands) based on five
indicators. These are mostly related to the LDD impact on land functions and health, and on the
recovery potential
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Based on GLASOD, Lal (2003) presented soil degradation data on continental
bases and by type of degradation processes (Table 3.3).

3.4.2 Regional to Local Scale Mapping Through
Empirical Models

Empirical models have been widely used to combine indicators to perform LDD
mapping at various scales, in particular to assess areas prone to desertification.
National risk mapping studies were performed in many countries in the frame of
the UNCCD implementation, as reviewed for the Northern Mediterranean region
(Table 3.4) by various authors in Enne et al (2004), and worldwide by Enne and

Fig. 3.2 GLASOD, global extent of human-induced soil degradation. Source GLASOD

Table 3.3 Estimates (millions of ha) of the global extent of soil degradation by different pro-
cesses. Source GLASOD

Region Total
land
area

Total
degraded
area

Total
degraded
area (%)

Water
erosion

Wind
erosion

Physical
degradation

Chemical
degradation

Africa 2,964 494 17 227 186 19 62
Asia 3,085 749 24 441 222 12 74
S.America 1,753 243 14 123 42 8 70
C. America 108 63 58 46 5 5 7
N. America 2,029 96 5 60 35 1 –
Europe 2,260 218 10 114 42 36 26
Oceania 849 102 12 83 16 2 1
World 13,048 1,965 15 1,094 548 83 240
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Yeroyanni (2006) and Begni et al (2007). An attempt was made to integrate the
indicators listed in Table 3.4 (with the exception of Turkey) into an overall
desertification risk index for all the countries, based on various empirical
approaches. In Table 3.4, qualitative, expert-based indicators still coexist with
quantitative (although simplified) indicators, but the latter dominate at this spatial
scale.

In 2008, the European Environment Agency also produced a map at a scale of
1:1,000,000 showing the sensitivity to desertification for the Northern Mediter-
ranean using a composite evaluation of soil, climate, and relief characteristics, but
no socio-economic analyses were considered (EEA 2008).

More sophisticated empirical models were developed to map desertification risk
at the local scale. The ESA-Medalus model (Kosmas et al. 1999) is the most
widely applied and proved to be flexible enough to be adapted to many different
situations (Sepehr et al. 2007; Santini et al. 2010. The soil indicators considered by
that model are partly quantitative and partly qualitative: internal soil drainage;
texture class; soil depth; rock fragments at the soil surface. These are combined
with slope gradient and bedrock type to produce a ‘‘soil quality index’’ by means
of map algebra procedures implemented in a geographical information system
(GIS) environment.

3.4.3 Approaches Based on Vegetation Cover Status
as Driving Variable

Some recent efforts to define land status at a small geographical scale have been
based on a single index or only a few, such as Normalized Difference Vegetation
Index (NDVI) (Helldén and Tottrup 2008), NPP (Boer and Puigdefabregas 2005),
rain-use efficiency (RUE) (Bai et al. 2008), and other statistically more complex
methods (Wessel et al. 2008; Del Barrio 2010). These approaches have demon-
strated that the interpretation of the results obtained may depend on assumptions
that do not conserve their validity over large geographical areas.

A feature common to these methods is that they primarily link LDD trends to
vegetation status trend, and do not explicitly consider soil conditions.

3.5 The LADA Project

Since 2006, the Land Degradation Assessment in Drylands (LADA2) project has
been developing and testing a new method for mapping land degradation and
land improvement on the basis of a mix of factual data and expert knowledge.

2 See at: \http://www.fao.org/nr/lada/index.php[.
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The method has been conceived and tested at national level in six countries
(Argentina, China, Cuba, Senegal, South Africa, Tunisia), covering an area of
about seven million square kilometres. It is based on the principle that land use is
the main driver of land degradation or land improvement. The method consists of
two main steps: (1) the creation of a land use systems map, and (2) the collection
of information on the status and trends of land degradation within each of these
units.

3.5.1 The Land Use Systems Map

Land use system (LUS) units, according to the LADA methodology (Nachtergaele
and Petri 2008), are based on a land cover base with the addition of information on
irrigation, livestock, and protected areas. Additional information can be utilized, if
available, for further refining the map. This extra information can be attached as an
attribute to the unit, in order to have a set of data that allows for a better identi-
fication and enhanced explanation of the spatial distribution and the reasons for the
land degradation and land improvement. The LUS units are then overlaid with a
map of administrative units of the country. The final result consists of LUS units
within administrative boundaries. These are the cartographic units for the mapping
of land degradation and land improvement at subnational level.

The LADA project has created an LUS map at global level (Fig. 3.3). Each of
the participating countries also produced their own national LUS map.

3.5.2 The Collection of Information on Land Degradation
and Land Improvement

On the basis of the LUS map, a panel of experts in the country collects and
summarizes the available information and knowledge on land degradation and land
improvement in each of the LUS units. The method encourages the national panel
to collect as much existing hard information as possible in terms of maps, datasets,
and statistics. This land degradation information is then attached to the LUS map.
This is done through the application of a questionnaire for each cartographic unit
(Liniger et al. 2013). The questionnaire includes more than seventy indicators or
descriptors of status, causes, and trends of land degradation and improvement
status and processes. It is divided into four parts: (1) analysis of the land use
system itself, (2) the types, causes, and impacts of land degradation, (3) the
measures for combating degradation that are in place, and (4) the recommenda-
tions that the evaluation panel proposes for further improvement.

The final output is a georeferenced database containing hundreds of pieces of
information on the situation of land resources. More than eighty single-factor maps
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can be directly produced from it, giving the possibility of a depiction of the causes
and impacts of land degradation at subnational level, according to the Driver-
Pressure-State-Impact and Response (DPSIR) approach (Gentile 1998). An
example of map of land degradation (Land degradation in Senegal—degree of
topsoil loss) is given in Fig. 3.4.

3.5.3 Comparison with GLASOD and Role of Soil
Information

Although it is recognized that a fully objective assessment of land degradation,
based on hard data, is not yet possible (Sonneveld and Dent 2009; Orr 2011),
differences do exist between the LADA and GLASOD approaches. Firstly,
GLASOD only considers soil degradation, while LADA also takes into account
changes in other important ecosystem provisions such as water and vegetation, as
well as considering social and economic issues. Secondly, while GLASOD was
based on the personal knowledge of a restricted number of experts, LADA relies
on panels of specialists from various disciplines, well rooted in their countries,

Fig. 3.3 The global Land Use System (LUS) map produced by the LADA project. Source
Redrawn by the authors, based on unpublished data
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often working at subnational level. The detail and the accuracy of the assessment
are therefore greatly increased. Finally, the use of the LUS map and of existing
information reinforces the robustness and consistency of the final product.

As stated, LADA considers several aspects of land resources. Nonetheless, soil
information still has an important, and sometimes dominant, role in the assessment
of the situation and of the possible solution to the problems identified. Soil
information is used at two stages of the subnational LADA assessment:

• in the assessment of land degradation, soils are regarded in detail in terms of
their physical, chemical, and biological properties and characteristics, which
vary from water and wind erosion, salinization, and compaction to alkalinization
and many others;

• in terms of pedological information, which is an important attribute that can be
attached to the LUS map, allowing a better spatialization of the information on
degradation.

3.5.4 Gladis

Parallel to the system for data collection at subnational level described above, the
LADA project has developed a system for land degradation assessment at global

Fig. 3.4 Example of map of a land degradation factor as produced by the LADA project at the
national level (Land degradation in Senegal—degree of topsoil loss). Source Redrawn by the
authors, based on unpublished data
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level, named GLADIS (Global Land Degradation Information System; Nachter-
gaele et al. 2011). GLADIS aims at providing an overview of the status of the land
resources and of the processes that act on them, leading either to land degradation
or improvement.

Similarly to the subnational system, GLADIS is based on the principle that land
use, and in particular land use change, is the main factor leading to land degra-
dation. Hence, a global map of land use systems is also the basis for the inter-
pretation of the outcome in GLADIS. Unlike the subnational system, however, the
LUS is not used as the cartographic basis for an expert assessment. On the con-
trary, in GLADIS the information on natural resources is provided by a series of 32
global datasets, some of them produced by the LADA project, the others collected
among several institutions, organizations, and publications. The data have been
harmonized into a grid of 5 min of arc.

The information collected in this way is utilized to analyze the status and
processes of six main ecosystem ‘‘assets’’, or goods and services: biomass, soil,
water, biodiversity, economic, and social. The analysis is done through mostly
empirical models, different for the status and for the processes. The models are
partially tailored according to the LUS unit, in order to produce results in stronger
accordance with the actual reality.

Soil information has a very important role in GLADIS. The status of the soil
resources is determined essentially as a soil suitability assessment, on the basis of
the actual use of the land. In this way, the risk is avoided of considering certain
soils as ‘‘good’’ irrespective of the present cover, so creating the risk of poor
decisions based on wrong assumptions. A typical case is the soil under forest,
which is usually considered very healthy while the forest remains standing on it,
but no assumptions are made where there is a change in land use.

In the GLADIS system, both the chemical (salinization, pollution, and nutrient
depletion) and the physical (erosion and compaction) degradation processes are
considered. The two groups are then combined to create an index of soil resilience
to degradation.

A management index, based on the production performance of the land in
agricultural areas, is defined to identify areas potentially undergoing an
improvement in the soil conditions.

Two final soil health indexes (status and process) are produced (Fig. 3.5).
Together with the other ten indexes (status and process for each of the other five
ecosystem assets), they define the overall degradation indexes, again to be ana-
lysed on the basis of the land use system units.

3.6 The New World Atlas of Desertification

In response to the interest expressed by the UNCCD Committee on Science and
Technology (CST) in an updated World Atlas of Desertification (WAD), the
European Commission’s Joint Research Centre (JRC), in partnership with UNEP,
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is coordinating the compilation of a new atlas to be ready by the end of 2012
(Cherlet and Sommer 2009; Sommer et al. 2011). The WAD will provide a
foundation for addressing the global challenges related to desertification and has
the goal of documenting the status of desertification, land degradation, and drought
(DLDD) and the factors that influence these processes, and of providing their
extent and spatial distribution at various scales: global, continental, regional, and
in some cases even at national level. To address the issue of national and espe-
cially local scale, the WAD will provide a number of case studies that will be
carefully selected to offer worldwide geographical coverage and thematic rele-
vance. The WAD pays particular attention to land use changes and their impacts
on ecosystem services.

In the context of WAD preparation, the establishment of a Working Group on
‘‘Soil’’ was proposed at the third Expert Meeting (December 2010). This Working
Group will focus on the functioning and impacts of soil and its changing char-
acteristics (constraints and soil degradation), on the human–environment system,
and specifically on productivity levels (that is, NPP). Soil constraints and degra-
dation will include a comprehensive assessment and analyses of:

• soil salinization, focusing on impacts related to irrigation;
• water, wind erosion, and sand encroachment, with a major focus on the impacts

of unsustainable land use systems reflected in loss of productivity and disruption
of ecosystem services;

• organic matter decline and nutrient depletion in arable lands (nutrient mining);
• soil sealing/urbanization as factors in the disruption of water and nutrient cycles

affecting both food security and ecosystem stability; and

Fig. 3.5 One of the two soil health indexes (status and process) produced by GLADIS: soil
health status for present land use. Source Nachtergaele et al. (2011). Redrawn by the authors,
based on unpublished data
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• soil–water relationships in the drylands, with a major focus on water scarcity as
a limiting factor for crop production.

Global maps describing the above transitional processes will be included. The
major focus will be on the drylands, so that the intensity of degradation between
them and the remaining more humid global areas may be compared.

3.7 The Present Global and Regional Availability
of Soil Data

The global situation of soil data availability, be it in the form of soil maps, soil
profile information, or chemical, physical, and biological soil characteristics, is
unsatisfactory. For too long soils have been seen as a simple substratum in which
plants could grow and where water and carbon could be stored. This has resulted in
scant investments in soil and soil knowledge over the last forty years. This situ-
ation has been further complicated by a number of factors:

• There is no international agreement on how to measure soil properties or on
which ones are of prime importance. This has resulted in a multitude of results
measured at different times in different ways that cannot easily be compared or
correlated.

• Until 1998 there was no international agreement on soil nomenclature. The
World Reference Base for Soil Resources established by the IUSS (Interna-
tional Union of Soil Science) in 1998 was supposed to end the nomenclature
controversy, but it was challenged in several international meetings, making it
inapplicable worldwide.

• Soil data are considered valuable and/or private information in many countries
and access to national and local soil information can be difficult or expensive to
come by.

• There remains a large gap of scientific misunderstanding and economic com-
petition between soil scientists who produce ‘‘classical’’ soil maps using poly-
gons to represent soil associations and those who use ‘‘modern’’ approaches that
focus only on point information about certain soil properties.

3.7.1 Availability of Global Soil Maps and Databases

At the global level, the 1:5,000,000 scale Soil Map of the World (FAO-UNESCO
1971–1981) was, until recently, nearly thirty years after its finalization, the only
worldwide, consistent, harmonized soil inventory that was readily available in
digital format and came with a set of estimated soil properties for each mapping
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unit (FAO 1995). The digital raster version of this map had a resolution with a
50 9 50 cell size (9 km 9 9 km at the equator), and contained a full database
corresponding to the information in the paper map in terms of composition of the
soil units, topsoil texture, slope class, and soil phase in each of the more than 5,000
mapping units. In addition pedo-transfer functions allowed further characterization
of each unit in terms of chemical and physical properties. This product has been
updated over the years, mainly by regional and national efforts under the SOTER
(SOil and TERrain Database—Van Engelen and Wen 1995) programme run by
International Soil Reference and Information Centre (ISRIC) and FAO, the pro-
duction of large regional databases for Europe and the northern circumpolar areas
driven by the EU, Russia, and the USA, and efforts by large countries to produce
national soil maps, as carried out by China. These updates were brought together in
2008 in the Harmonized World Soil Database (HWSD) that combines the recently
collected regional and national updates of soil information with the information
already contained within the 1:5,000,000 scale FAO-UNESCO Digital Soil Map of
the World (FAO/IIASA/ISRIC/ISSCAS/JRC 2008). In order to estimate soil
properties in a harmonized way, in this product the use of actual soil profile data
and the development of pedo-transfer rules was undertaken in cooperation with
ISRIC and the European Soil Bureau Network (ESBN), drawing on the ISRIC-
WISE soil profile database and earlier work of Batjes et al. (1997, 2007) and Van
Ranst et al. (1995). A resolution of about 1 km (30 s of arc by 30 s of arc) was
selected. Over 15,000 different soil mapping units are recognized in the HWSD.

The resulting raster database consists of 21,600 rows and 43,200 columns, which
are linked to harmonized attribute data. The use of a standardized structure allows
linkage of the attribute data with GIS to display or query the map unit composition
in terms of soil units and the characterization of selected soil parameters (organic
Carbon, pH, soil moisture storage capacity, soil depth, cation exchange capacity of
the soil and the clay fraction, total exchangeable nutrients, lime and gypsum con-
tents, sodium exchange percentage, salinity, textural class, and granulometry). The
HWSD map, database, and a viewer are available on CD-ROM and freely down-
loadable from \http://www.fao.org/nr/land/soils/harmonized-world-soil-database/
en/[.

The main advantage of these two products is that they are readily and freely
available and provide sufficient soil information for global purposes that require
information on soil fertility levels, water-holding capacity status (for instance
required for Global Circulation Models), or Carbon stocks. Disadvantages are that:

• the reliability of the information presented on the HWSD is variable and
depends on the scale/resolution of the source data;

• the approach both in the Soil Map of the World (SMW) and the HWSD remains
polygon-based and is therefore difficult to translate into point information within
the polygon;

• data cannot be used for monitoring purposes and should not be used as a basis
for local development plans.
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3.7.2 Harmonized Global Soil Profile Databases

In the early 1990s, ISRIC developed a uniform methodology for a global soil
database in the framework of a project entitled World Inventory of Soil Emission
Potentials (ISRIC-WISE). WISE was especially conceived for a geographical
quantification of main soil factors that control processes of global change at a
broad scale (Batjes and Bridges 1994; Batjes et al. 1995).

In the process of collating materials for compilation of the ISRIC-WISE profile
database the quality and validity of the original data had to be evaluated carefully,
while at the same time recognizing that these are the only materials available. The
description status of the various profiles has been documented in WISE to provide
a coarse indicator for the inferred reliability of the source data (Table 3.5).

The latest public domain release of WISE, version 3.1 (WISE3), comprises data
for some 10,250 profiles with some 47,800 horizons, from 149 countries (Batjes
2008, 2009), as opposed to around 4350 profiles in an earlier version (Batjes 1999).
Most profiles are from Africa (41 %), followed by Asia (18 %), South America
(18 %), and Europe (13 %). Their approximate location is shown in Fig. 3.6.

Overall, chemical and physical analyses have taken place in at least 150 lab-
oratories worldwide, using a range of methods; these are described in broad terms
in WISE3. Analytical methods used in the ISRIC Soil Information System (ISIS)
and the National Soil Survey Center (NSSC) collection may be considered to be
similar (van Reeuwijk 1983). Conversely, for the other sources methods typically
vary from one laboratory to the next, even within one country, and may change
over time within a single laboratory. These methodological differences complicate
the worldwide comparison of soil analytical data, and no single solution for
addressing this issue has been found as yet (Batjes et al. 1997; van Reeuwijk 1983;
Van Ranst et al. 1995). As a result, the amount of measured data available for
modelling is much less than expected.

Table 3.5 Number of profiles in WISE3 by continent and their description status. Source Batjes
(2009). Reproduced by permission of John Wiley and Sons

Continent Profile description status1 Total

1 2 3 4

Africa 421 1,337 2,392 23 4,173
Asia 441 970 426 10 1,847
Antarctica 4 6 0 0 10
Europe 225 712 359 20 1,316
North America 495 222 127 11 855
Oceania 50 49 106 4 209
South America 149 1380 313 1 1,843
Total 1,785 4,676 3,723 69 10,253

1 The number code under profile description status refers to the completeness and apparent
reliability of the soil profile descriptions and accompanying analytical data for the specified
profile in the original source; the status is highest for 1 and lowest for 4 (see FAO 2006).
Continents are defined according to Times Atlas (2003)
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The WISE3 dataset is readily and freely available and serves as the main source
data both for polygon maps/databases as discussed in Sect. 3.7.1 and for the digital
soil mapping approaches discussed in Sect. 3.7.3. Given the uneven distribution in
space and time of the profiles and the diversity of analytical methods used, these
data cannot be considered independently as a harmonized global product of soil
information.

3.7.3 Digital Soil Mapping

In 2006 a consortium of scientific institutes and universities launched an appeal to
use the latest satellite technology and new information layers, such as the recently
released topographical information at 90-metre resolution, to achieve a spatial
database of soil properties based on a statistical sample of landscapes (Global-
SoilMap.net 2009). Within the sample of satellite sites, field sampling is used to
determine the spatial distribution of soil properties in order to develop reflectance
spectral libraries for the characterization of soil properties (Shepherd and Walsh
2002). These are then used to predict soil properties in areas not sampled (see
McBratney et al. 2003; Lagacherie et al. 2006; Hartemink et al. 2008). The
resulting digital soil maps describe the uncertainties associated with such pre-
dictions and, when based on time series data, can also provide information on
dynamic soil properties. Maps derived from digital soil mapping differ from
conventional polygon-based maps in that they are pixel-based and thus can be
more easily displayed at a higher resolution than those currently used by other
earth and social sciences (Sanchez et al. 2009).

Fig. 3.6 Global distribution of georeferenced soil profiles in WISE3. Source Batjes (2008).
Reproduced by permission of ISRIC—World Soil Information
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The GlobalSoilMap.net (2009) project, funded by the Bill & Melinda Gates
Foundation in 2008, started with a pilot covering sub-Saharan Africa. Regional
nodes in other continents were also established. As summarized by Sanchez et al.
(2009), GlobalSoilMap.net proceeds in steps with the ultimate aim of developing
evidence-based soil management recommendations at very high resolution. During
the initial stages of the project, only six soil properties are considered: clay con-
tent, organic carbon content, pH, estimated cation exchange capacity, electrical
conductivity, and bulk density. These may be used to generate a range of maps, as
discussed by Sanchez et al. (2009). Finally, spatially inferred soil properties are
used to predict more difficult-to-measure soil functions such as available soil water
storage, carbon density, and phosphorus fixation. This is achieved by using pedo-
transfer functions.

An innovative element of the approach is that the overall uncertainty of the
prediction is determined by combining uncertainties of the input data, a spatial
inference model, and the soil functions used.

The approach relies heavily on statistics and modern approaches to soil mapping
(spectrophotometry, remote sensing), limiting the use of expensive systematic
ground observations. It moves away from understanding the soil distribution in a
landscape to achieving a statistical representation of soil properties for soil man-
agement purposes. Several pilot projects are under way to support the theories that
underlie GlobalSoilMap. Conversely, as with any new approach, a number of sci-
entific and operational challenges still need to be resolved; these have been dis-
cussed in detail by various authors (Lagacherie et al. 2006; Hartemink et al. 2008).

3.8 Data Gap and Needs and Recommendations for Global
Soil Data Gathering, Survey, Processing, and Use

As illustrated in the previous section, there are significant gaps in global and
regional soil information in terms of uniformity and harmonization. Furthermore,
the coverage is uneven, with drylands, deserts, mountains, and Polar Regions
having very few measured data, while regularly monitored soil data are lacking
nearly everywhere. Resources for making new soil inventories are scarce and
many national soil survey agencies have closed down in recent years. There are
additional problems with making the soil information freely available in an easily
accessible format. Problems are as much economic and political as they are
scientific.

Overall there appears to be an urgent need to come to a binding international
agreement on soil nomenclature and soil laboratory methods. This would need to
be supplemented by accepting the complementarities of polygon-based and
point-based approaches to classical or digital soil mapping as presently undertaken
in the e-SOTER, DIGISOIL and iSOIL projects of the European Union. Due
strengthening of national soil agencies and their full involvement in international
initiatives is also a must.
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This can only be achieved by a new agreement between all parties, as recently
proposed under the Global Soil Partnership (GSP), that would bring into a
coherent framework all current data collection and soil mapping efforts at the
global scale. The main elements of the GSP, as proposed by FAO, will be a
vigorous effort towards standardization and harmonization of data collection and
soil mapping methodologies that combines the existing raster-based and polygon-
based digital soil mapping projects into a single coherent framework. An essential
part of this renewed effort will be the adoption of a new Universal Soil Classifi-
cation system that will combine existing national and international systems into a
single unified global standard.

3.9 Conclusions

Most of the global LDD status maps produced since the 1970s were aimed at
reporting on the occurrence of degradation processes within predefined map units.
Soil degradation was generally given a special emphasis, but the maps were
mainly qualitative and based on expert knowledge. Some mapping exercises at
greater scales, such as the studies performed by countries in the framework of the
UNCCD, were mainly based on empirical models (especially the mapping of LDD
risk) where qualitative and quantitative soil data coexisted.

Since most of these methods were oriented towards tracking processes, little
attention was devoted to causes and to impacts on ecosystem G&S.

The most recent approaches (especially LADA and WAD) try to overcome
these limitations. Both initiatives integrate innovative approaches to interlink
causal factors and to represent the impacts on ecosystem G&S. LADA designed a
sound conceptual framework for integrating qualitative and quantitative infor-
mation. WAD will be based on hard data and will make full use of the new global
soil datasets.

The degree of harmonization and availability of global soil data has consid-
erably improved during the last few years. The development of pedo-transfer
functions is helping to fill gaps in information, but there is an urgent need for
updated and detailed data and information on policy-relevant soil parameters,
particularly soil organic carbon content, soil erosion, salinization, contamination,
compaction, soil biodiversity levels, and others. Unfortunately ongoing efforts at
data collection are very limited and lack the necessary multi disciplinarity for
addressing the policy-relevant issues at stake. In addition, competing initiatives
and lack of standardization are generating unnecessary duplication of efforts and a
waste of available resources. The new Global Soil Partnership started in 2012, with
Secretariat at FAO could be the way forward towards the next generation of
policy-relevant soil data and information at the global scale.

54 C. Zucca et al.



References

Bai, Z.G., Dent, D.L., Olsson, L., Schaepman, M.E., 2008: ‘‘Proxy global assessment of land
degradation’’, in: Soil Use Management, 24: 223–234.

Batjes, N.H., 1999: ‘‘Development of a 0.50 by 0.50 resolution global soil database’’. In: Sumner,
M. (Ed.): Handbook of Soil Science (Boca Ratton: CRC Press): 29–40 (Chap. H).

Batjes, N.H., Al-Adamat R., Bhattacharyya T., Bernoux M., Cerri C.E.P., Gicheru P., Kamoni P.,
Milne E., Pal D.K., Rawajfih Z., 2007: ‘‘Preparation of Consistent Soil Data Sets for SOC
Modelling Purposes: Secondary SOTER Data Sets for Four Case Study Areas’’, in:
Agriculture, Ecosystems and Environment, 122: 26–34.

Batjes, N.H., 2008: ‘‘ISRIC-WISE Harmonized Global Soil Profile Dataset (Version 3.1)’’, in:
Report 2008/02 ISRIC—World Soil Information, Wageningen. \http://www.isric.org/isric/
webdocs/Docs/ISRIC_Report_2008_02.pdf[.

Batjes, N.H., 2009: ‘‘Harmonized soil profile data for applications at global and continental
scales: updates to the WISE database’’, in: Soil Use and Management, 25: 124–127.

Batjes, N.H., Bridges, E.M., 1994: ‘‘Potential emissions of radiatively active gases from soil to
atmosphere with special reference to methane: development of a global database (WISE)’’, in:
Journal of Geophysical Research, 99(D8): 16479–16489.

Batjes, N.H., Bridges, E.M., Nachtergaele, F.O., 1995: ‘‘World Inventory of Soil Emission
Potentials: Development of a Global Soil Data Base of Process-Controlling Factors’’, In: Peng
S., Ingram K.T., Neue H.U., Ziska L.H., (Eds.): Climate Change and Rice (Heidelberg:
Springer): 102–115.

Batjes, N.H., Fischer, G., Nachtergaele, F.O., Stolbovoy, V.S., van Velthuizen, H.T., 1997: ‘‘Soil
Data Derived from WISE for Use in Global and Regional AEZ Studies (ver. 1.0)’’, in: Interim
Report IR-97–025, FAO/IIASA/ISRIC, Laxenburg \http://www.iiasa.ac.at/Admin/PUB/
Documents/IR-97-025.pdf[.

Begni, G., Enne G., Zanolla C., Zucca C., Siheng S., Klintenberg P. 2007: Echange actif
d’experiences sur les indicateurs et le developpement de perspectives dans le domaine de la
desertification et le contexte de l’UNCCD: le projet AID-CCD. Revue Française de
Photogrammetrie et de Teledetection, n�187-188. Pp 76-83.

Boer, M.M., Puigdefabregas Journal 2005: ‘‘Assessment of dryland condition using spatial
anomalies of vegetation index value’’, International Journal Remote Sensor, 26: 4045–4065.

Cherlet, M, Sommer, S. 2000: ‘‘WAD Implementation Plan. Roadmap Towards a new World
Atlas on Desertification, Land Degradation and Drought’’, in: Joint Research Centre, Institute
for Environment and Sustainability. Action DESERT (2008), WP 2009, Deliverable 2.2.
http://desert.jrc.ec.europa.eu/action/php/index.php?action=view&id=105.

Crutzen, P.J., 2002: ‘‘Geology of mankind’’, in: Nature, Vol. 415:23.
de Groot, R.S., 1987: ‘‘Environmental Functions as a Unifying Concept for Ecology and

Economics’’, in: The environmentalist, 7: 105–109.
de Groot, R.S., Matthew, Wilson, A., Roelof, M., Boumans, J., 2002: ‘‘A typology for the

classification, description and valuation of ecosystem functions, goods and services,
Ecological Economics’’, 41: 393–408.

del Barrio, G., Puigdefabregas, J., Sanjuan, M.E, Stellmes, M., Ruiz, A., 2010: ‘‘Assessment and
monitoring of land condition in the Iberian Peninsula’’ 1989–2000 In: Remote Sensor
Environment 114, 1817–1832.

Dregne H.E., 1977: ‘‘Map of the Status of Desertification in the Hot Arid Regions. Document’’
A/CONF.74/31. United Nations Conference on Desertification, Nairobi.

Dregne, H., 1983: Desertification of arid lands, (London: Harwood Academic Publisher).
DSD, 2009: ‘‘Integrated Methods for Assessment and Monitoring Land Degradation Processes

and Drivers (Land Quality)’’ in: White paper of the DSD Working Group 1, version 2. http://
dsd-consortium.jrc.ec.europa.eu/documents/WG1_White-Paper_Draft-2_20090818.pdf (last
accessed Nov 2010).

3 The Role of Soil Information 55

http://www.isric.org/isric/webdocs/Docs/ISRIC_Report_2008_02.pdf
http://www.isric.org/isric/webdocs/Docs/ISRIC_Report_2008_02.pdf
http://www.iiasa.ac.at/Admin/PUB/Documents/IR-97-025.pdf
http://www.iiasa.ac.at/Admin/PUB/Documents/IR-97-025.pdf
http://desert.jrc.ec.europa.eu/action/php/index.php?action=view&id=105
http://dsd-consortium.jrc.ec.europa.eu/documents/WG1_White-Paper_Draft-2_20090818.pdf
http://dsd-consortium.jrc.ec.europa.eu/documents/WG1_White-Paper_Draft-2_20090818.pdf


EEA, 2008: ‘‘Mapping Sensitivity to Desertification (DISMED)’’, in: Final report, version 2.
European Topic Centre on Land Use and Spatial Information and European Environment Agency.
[online] URL: http://www.eea.europa.eu/data-and-maps/data/sensitivity-to-desertification-and-
drought-in-europe/mapping-sensitivity-to-desertification-dismed-2008/mapping-sensitivity-to-
desertification-dismed-2008 [last accessed 14 April 2011].

Enne, G., Yeroyanni, M., 2006: ‘‘AIDCCD—Report on the State of the Art on Existing Indicators
and CCD Implementation in the UNCCD Annexes’’, Sassari, 351 pp.

Enne G., Peter D., Zanolla C., Zucca C., (Eds): 2004: ‘‘The MEDRAP Concerted Action to
Support the Northern Mediterranean Action Programme to Combat Desertification’’,
Workshops results and proceedings NRD. Sassari. 938 pp.

Eswaran, H., 1994: ‘‘Soil Resilience and Sustainable Land Management’’, In: Greenland D.J.,
Szabolcs I.,(Eds.): Soil Resilience and Sustainable Land Use, Wallingford, (UK: CAB
International): 21–32.

Eswaran, H., Lal, R., Reich, P.F., 2001: ‘‘Land Degradation: an Overview’’ in: Bridges, E.M.,
Hannam, I.D., Oldeman, L.R., Pening de Vries, F.W.T., Scherr, S.J., Sompatpanit S., (Eds.):
Response to land degradation, (Enfield (NH) Science Publishers Inc.,): 20–35 pp.

Eswaran, H., Beinroth, F.H., and Reich, P., 2003: ‘‘A global assessment of land quality’’, In: Land
quality, agricultural productivity, and food security: biophysical processes and economic
choices at local, regional, and global levels, Wiebe K., (Ed.): (Edward Elgar Publishing Ltd)
111–132pp.
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Chapter 4
Pedoenvironments of the Mediterranean
Countries: Resources and Threats

Franco Previtali

Abstract The Mediterranean regions possess, besides a great cultural heritage and
an advanced economy and technology, remarkable environmental resources,
consisting of a variety of soils, landscapes, waters, fauna, and flora. But high
anthropic pressure, global warming, the heterogeneity of state interventions, even
urbanization and ‘‘littoralization’’, as well as some rather short-sighted policies,
are jeopardizing the quality and conservation of many ecosystems and the pro-
ductive capacities of soils. In this paper the peculiar properties of the Mediterra-
nean soils and the degradation and consumption processes closely related to
anthropic activities and the cycles of erosion are briefly examined.

Keywords Soils � Mediterranean countries � Environment � Resources � Threats

4.1 Introduction

The countries bordering the Mediterranean Sea possess—besides cultures and
traditions that have influenced the history, thought, and value systems of many
peoples on many continents—a vast heritage of natural resources. A large number
of these resources are directly or indirectly dependent on some of the basic fea-
tures of these regions: climate, soils, and population pressure.

It is common knowledge that climatic conditions are seriously threatened by
global change, and this seems to trigger extreme meteorological events, and in
particular alternating floods and drought that occur with alarming frequency in
regions not usually involved with such phenomena. It appears that the develop-
ment model followed in the industrialized countries—and unfortunately imitated
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in many developing countries—at least intensifies the effects of global warming
and accelerates land degradation (Van Lynden 2000).

As far as soil, an essential natural factor contributing to production, is con-
cerned, the Mediterranean countries (Fig. 4.1) are endangering its quality and
productivity through frequently irrational uses and through uncontrolled building,
and are failing to consider its intrinsic value and the functions it exerts within
ecosystems. It is evident that both rich and poor countries are involved in these
negative processes.

This picture is worsened by inadequate knowledge of the quantitative dimen-
sion of land degradation, by the diversity of the assessment methods adopted, and
by the frequent absence of economic evaluations in surveys and studies of the
problem (FAO 1976). Furthermore, the investigations of land degradation are not
diachronic, and so lack an efficient multitemporal monitoring. It is obvious that
the heterogeneous political framework of the Mediterranean countries makes
common management of resources, especially water and soil, particularly random
(CIHEAM 1993).

One frequently omitted aspect of environmental analysis carried out at the
macrosystemic level is the strong influence exerted on the quality of environ-
mental resources, and consequently on human living conditions, by civil and
international wars. Attention is as a rule correctly focused on loss of life and the
destruction of dwellings and infrastructure. But the long-lasting contamination of
water, soil, vegetation, fauna, and air by depleted uranium, heavy metals, hydro-
carbons and so on, and the drastic modification of landforms by bombing, are left
out or underestimated.

Fig. 4.1 The Mediterranean countries. Source Zdruli et al. (2008)
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4.2 Geographical Outlines of the Mediterranean
Environment

The Mediterranean coastline (Fig. 4.1) is about 46,000 km long, including several
islands. In 2000, the coastal zone accommodated 143 million inhabitants in 234
coastal administrative entities (Benoit and Comeau 2005). This means that one-
third of the Mediterranean population lives on about one-eighth of the area of the
coastal countries. This is the ‘‘littoralization’’ of Zdruli et al. (2008, 2010).
Overdevelopment and artificial land cover typify this process, intensified by
domestic and foreign tourism. The population in the Mediterranean coastal regions
grew from 95 million in 1970 to 143 million in 2000, at an average annual growth
rate of 1.4 %. According to Benoit and Comeau (2005), by 2025 this population
will reach 174 million inhabitants, at an annual growth rate of 0.8 %.

4.3 Environmental Conditions and Soils

4.3.1 Climate

It is generally known that not only the sea but also the countries that border it and
by inference a particular type of climate have been given the name ‘‘Mediterra-
nean’’. This climate is characterized not so much by its total annual rainfall
(200–1,000 mm and over) as by its particular seasonal distribution: dry and hot
summers and moist and cool winters. The average annual temperatures do not
exceed, by definition, 20 �C (Yaalon 1997).

Expressed in terms of soil temperature and soil moisture regimes using the Soil
Taxonomy (Soil Survey Staff 1999), the Mediterranean soils have (Verheye and de
la Rosa 2005):

• a xeric moisture regime, characterized by rainfall occurring immediately after
the winter solstice, and followed by a significant dry period after the summer
solstice;

• a thermic temperature regime (mean annual soil temperature between 15 and
22 �C) or occasionally mesic (8–15 �C), that is, intermediate between the
temperate regions and the tropics.

4.3.2 Geology

The Alpine orogenesis caused the upthrust of mountain chains around the Medi-
terranean (Atlas, Betics, Pyrenees, Apennines and Alps, Dinarides, Pindus, Taurus,
Lebanon mountains), in places reaching and exceeding an altitude of 4,000 m.
Their geologically young age explains their broken and dissected relief, with deep
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valleys and steep slopes. Slopes exceeding 8 % occupy 45 % of the whole region
(de Franchis 2003). Besides this, due to a lower density of vegetation, the south-
facing slopes are subject to stronger water erosion (Morgan 2005).

All kind of sedimentary, igneous, and metamorphic rocks are represented in
these regions, but the carbonate formations (limestones, dolomites, and marls)
seem to be the most common parent materials of the soils in Mediterranean areas,
with different silicate content, weatherability, fracturation, and permeability.

4.3.3 Vegetation

In the absence of human intervention, the natural vegetation in the areas bordering
the Mediterranean would consist of holm oak (Quercus ilex), cork oak (Q. suber),
wild olive (Olea europeae), carob (Ceratonia siliqua), lentisk (Pistacia lentiscus),
stone pine (Pinus pinea), and Aleppo pine (P. halepensis). Degradation of the
original forest often results in the establishment of a thorny xerophytic vegetation,
called guarrigue on calcareous soils or maquis on acid soils (Verheye and de la
Rosa 2005).

4.3.4 Soil Resources

If we limit the field of observation to the regions bordering the Mediterranean,
about one-third of the thirty-two World Reference Base soil groups comprising the
soil classification of the IUSS Working Group WRB (2006) can be considered to
be absent or at least rarely occurring, being where they occur remnants of pre-
Holocene climatic conditions. Groups represented only by extreme and scattered
sites are: those from the cold polar regions (restricted to the highest mountains);
those typical of highly weathered humid tropics (in this case, palaeosols); and
those from the inner continental steppes and grassland.

In more detail, and referring to the World Reference Base soil classification
(IUSS Working Group WRB 2006), here is the general picture concerning modern
soils and exotics in the regions concerned:

• Acrisols, having in certain depths low-activity clays and a low base status, occur
in humid tropical, humid subtropical, and warm temperate regions; they are
likely palaeosols in the present Mediterranean pedoenvironment (Verheye and
de la Rosa 2005).

• Albeluvisols are not frequent at these latitudes.
• Alisols, having a low base saturation at certain depths, high-activity clays

throughout the argic horizon, and toxic levels of Al at shallow depth, occur in
humid tropical, humid subtropical, and monsoon climates (in places in tem-
perate regions they are relict soils).
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• Andosols are azonal soils but have a clear lithogenic mark, since they occur on
pyroclastic materials in volcanic regions and all over the world. Their most
important concentrations are on many islands in the Pacific and around its rim
(along the so-called ‘‘ring of fire’’). Nevertheless, it is by no means negligible
that Andosols extend across the centre and east of the Mediterranean because of
their usefulness in agriculture. Their susceptibility to erosion needs careful
practices for soil conservation.

• Anthrosols clearly extend over wherever agriculture has been practised for a
long time.

• Arenosols, being typical of shifting sands and active dunes, extend mainly from
the fringe of the Sahara desert towards the south, although they also occur on
sandy coastal plains and in coastal dunes in temperate regions.

• The Calcisols group accommodates soils in which there is substantial secondary
accumulation of lime. They are common in highly calcareous parent materials
and widespread in arid and semi-arid regions, mainly of the southern and eastern
Mediterranean countries, where they represent an important productive resource
in the absence of better soils. Petrocalcic horizons (calcrête) needs careful
agricultural management (Fig. 4.2).

Fig. 4.2 Pistachio grove on
Luvic Petric Calcisol
(Chromic), with a petrocalcic
horizon (calcrête) near the
surface, probably formed on
Saharan dust. A suitable soil
management enabled the
cultivation of typical crops in
spite of the obvious limiting
factors (Adana, Turkey).
Source Photograph by
courtesy of S. Kapur
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• Cambisols are characterized by slight or moderate weathering of parent material
and by the absence of appreciable quantities of illuviated clay, organic matter,
and Al and/or Fe compounds. Cambisols with high base saturation in the tem-
perate zone are among the most productive soils on earth. The most acid ones,
although less fertile, are used for mixed arable farming and as grazing and forest
land. Cambisols on steep slopes are best kept under forest. Rhodic and Chromic
sub-types could partially correspond to the outdated Red Mediterranean soils or
‘‘Terra rossa’’ (Figs. 4.2 and 4.3).

• Chernozems can be found as relict soils, a witness to ancient steppe climates.
• Cryosols, which form in a permafrost environment, are obviously found only at

the highest altitudes on mountain ranges.
• Durisols, containing cemented secondary silica, are mainly developed on allu-

vial and colluvial deposits, and are associated with old surfaces in arid and semi-
arid regions bordering the Mediterranean regions.

• Ferralsols, being almost exclusive to humid tropics, are absent.

Fig. 4.3 Olive grove over
reworked Calcic Luvisols
(Chromic). The terracing
enables cropping even on
steep slopes and the control
of erosion processes
(Palestine, West Bank).
Source Photograph by the
author
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• Fluvisols are very common in the Mediterranean region, as well as on all
continents and in all climate zones. They develop on alluvial plains, river fans,
valleys, and tidal marshes and lacustrine and marine deposits. River landscapes
and marine plains have historically been places where great civilizations have
developed.

• Gleysols are typically azonal soils and occur in nearly all climates, from per-
humid to arid, wherever the groundwater saturates the soil for long enough
periods.

• Gypsisols, characterized by secondary accumulation of hydrated calcium sul-
phate, which is very soluble, are obviously found in the driest parts of the arid
and desert climate zone, mainly in the eastern and southern parts of the Med-
iterranean basin.

• Histosols, which occurr extensively in boreal, arctic, and subarctic regions, are
restricted in the study area to depressions and poorly drained swamps, marsh-
lands, and basins with shallow groundwater.

• Kastanozems, typical soils of dry and continental climates with relatively cold
winters and hot summers, certainly exist in some Mediterranean countries, but
not along the sea coasts (Fig. 4.4).

• Leptosols are very shallow soils, extremely gravelly and/or stony, over hard
rock or highly calcareous material. Leptosols are azonal soils with an incom-
plete solum and/or without clearly expressed morphological features (Driessen
et al. 2001). They are typical soils of the mountain areas, where pedogenesis is
hindered by the erosion processes. In spite of this, they have a resource potential
for wet-season grazing and as forest land. The Lithic (less than 10 cm in depth),
Calcaric (rich in free calcium carbonate), and Rendzic (having a mollic horizon
that contains or immediately overlies calcaric materials containing 40 % or
more calcium carbonate) sub-types are the most widespread in the Mediterra-
nean mountains.

• Lixisols have an argic subsoil horizon, a high base saturation, and low-activity
clays at certain depths. They are not common in the Mediterranean region, but
rather in more southern regions of Africa, with a tropical, subtropical, or warm
climate with a pronounced dry season, notably on old erosion or deposition
surfaces. Many Lixisols are regarded as polygenetic soils with characteristics
formed under a more humid climate in the past, as well as at present in tem-
perate countries.

• Luvisols have high-activity clays throughout the argic horizon and a high base
saturation at certain depths (Fig. 4.3). They are most common in flat or gently
sloping land in cool temperate and warm regions around the Mediterranean with
distinct dry and wet seasons. Since they represent a great agricultural resource
for the Mediterranean countries (Fig. 4.5), there is an urgent need to take the
necessary steps to protect them from numerous misuses (settlements, roads,
industries, quarries, etc.). Chromic, Calcic, Vertic, and Rhodic sub-types are
almost equivalent to the Red Mediterranean soils (Terra rossa) of the past
(Yaalon 1997).
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• Nitisols are deep, well-drained, red, tropical soils. In spite of some current
mentions of these soils in the Mediterranean region, they seem rather to be
remnants of past climatic conditions, probably of the Pleistocene period,
because they predominate under tropical rain forest or savannah, with a level to
hilly topography.

• Phaeozems cannot be considered typical soils of the Mediterranean countries,
despite their scattered presence in moderately humid areas of meadows under
continental climatic influences and sufficient organic carbon accumulation.

• Planosols have been produced either by lithological stratification, or by pedo-
genetic destruction or removal of clay or both. So they are relatively coarse-
textured and have a light-coloured surface horizon abruptly overlying finer
textured subsoil that impedes downward percolation of water and causes tem-
porarily reducing conditions. These soils are not common in the regions
concerned.

• Plinthosols are soils that are Fe-, Al-, and Mn-rich and organic-carbon-poor,
containing a mixing of kaolinite (and sometimes gibbsite) and quartz sand.

Fig. 4.4 A deep soil profile
(around 200 cm) probably
formed under a past steppe
climate, a little more humid
than the present semi-arid
one. The surface horizon is a
mollic epipedon (50–60 cm
deep), having a rather high
organic carbon content
(Kasserine, Tunisia). Source
Photograph by the author
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When plinthite by atmospheric exposure changes irreversibly to a layer with
hard nodules or a hardpan, it becomes a cemented petroplinthite. Such soils are
usually associated with rainforest and the savannah zone, but can occasionally
occur in the Mediterranean pedoenvironment, where they usually represent
remnants of palaeo-environmental conditions that existed in the Pleistocene
interglacials or in the Tertiary era.

• Podzols are more typical soils developed over acidic parent materials in humid
temperate and boreal regions of the northern hemisphere, under heather and/or
coniferous forest, but also in some places in the humid tropics under light forest.

• Regosols, considered ‘‘the taxonomic remnant group’’ by WRB (2006), are
poorly developed soils on unconsolidated materials (fine sands and silt, moraine,
marls), lacking any zonality character and consequently widespread also in the
region under discussion.

• Solonchaks are soils that have a high concentration of soluble salts at some time
in the year, notably in areas where ascending groundwater reaches the solum.
They are confined to the arid and semi-arid climate zones and to coastal regions

Fig. 4.5 A Calcic Luvisol,
with an unexpected thickness
(200 cm), covered by 65 cm
of Holocene aeolian sand.
Depth and horizonation of the
buried soil attest more humid
environmental conditions in
the past, compared with the
present semi-arid climate
(Kasserine, Tunisia). Source
Photograph by the author
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around the Mediterranean basin, mainly in North Africa and the Near East, with
vegetation of grasses and/or halophytic herbs. The needs of arable lands in these
countries stress the importance of appropriate irrigation techniques accompanied
by drainage systems.

• Solonetz are soils with a dense, strongly structured, clayey subsurface horizon
that has a high proportion of adsorbed Na and/or Mg ions. They normally occur
on flat lands in climates with hot and dry summers. Major concentrations of
Solonetz are over loess, loam, or clay in semi-arid, temperate, and subtropical
regions.

• Stagnosols are soils with a perched water table showing redoximorphic features
caused by surface water stagnating above a dense subsoil.

• Umbrisols are typical soils of humid climates in mountainous regions with little
or no moisture deficit, in mostly cool areas but including subtropical mountains.
They have a dark brown umbric surface horizon, and a low base saturation. The
predominance of sloping land and wet and cool climate conditions restricts
utilization of many Umbrisols to extensive grazing and forestry, due to their
susceptibility to erosion. The planting of perennial crops and bench or contour
terracing offer possibilities for permanent agriculture on gentler slopes.

• Vertisols are not exclusive to the Mediterranean environment, as they occur in
tropical, subtropical, and semi-arid to subhumid and humid climates with an
alternation of distinct wet and dry seasons. They form on sediments or weath-
ered rocks that contain a high proportion of swelling clays. Alternate swelling
and shrinking of expanding clays result in deep cracks during the dry season,
and formation of slickensides and wedge-shaped structural elements in the
subsurface soil. Vertisols are typically found in lower landscape positions such
as dry lake bottoms, river basins, lower river terraces, and other lowlands that
are periodically wet in their natural state. Having good chemical fertility and
occurring on extensive level plains, they have considerable agricultural poten-
tial, from rain-fed up to irrigated crops, but adapted water management is a
precondition for sustained production.

• Technosols, which have as parent material all kinds of materials made or
exposed by human activity, are obviously widespread everywhere industrial
activities, buildings, mines, quarries, and dumps have covered or exposed
originally buried raw materials. In spite of the lack of detailed maps of these
technogenic soils in the Mediterranean countries, they cover vast and increasing
areas, not only in industrialized countries but also in the developing ones.

On the whole, according to Verheye and de la Rosa (2005), we can consider
that, of the roughly 420 Mha occupied by Mediterranean soils, the prevailing soils
are Calcisols (85 Mha), followed by Cambisols (68 Mha), and Luvisols (65 Mha),
not counting Leptosols.

Particular investigations, classification, and mapping should require the pal-
aeosols, which at present, in spite of several attempts and advanced proposals (Catt
1998; Nettleton et al. 1998, 2000) do not yet have a taxonomy shared and applied
at the international level. The palaeosols of the Mediterranean regions, in their
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variants buried, exhumed, and relict (Nettleton et al. 2000), are mainly widespread
as spots in areas not covered by ice during the Pleistocene or spared by the glacial
erosion.

4.4 Soil Direct and Indirect Threats

Soil consumption, misuse, and degradation eventually leading to desertification
dates back a long time in the Mediterranean regions and has different causes
(Madrau et al. 2010): worsening climate, wars, fires, logging, grazing, urbaniza-
tion, and so on. Many civilizations fell into decline and became extinct through
dramatic forest clearance, together with soil over-exploitation, erosion, and
salinization.

House building and soil sealing, frequently carried out on the best agricultural
soils, a process increasing today, have always been the main threats to such a
precious productive and environmental resource (Tóth 2002). Population pressure,
water shortages, and the risk of desertification also threaten many Mediterranean
countries, and together with the development model adopted in many countries
could lead the whole area into an irreversible crisis. According to Zdruli et al.
(2008, 2010), arable land per capita in 2020 could be 0.22 ha/person compared to
0.48 ha/person in 1961. In 2020 the region will have in total more than 500 million
people, while in 2000 the population was around 400 million.

4.4.1 Erosion

The aggressiveness of the Mediterranean climate is mainly connected with the
rainfall pattern. Most rain (around 90 % of the total annual) falls in autumn and
winter, with intensity per hour particularly high, reaching 100 mm/hr. Steepness is
a natural predisposing factor to erosion, but slope exposition, rock type and its
spatial disposition, soil depth, texture, organic matter content, and porosity,
together with vegetation cover and management practices, all play an important
role in the process. More than 30 % of the losses of Mediterranean land are caused
by erosion, at a rate of more than 15 t/ha. Experts estimate that in the EU,
26 million hectares are subject to water erosion and 1 million to aeolian erosion.

The run-off and the consequent soil erosion are more intensive where over-
grazing, downhill and deep tillage, wildfires, new roads, quarries, and other
anthropic impacts have aggravated the fragile equilibrium between soils, water,
and vegetation.

In addition, the eastern and southern arid and semi-arid regions suffer from
aeolian erosion that abrades soils while in many areas accumulating sandy sedi-
ments. All these processes of erosion are worsened by the weak stability of soils
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impoverished in organic matter content. At least 75 % of the world’s farmed soils
have been degraded or affected by erosion.

The greatest amount of erosion is occurring now on agricultural and afforested
land. When erosion occurs, it can also cause flooding and off-site damage on flood
plains. Several different types of erosion occur in the Mediterranean region and
these include splash and sheet erosion, rill, gully, tunnel and channel erosion, and
wind erosion, as well as erosion caused by animals and land use activities. The
problems are potentially worse than in more humid regions because of the specific
soil and climate conditions.

The principles of soil conservation and protection have probably been under-
stood for millennia, so that when erosion problems occur in the Mediterranean, it is
a simple matter to take appropriate action to stop it. Soil conservation techniques,
accompanied by careful consideration of soil capability and suitability, today
enables the annual soil losses to be successfully minimized and prevented (Zucca
et al. 2011a, b).

4.4.2 Organic Matter Decline

A sufficiently high level of organic matter is important for increasing soil stability,
root penetration, the water-holding capacity, and the nutrient holding capacity and
supply. Organic matter enhances the soil’s resistance to erosion and guarantees its
fertility, contributing through its binding and buffer capacity to limiting the dif-
fusion of soil and water pollution. The soil organic matter (vegetal remains, living
organisms, humus) releases carbon into the atmosphere in the form of CO2, which
is then sequestered in the process of photosynthesis.

Many Mediterranean soils—mainly Leptosols, Calcisols, Regosols, Arenosols,
and some Cambisols—suffer from a natural lack of organic matter. An organic
matter content of less than 1.7 % (1 % Corg) is usually considered low and indi-
cates a risk of degradation and/or desertification. This constraint damages current
productivity and compromises the future ability of the soil to yield enough.
Therefore, additional organic and/or inorganic fertilization is necessary to restore
and maintain the optimal productivity of the soil. Some of the usual measures for
maintenance of organic matter are: minimum-tillage and no-tillage, biological
agriculture, permanent pastures, cover crops, mulching, green manure, stable
manure and compost, strip cultivation, and contour farming.

4.4.3 Salinization, Alkalization, and Acidification

Two kinds of salinity are known: the primary salinity of soils that derives from the
proximity of the sea or from salt release from geological deposits, and secondary
salinity, related mainly to anthropogenic activities, especially improper irrigation
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without drainage systems or the use of salt-rich waters. The rise in level of the
saline water table because of over-abundant irrigation or poor drainage is also a
frequent reason for soil salinization, as is the intrusion of sea water into freshwater
aquifers. The latter is a frequent problem in coastal areas, due to the over-
exploitation of water resources.

The natural saline soils (Solonchaks) are frequent in arid and semi-arid regions
where the potential evaporation of the soil greatly exceeds the quantity of water
that infiltrates the soil. Salt modifies soil properties, plant growth, and soil erosion,
and consequently could trigger desertification. In southern Europe, scattered areas
of intensive agriculture are subjected to salinization (Zucca et al. 2011a).

Salinity has major economic consequences because it degrades the fertility of
cultivated areas and can prevent or strongly limit the agricultural use of the land
affected. The soluble salts in the soil have a depressive effect on plant growth after
a threshold that varies according to the different species.

It is calculated that there are more than ten million ha of saline soils in the
Mediterranean regions which are seasonally or permanently involved in areas of
high evaporation or the intrusion of saline groundwater (Varallyay 2006).

A worse process that occurs in some soils is the alkalization that corresponds to
the adsorption on clay particles of sodium instead of potassium and calcium.
Alkalinity can be either primary and natural or secondary and induced by
anthropic activities. The process leads to the rapid degradation of the soil structure
through the dispersion of colloidal inorganic and organic substances. The per-
meability of alkaline soil (Solonetz) is generally very low, thus reducing water and
air capacity, and the pH values are higher than 8.0. Consequently, most plants do
not tolerate such conditions, except for a few adapted species. This process occurs
particularly on desalinated soils by the sea or, more recently, on farming land that
has suffered a heavy spillage of sodium-rich farming effluents (Middleton and
Thomas 1997).

A third chemical process affecting soils is acidification, induced by several
causes:

• the importation of certain acidifying fertilizers by agriculture;
• dry or acid-rain deposition of pollutants (e.g. sulphur dioxide, nitrogen oxides)

emitted by vehicles, boilers, thermoelectric power plants and certain industries;
• the massive planting of certain softwood trees (spruce) and certain hardwood

trees (eucalyptus).

Acidification can lead to soil depletion of minerals such as magnesium,
potassium, and calcium, or to the mutation of other minerals such as aluminium
and manganese into a form which is toxic for plants. Downstream of acidified
watersheds, streams can be acidified, and this disturbs the fauna and flora (de
Franchis 2003).
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4.4.4 Landslides

There is a relationship between landslides and soil properties. Jones (2006) has
demonstrated that areas with organic carbon (OC) of less than 1.0 % (1.7 %
organic matter) suffer a soil loss of more than 2 t/ha/year. But we must consider
that the predisposing factors for slides, falls, and debris flows are more complex
and numerous: height and gradient of the slope, aspect, rainfall distribution, rel-
ative proportion of water to solid material, lithology, soil type, strata inclination,
vegetation cover, and so on. Certainly, all the latter conditions being equal, the
organic carbon content becomes crucial, because of the role it plays in relation to
soil cohesiveness and erodibility. Shallow and fragile soils, such as Leptosols,
Andosols, Regosols, and Arenosols are more prone to all the different forms of
erosion. In addition, Vertisols favour the triggering of mudslides and earthflows.
Numerous agricultural practices, land uses, and connected effects, such as deep
tillage on steep slopes, land levelling, harvesting of root crops, animal trampling,
overgrazing, and heavy mechanization, are frequent causes of sheet, linear, and
mass erosion.

In addition, the construction of roads in landscape-sensitive areas can increase
the frequency of landslides and amplify the material damage caused, sometimes
with tragic consequences. The development of uncontrolled constructions on
unstable land located on steep hills near cities can lead to very serious disasters
when these lands collapse in heavy rains or earthquakes.

4.4.5 Urbanization and Soil Sealing

‘‘Artificialization’’ designates the phenomenon of expanding built-up areas to the
detriment of natural or agricultural soils. This means urbanized areas, industrial or
commercial zones, communication networks, mines, landfill sites, and building
sites. It leads to the irreversible disappearance of an increasing part of the soil
resource. It affects all Mediterranean areas, in particular former agricultural areas
located on the outskirts of cities. The impact on landscapes and the organization of
space is different, depending on the regions and countries, and most especially on
the type of artificialization. For example, urban sprawl will have very different
consequences depending on whether it is organized according to a plan or if it
occurs in an uncontrolled, even illegal, fashion. Land artificialization implies more
or less extensive sealing of the soil, which restricts the infiltration of water into the
ground and the replenishment of the water table, the whole increasing the quantity
of water to be evacuated by run-off.

Urbanization and ‘‘littoralization’’ (Zdruli et al. 2008, 2010) are connected
processes typical of the Mediterranean countries. Generally, littoralization could
be described as the migration of the population of the interior towards the coast
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and the ‘‘maritimization’’ of the economy linked with productive activities, all
resulting in a rapid and intense expansion of artificial land cover. Large inland
areas are being abandoned, leaving neglected forests, eroded lands, collapsed
terraces, overgrazing, forest fires, and overall degradation. The most fertile soils,
often located downstream on plains, are threatened by large-scale urbanization and
littoralization induced by demographic growth, country-to-town population
migration, and the evolution of lifestyles and production systems.

Fertile soil sealing (arable land, wetlands) by urbanization represents nearly
irreversible degradation and would imply serious, long-term consequences if the
present trends were to be confirmed (Tóth 2002).

4.4.6 Impacts of Agriculture

Agriculture is not always an activity that protects the environment. Modern
farming, the systematic use of chemical fertilizers and pesticides, and the irrational
development of irrigation can lead to the accumulation of strong concentrations of
toxic substances in soils. Nitrates and phosphates are not strictly pollutant but they
become so in excess, when they are leached and lost from the soil. Furthermore,
biocides (pesticides, fungicides, herbicides) have a negative impact on soil fauna
and flora, and reduce the organic matter content of the soils. This pollution can be
apparent on-site or downstream and off-site following transport of the products.
Nitrates are transported as dissolved salts by run-off or infiltration water. Phos-
phates and pesticides are transported as molecules or crystals bonded to soil
particles carried off by erosion.

Agricultural additions of pesticides, nitrates, and phosphates change the soil’s
biochemical balances and thus its properties. The positive effects of these modi-
fications (increase in fertility, reduction of diseases) are obviously the effects
aimed for by farmers. Nitrates heavily modify the nitrogen cycle (especially the C/
N ratio), the degree of decomposition of organic matter, and then the structure of
soils and their water storage capacity. In cases of poorly managed fertilization
there can be local soil degradation (e.g. acidification, slaking crust). Water-carried
nitrates pollute streams and groundwater. They can cause more or less serious
eutrophication of rivers, standing water, and coastal areas, leading to the degra-
dation of biodiversity, fishery resources, and the landscape. They cause additional
costs for water treatment (EEA/UNEP 1999) and can even make water unfit for
consumption.

Phosphates are also a major cause of eutrophication. Once erosion has depos-
ited phosphor-rich sediment at the bottom of natural or human-made standing
water, it is very hard to eliminate it. Phosphates are trapped in these sediments,
which then constitute a permanent threat of water eutrophication.
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4.4.7 Contamination by Mines, Industries, Waste Disposals,
and Dumps

Since the beginning of industrial civilization in the middle of the eighteenth
century, sources of pollution created by humankind have increased in intensity,
number, and extent (EEA/UNEP 1999). Among the kinds of soil pollution most
often mentioned in the Mediterranean area are salinization and heavy metal pol-
lution, and the data on soil pollution in these regions show that the total areas
concerned are relatively limited compared to those affected by erosion or
anthropogenic occupation. But the danger from heavy metals is high in spite of
their localization.

High concentrations of heavy metal can be either natural (due to mineralogical
composition of the geological formations) or human-induced, due to direct or
indirect input related to human activities. The most dangerous elements for
mankind and animals are mercury, lead, cadmium, and arsenic. Copper, nickel,
and cobalt are only dangerous in high concentrations. Soils naturally contain a lot
of chemical elements, in particular metals, but the level of danger depends not only
on concentration, but also on the chemical forms in which they present (total, free,
bonded with organic matter, etc.). Heavy metal input created by humankind is
often present in a more highly reactive form and thus more dangerous than nat-
urally occurring minerals. Besides this, buffer soil capacity, plant cover, and cli-
mate conditions greatly influence the evolution and fate of the metals.

It is not only factories and active or abandoned mines, but also the dumping of
agricultural, industrial, and household waste that constitute a dangerous source of
metallic pollutants. The spreading of phosphate fertilizers (containing cadmium),
pork slurry (with copper and zinc), and sludge from purification plants constitutes,
together with industrial pollution and car traffic, the fundamental source of soil
contaminants. Furthermore, the manifold pathways of pollution are represented by
the use and consumption of industrial products.

The restoration costs of soils polluted by heavy metals are almost always
extremely high. The techniques used range from excavating the soil and elimi-
nating the waste off-site to covering the ground with an impermeable material to
avoid contact with water and to reduce the risk of pollutants leaching towards
water tables. Purifying water usually means pumping and treating it. More
advanced technologies such as treating contaminated sites on-site are at present
being tested.

As with all problems of soil degradation, prevention is always less costly than
the rehabilitation of polluted soils.
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4.4.8 Deforestation and Fires

Dating back some millennia (Fig. 4.6), the practice of deforestation has caused not
only the stripping of vegetation cover, but frequently also the removal of soil
cover, together with the loss of huge quantities of CO2. The process is frequently
accompanied by or caused by forest fires and has assumed a planetary dimension
and relevance. A large area of tropical forests and mangroves is destroyed daily,
with great damage to soils, waters, lakes, sea, biodiversity, and air quality. The
semi-arid countries of the Mediterranean region have undergone severe defores-
tation during the past centuries, with serious consequences for the way of life of
the local people. It is clear that the political and economic aspects of this critical
world problem need decisions at the international level.

Focusing solely on the technical aspect of the problem, it is evident that
reforestation is closely connected with interventions that attempt to control the
processes of erosion. An eroding slope will eventually fail if regressive erosion
continues to deepen the bed of the waters that run at the foot of the slope. Con-
versely, in some cases there can be spontaneous natural reforesting of slopes once
the deepening of the erosion has been stopped.

Fig. 4.6 Typical landscape of central Morocco. The effects of historical deforestation are
evident. In the background can be seen the Jebilet massif. (Rural Municipality of Ouled Dlim;
30 km north-west of Marrakech.) Source Photograph by the author
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Fire is a natural factor in most Mediterranean ecosystems; however, the
increased frequency and extent of wildfires since the mid-twentieth century have
made wildfires one of the most important driving forces for desertification under
dry Mediterranean conditions. Today it has been proved that the majority of fires
are deliberate or due to carelessness. Many mineralogical, physical, biological, and
chemical soil properties can be modified by forest fires, but their effects can be
different depending on temperature and duration of burn. The resilience of the
pedoenvironment depends on the climate, vegetation, and topography of the area
concerned. Fires of moderate intensity, such as managed ones, eliminate weeds
and increase pH and the availability of nutrients (Certini 2005), but at the same
time can enhance the hydrophobicity and erodibility of the soil. Long-lasting
wildfires usually cause significant removal of organic matter, deterioration of both
structure and porosity, considerable loss of nutrients through volatilization, ash
entrapment in smoke columns, leaching and erosion, and marked alteration of both
the quantity and the specific composition of microbial and soil-dwelling inverte-
brate communities (Certini 2005). Of course, if early rain stimulates the process,
the recolonization of burnt forest can be rapid and successful.

The assessment of the vulnerability of ecosystems to wildfire is fundamental to
the planning of post-fire management, and it is estimated on the basis of soil
erodibility, climate, topography, and the capacity of vegetation for recovery.

The accurate identification of areas sensitive to degradation after fire and the
implementation of suitable restoration techniques will help mitigate the impacts of
fire and enhance post-fire regeneration towards mature, less flammable forest
ecosystems. In any case, the multiplication of dwellings in wooded areas increases
the number of accidental fires and raises the cost of fighting them. In some
countries, the rise in living standards has led to an increase in the number of
private homes built in pine groves, and at the same time an increase in the number
of forest fires (Conacher and Sala 1998).

4.4.9 Destruction and Contamination by Bombing

A particular and usually unmentioned form of ‘‘anthropic erosion’’, instantly
devastating and deliberately caused, is represented by the effects of bombing,
gunfire, and explosions connected with actions of war. Such activities, besides
destroying human lives, animals, plants, infrastructure, and dwellings, also con-
taminate the air and water and disrupt soil, and the environmental consequences
frequently remain for a long time (Reuveny et al. 2010). A large amount of toxic
metals are unloaded into the environment, in particular tungsten, mercury,
molybdenum, cadmium, and cobalt. Excessive amounts of these metals can cause
tumours and problems with fertility, and they can have serious effects on newly-
born babies, such as deformities and genetic pathologies (Austin et al. 2000). Even
the topography and landforms are deeply modified by military actions, forcing the
revision of the topographic maps of the lands concerned, as has happened in
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Lebanon, Palestine, Kosovo, Serbia, and Libya not to mention Afghanistan, Iraq,
and Syria.

Furthermore, in the past fifty years not only has environmental pollution been
intensified by radioactive fallout from nuclear bomb testing, spillage from nuclear
power plants, and dumping of waste, but the many local wars have been typified by
the use of new arms and toxic substances in defiance of the Geneva Convention,
such as depleted uranium and white phosphorus. These substances, if trapped in a
biological replicating system, may cause genomic amplification of damage over
time (Busby 2005). Such uses are similar to the use of chemical or biological
weapons banned by the Geneva Convention. The embarrassing question is whether
mankind really needs to use these instruments just to resolve international
disputes.

4.4.10 Sport Resorts in Mountains

The mountain regions around the Mediterranean suffer damage not only from the
above-mentioned threats but also from the less-investigated impact of resort
development in many mountain localities; some of these types of damage are not
much known. This kind of land use has multiple and serious impacts on an
environment as sensitive as the mountains (de Jong and Barth 2008; de Jong et al.
2009; Previtali 2011). The main impacts are:

• land impermeabilization through urbanization and soil sealing by ski runs;
• vegetation removal and excavation and handling of earth to create lift tracks,

roads, and water reservoirs for snow production, which all accelerate erosion
and trigger landslides and debris flows;

• input of contaminating elements and organisms (hydrocarbons, heavy metals,
wastes, bacteria and chemicals for artificial snow, etc.);

• water shortage and conflicts (drinking water, artificial snow production, swim-
ming pools, and household consumption);

• alteration of the superficial hydrography and the hydrogeological arrangement.

It should be noted that in the Mediterranean countries ski resorts have expanded
not only in the well-known areas of Spain, France, Italy, Slovenia, Croatia, and
Bosnia and Herzegovina, but also in Serbia, Greece, Turkey, Lebanon, Syria,
Israel, Tunisia, Algeria, and Morocco. In the countries of both the first and second
groups, the decreasing depth of the snow mantle and the shortening of its time on
the ground are forcing a growing recourse to artificial snow and the raising to
higher altitudes of lifts and ski runs.

It is pointless to stress that in some of the above-mentioned countries envi-
ronmental conditions are inconsistent with the development of winter tourism
mainly based on downhill skiing, with a great impact on the mountain environ-
ment. Everywhere, the establishment and development of these resorts is joined
with deforestation, erosion, uncontrolled building, disruption of the landscape and
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natural habitat, air, water, and soil pollution, and water shortage. As de Jong et al.
(2009) effectively argue, all the reasons expounded make this kind of exploitation
of mountain resources unsustainable, from both an economic and an environmental
point of view.

4.5 Conclusions

Agriculture has a major economic importance in most of the Mediterranean
countries, and in the southern and eastern ones represents over 15 % of the gross
domestic product (de Franchis 2003). It thus constitutes a basic source of
employment, especially in regions where it still remains the main activity.

Conservation of the Mediterranean agricultural potential therefore constitutes a
challenge for maintaining the social and economic structure and the food security
of societies.

The degradation of lands can lead to their abandonment and to the flow of rural
populations to the cities, which poses serious economic and social problems in
terms of regional planning and employment. So, it is necessary to maintain rural
spaces capable of sustaining a large population in satisfactory economic and social
conditions (EEA/UNEP 2000; Zalidis et al. 2002; Verheye and de la Rosa 2005;
Zdruli et al. 2008; Zucca et al. 2011a, b).

Well-managed agriculture plays a fundamental role in the management of
natural resources through water harvesting systems, terracing, controlled pasto-
ralism, tree plantations, and so on. For instance, the abandonment of management
systems such as the old terraces is leading in some regions to the irreversible
degradation of slopes.

Soils are basic components of ecosystems and their degradation generally has a
strong impact on all other segments, such as flora, fauna, and water and nutrient
cycles. Wooded areas, oases, wetlands, and steppes, which constitute a precious
heritage of the Mediterranean landscape, are under threat due to irrational clearing,
pre-desertification, contamination, agricultural over-exploitation, overgrazing,
urbanization, and so on.

There is an urgent need for careful planning of both urban development and
farming where ecological aspects are included in the technical procedures.
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Chapter 5
Carbon Cycle and Sequestration
in Terrestrial Ecosystems with Specific
Reference to Mediterranean and Boreal
Regions

A. R. Mermut

Abstract Soil functions as a sink and contributes to the process of CO2 reduction
in the atmosphere. Benefits of terrestrial sequestration of carbon are well under-
stood. About 75% of terrestrial carbon occurs in the soil and therefore soils are
essential for carbon sequestration. The maximum capacity for sequestering carbon
has not been well established. There is a strong need for applied research to
determine the actual values that can be used to calculate the economic benefits of
carbon sequestration. Numerous methods of sequestering carbon in agricultural
land have been tested. Understanding how to increase soil carbon stocks in agri-
cultural lands is critical to increasing the sustainability of food production. The
lands in the Mediterranean area are characterized by a wide diversity of soils,
landscape, vegetation, and formation time and, especially, the long-term influence
of human activities. The effect of anthropogenic intervention on soil organic
carbon (SOC) in these ecosystems is unknown. Strategies for sustainable soil
management in Mediterranean regions include conserving soil organic matter,
minimizing erosion, enhancing soil fertility, and balancing production with envi-
ronmental sustainability, especially in areas subject to drought. Increasing num-
bers of research studies provide an excellent insight into understanding soil
organic matter stocks and possibility sequestering carbon in soils around the
Mediterranean region. Prairie soils in Boreal Canada have likely lost more than
50% of their original carbon. However, studies have suggested that with conser-
vation tillage and adequate fertilization, a significant increase in soil organic
carbon over present-day levels could be sequestered with time and consequently
increase soil quality and productivity.
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5.1 Introduction

In the past decade, increasing awareness of CO2 build-up in the atmosphere and
the threat of global warming has encouraged all concerned societies interested in
global warming to find means of reducing atmospheric CO2. The concept of
greenhouse gas reduction by sequestering carbon in different terrestrial ecosys-
tems, or withdrawal of CO2 from the atmosphere, has been extensively discussed
over the last two decades. It is generally agreed that carbon sequestration can be a
highly cost-effective and environmentally sound mitigation technique.

Despite the socio-economic and environmental benefits, societies interested in
the area of carbon flux have not yet succeeded in translating the available
knowledge of carbon dynamics into real agronomic practices. There is a great
interest in carrying out practical work to design appropriate strategies for carbon
sequestration. The research so far carried out on the terrestrial carbon cycle has
confirmed the many agricultural and environmental benefits. Increased funding for
research and development to address the practical implementation of carbon
sequestration is of paramount importance.

There is general agreement that with appropriate management technologies soil
can function as a sink and contribute to the process of CO2 reduction in the
atmosphere. This means drawing CO2 out of the air and converting it to biomass
(plants) or to soil organic matter (SOM). By using water and energy from the sun,
plants are naturally capable of converting CO2 to carbohydrates or biomass and
consequently to organic matter in the soil.

The many benefits of terrestrial sequestration of carbon are also well docu-
mented (US Department of Energy 1999). These are:

• improving soil and water quality;
• decreasing plant nutrient loss;
• reducing soil erosion and increasing water conservation;
• providing better wildlife habitats and more biodiversity;
• creating conditions for higher plant productivity and more biomass products;

and
• increased carbon sequestration will have the additional benefits of restoring

degraded ecosystems worldwide.

Preliminary estimates suggest that, using appropriate management techniques,
the *40–80 Pg C that would be produced through combustion over the next fifty
to a hundred years could be sequestered in cropland. This would mean that carbon
sequestration offers a means of controlling the CO2 levels in the air and keeping
them below the critical threshold level of 550 ppm.

The rate of the carbon sequestration process is estimated to be *2 Pg C/year
(US Department of Energy 1999). About 75% of terrestrial carbon occurs in the
soil and therefore soils are essential in terms of carbon sequestration. The potential
for carbon sequestration appears to be great (5–10 Pg C/year) in comparison with
the current rate for terrestrial ecosystems, if all terrestrial ecosystems are
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considered. The maximum capacity for sequestering carbon has not been well
established. Table 5.1 shows estimates of the carbon sequestration potential of
some major land use types.

5.2 Approaches to Sequestering Carbon in the Soil

There are two fundamental approaches to sequestering carbon:

1. the protection of ecosystems that store carbon so that sequestration can be
maintained (increased residence time), and

2. the manipulation of ecosystems to increase carbon sequestration beyond the
current conditions.

All other factors being equal, the rate of C sequestration in soils is higher for
warm humid regions than for dry cool regions, and for severely degraded soils than
for undegraded soils. It may seem unlikely that large amounts of carbon could be
sequestered in dryland regions in comparison with other agro-ecological zones of
the world. According to UNEP (1997), however, dryland stores sixty times more
carbon than the carbon added to the atmosphere by fossil fuel. Dryland covers an
area of 450 million ha throughout the world. A small change in the rate of carbon
sequestered in dryland regions can have a large impact on CO2 in the atmosphere.
Over one billion people currently live in susceptible drylands, and any effort to
restore the productivity of these eco-regions will be of benefit for their inhabitants.

The potential for carbon sequestration in dryland areas is shown in Fig. 5.1.
While the drylands may be a source of atmospheric CO2, if properly managed they
can sequester 37 Pg C/year, which is about 15% of atmospheric CO2 emissions
(UNEP 1997). This would be a significant contribution to the mitigation of global
warming.

Technological options so far recognized for sequestering carbon in agricultural
land are few. Some have been developed for temperate and tropical regions and for
developed and developing economies. Their application may differ from one
region to another. Table 5.2 shows rather simple broad estimates for agricultural
practices for different eco-regions. There is a strong need for applied research to
determine the actual values that can be used to calculate the economic benefits of
carbon sequestration.

One of the fundamental arguments is that more than 50% of SOM is lost in the
topsoil through intensive agricultural practices. Uncultivated soils were in equi-
librium with the native vegetation and accumulated large reserves of soil organic
carbon (SOC) and cultivation has disrupted the steady-state equilibrium (Lal et al.
1999). There are reliable estimates that many cultivated soils in North America
have lost substantial amounts of SOM in cultivated lands (Acton and Gregorich
1995; Bruce et al. 1999), and that this has resulted in a decline in production and
an increase in soil erosion and soil degradation. The lost carbon should be urgently
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returned to the soil. It is estimated that this will take 25–50 years with current
technology (Lal et al. 1998). With good management practices, it may be possible
to exceed the original native SOM content of many soils.

Lal et al. (1999) suggest that intensification of agriculture on good soils can be
achieved through the widespread adoption of:

Fig. 5.1 Potential carbon sequestration by vegetation type. Source Kapos et al. (2008), Olson
et al. (2001), UNEP (2009)

Table 5.2 Technological options for C sequestration in soil (t/ha/year). Source UNEP (1997)

Technological options Temperate climate Tropical and subtropical

Humid Semi-arid Humid Semi-arid

1. Conservation tillage 0.5–1.0 0.2–0.5 0.2–0.5 0.1–0.2
2. Mulch farming(4–6 Mg/ha/year) 0.2–0.5 0.1–0.3 0.1–0.3 0.05–0.1
3. Compost (20 Mg/ha/year) 0.5–1.0 0.2–0.5 0.2–0.5 0.1–0.2
4. Elimination of bare fallow 0.2–0.4 0.1–0.2 0.1–0.2 0.05–0.1
5. Integrated nutrient management 0.2–0.4 0.1–0.2 0.2–0.4 0.1–0.2
6. Restoration of eroded soil 0.5–1.0 0.2–0.5 0.2–0.5 0.1–0.2
7. Restoration of salt-affected soils N/A 0.1–0.2 N/A 0.05–0.1
8. Agricultural intensification 0.05–0.01 0.05–0.1 0.2–0.4 0.1–0.2
9. Water conservation and management 0.05–0.1 0.1–0.3 0.01–0.1 0.1–0.3
10. Afforestation 0.2–0.5 0.1–0.3 0.2–0.5 0.05–0.1
11. Improved pasture management 0.20.05 0.1–0.3 0.1–0.2 0.05–0.1
12. Secondary carbonates N/A 0.0–0.2 N/A 0.05–0.1
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1. conservation tillage and residue management;
2. irrigation and water management systems; and
3. improved cropping systems, including agroforestry.

5.2.1 Conservation Tillage and Residue Management

Conservation tillage (CT) is a method designed to keep most crop residue on the
soil surface. In this way, soil is protected against erosion, and water losses by run-
off and evaporation are also reduced. Reliable data show that traditional intensive
tillage decreases the amount of soil carbon, as it encourages rapid mineralization
of soil organic matter. Fallow periods in rotation have been used in semi-arid
regions to conserve moisture for succeeding crops. However, fallowing, especially
in combination with conventional tillage, exposes the soil to erosion (especially
wind) and creates temperature and moisture conditions that speed up the decom-
position of organic matter in the soil.

Conservation tillage is generally considered to store or build more organic
matter in the soil and provide long-term productivity and sustainability by
enhancement of soil quality and improvement of soil resilience (Reicosky et al.
1995; Grant 1997). Technologies related to conservation tillage have been widely
adopted by farmers in North America and are currently gaining momentum with
farmers elsewhere. About 37% of the land farmed in the USA is now managed
with a CT system, including no-till, minimum-till, and ridge-till methods (Lal et al.
1999). The reduction in costs associated with the application of these methods is
an encouraging advantage for the farmers of the area.

Crop residue is one of the most important conservation tillage factors for
improving the physical and chemical properties of the soil. Residue helps to reduce
surface run-off and soil loss, conserving soil moisture and improving soil micro-
organism populations, soil organic matter content, and soil hydraulic/physical
properties. The effectiveness of residue is linked to the soil topography and soil
slope, as well as to other factors that affect the sustainability of the residue on the
soil surface (Iowa State University Extension 2009).

5.2.2 Irrigation and Water Management Systems

Irrigation, especially in drought-prone soils, can enhance SOC content. Experi-
mental data on the impact of irrigation on SOC dynamics is rare. Bruce et al.
(1999) suggest that conversion of dryland to irrigated agriculture may increase the
SOC content with an average rate of 100 kg/ha/year. Irrigation of soils in arid and
semi-arid regions also affects the SOC pool and its dynamics. This is a complex
issue and very few attempts are being made to increase our understanding of this
aspect of the carbon cycle.

88 A. R. Mermut



5.2.3 Improved Cropping Systems, Including Agroforestry:
Commercial Fertilization

It is obvious that the application of fertilizers (N, P, and K) will increase overall
biomass production, including root biomass. Long-term experimental studies
around the world have clearly proven this. Fertilizers have been in use, especially
for the last 40–50 years, with the aim of increasing food production. We should
recognize that this is a good strategy for increasing food production in developing
countries, which in turn can itself help to stabilize deforestation and to reduce
greenhouse gas emissions. More biomass production means an increased chance of
carbon sequestration. This can also be achieved by other organic inputs, crop
rotation, and agroforestry.

5.2.4 Organic Fertilization and Other Organic Inputs

This includes greens, particularly of the legume species, manure compost, manure
sewage sludge, wood chips, and peat, beside crop residues. Adding organic matter
on to severely eroded soils reduces the risk of erosion by promoting the formation
of aggregates that resist erosion.

5.2.5 Crop Rotation

Crops have different needs, and they also have different effects on the soil. Farmers
rotate the crops so that the plants do not use up all of the nutrients from the soil.
Crop rotation works by farmers alternately planting crops which will aid in
restoring soil fertility rather than planting only crops which deplete the soil carbon.
There are many potential benefits of diversified or complex crop rotations. Crop
rotation also controls diseases and insects. Plants, especially vegetables such as
tomatoes, cauliflower, and cabbage, planted in the same location each year will
encourage the build-up of certain diseases in the soil. By rotating crops, one can
prevent the spread of diseases and viruses. Forage grasses and legumes have
extensive rooting systems that leave large amounts of organic matter. When used
with conservation tillage, crop rotation adds more organic matter to the soil.

5.2.6 Agroforestry

This is a system of combining fast-growing trees with agriculture that includes
growing feed to support livestock (Mergen 1986). It provides a habitat for bio-
diversity and produces goods and services (Winterbottom and Hazelwood 1987).
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This system can substantially increase carbon sequestration (Unruh et al. 1993). It
is a compromise solution between continuous crop production, supporting live-
stock, and carbon sequestration.

The World Agroforestry Centre (ICRAF) has been established at Nairobi in
Kenya specifically to deal with agroforestry. Little is known about carbon storage
within a given time frame (Schroeder 1993). Among the key results one can get
from agroforestry are that it can be applied in all regions (though at different levels
in different regions, e.g. it is more significant in Central America and less so in
East Asia), that tree cover is strongly positively related to humidity, and that there
are mixed relationships between tree cover and population density, depending on
the region (Zommer et al. 2009).

One of the advantages of agroforestry systems is that they provide a more
hospitable environment for biodiversity, both above and below ground. Sanchez
et al. (1996) suggest that substantial biodiversity benefits are likely if agroforestry
covers a large area and is maintained for a relatively long time.

Estimating the potential for increasing carbon sequestration is still difficult. The
flux of carbon among plants, soils, and the atmosphere is not well appreciated.
Understanding how to increase soil carbon stocks in agricultural lands is critical to
increasing the sustainability of food production and the mitigation of degraded
lands, especially in arid and tropical regions.

5.3 Soil Carbon in the Mediterranean Regions

The lands around the Mediterranean are characterized by a wide diversity of soils,
reflecting differences in climate, landscape, vegetation, time, and especially the
long-term influence of human activities. The effect of anthropogenic intervention
on soil organic carbon in these ecosystems is unknown (Munoz et al. 2007).

Erosion has been a dominant factor in shaping landscapes and influencing the
distribution of soils. In the history of soil science, one of the best-known examples
of Mediterranean soil is the famous ‘‘terra rossa’’. However, there are difficulties
with the classification of soils that depends on the observation of variable solum
thickness, evidence of clay transportation within the profile, carbonate content, age
of soil development, and the superimposition of soils representing ancient pedo-
genesis. Therefore, their classification may vary from Regosols or Leptosols to
Luvisols and Vertisols. Understanding the formation and behaviour of Mediter-
ranean soil is a challenge that still requires the thinking of many pedologists
(European Commission—Joint Research Centre. Institute for Environment and
Sustainability 2012).

Strategies for sustainable soil management in Mediterranean regions include
conserving soil organic matter, minimizing erosion, enhancing soil fertility, and
balancing production with environmental sustainability, especially in areas of
drought. As mentioned above, no-tillage agricultural ecosystems have the potential
to encourage carbon flux from the atmosphere to enter the soil, leading to better
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soil use and management. Carbon sequestration is expected to mitigate global
climate change. However, there are many barriers to implementing no-tillage
management practices, especially in the South Mediterranean region. The most
significant barrier is that developing countries in the South Mediterranean are
driven by poverty. Therefore, if no-till soil management is to be used to help
address the problem of global warming, priority should be given to implementing
policies that alleviate poverty and support small-scale farmers (Mrabet 2010).

The impact of a reduction in precipitation on the soil–atmosphere exchange of
net greenhouse gases (including CO2, CH4, and N2) is not well known. Studies in
Mediterranean oak woodlands, which cover a wide area in the Iberian Peninsula,
of intra- and inter-annual carbon balance and variation in CO2 fluxes by Pereira
et al. (2007) showed that seasonal drought and drying-re-wetting cycles are a
major feature in determining the soil–CO2 exchange. Studies by Shvaleva et al.
(2011) in evergreen oak woodlands in southern Portugal confirmed the concept
that seasonally dry ecosystems (Mediterranean) may represent a significant sink
for atmospheric CH4. The study further provided evidence that a decrease of 26%
or an increase of 10% in the ambient rainfall with an annual precipitation of about
500 mm did not significantly affect soil functionality and had a limited impact on
the soil–atmosphere net GHGs.

The Mediterranean region can be considered as a transitional zone between
subtropical and temperate climates, characterized by dry, hot summers and mild,
wet winters. According to the FAO database, the prevailing soil type in the
Mediterranean region is Cambisols, but Fluvisols, Luvisols, and Leptosols are also
quite common. Soils in the Mediterranean region demonstrate a wide variety of
parent materials, drainage conditions, and topography. A large body of information
is now available on soil carbon and carbon sequestration in the Mediterranean
region (Jandl et al. 2011). The Mediterranean region is one of the most densely
inhabited areas of the world and the ecosystems have been exploited from the time
of ancient cultures to the present.

Through the COST 639 action programme, a project was developed to quantify
the soil carbon content of the major Mediterranean ecosystems within the col-
laborating countries. The contribution of wildfires to soil carbon loss and organic
matter decomposition were investigated, together with CO2 soil emissions. The
average soil carbon content to a depth of 30 cm was found to be around 60–70 t C/
ha-1 for forest and rangeland ecosystems. Lower contents were found for agri-
cultural soils. However, surprisingly high values, up to 200 t C/ha-1, were also
reported, which seems to be quite uncommon for dryland ecosystems (Rodeghiero
et al. 2011).

Andreetta et al. (2011), by studying the humus for forms of soil carbon storage
in the Mediterranean forest soils in southern and central Italy, found that a clear-
cut relationship existed between humus form and SOC stock in particular intervals
and in the sites they studied. They suggested that this was due to the dominant
influence of the nature and genesis of the A horizon. They concluded that Mull
humus represents nutrient-rich systems, with a strategy of fast nutrient cycling.
Assuming that the dynamics of nutrients and organic carbon are linked, and
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turnover for organic C is fast, the large carbon stocks of their ‘‘Mull-macro’’ forms
would have resulted from the high net primary ecosystem productivity. They also
concluded that humus forms have a clear potential as indicators of organic carbon
status in Mediterranean forest soils.

Persiani et al. (2008) have studied the relationship between soil fungi species
and soil biodiversity and soil carbon storage. Their study has provided the first
empirical evidence of natural patterns of soil fungal biodiversity and soil carbon
storage in the Mediterranean grasslands at different elevations. They observed an
asymptotic relationship between morphological and functional trait richness and
fungal biodiversity. Even with a limited number of fungal species, it was possible
to attain morphological and functional variability in the soil fungal assemblages in
the grasslands studied. They found that increasing fungal biodiversity and bio-
chemical specialization were related to higher soil carbon storage (at a higher
altitude and lower slope position), even in fenced-off grasslands.

5.4 Examples of Carbon Dynamics Under Different Land
Use Systems

5.4.1 Example from: Temperate Soils of Canada (Acton
and Gregorich 1995)

Canada has two main national objectives in the matter of carbon cycling. These are

1. to determine whether Canadian agriculture is a source or sink of atmospheric
CO2, and

2. to reduce uncertainties about the processes that determine the exchange of CO2

between land and atmosphere.

Quantitative methods were designed to measure carbon stored in the soil under
different management technologies and CO2 release from the cultivated soils. It
was calculated that the amount of CO2 released from the soil, when native Prairie
grasslands were first cultivated, was equivalent to that released by about 10 years
of fossil fuel consumption in Canada. Currently there seems to be a balance
established with the farming system used. Several methods were tested to
sequester atmospheric CO2 in soils and several management options were also
identified in Canada.

The quantification of carbon storage requires many years of studies, as the
altered new system attains a balance between soil carbon inputs and outputs only
after so many years. This is unfortunately one of the problems faced by carbon
sequestration studies. Canada is interested in developing land management sys-
tems that maintain biodiversity, sustainability, and agricultural competitiveness.
There is a desire to eliminate summer fallow and use the land to grow legumes as a
green manure. Canadian ecological conditions allow only one crop a year, and the
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growing season is short due to low atmospheric and soil temperatures. The climate
varies from semi-arid to humid.

About 18 years of tillage treatments of soils from eastern Canada under corn
showed that no-till increased organic matter in the soil (both at the surface and
throughout the soil profile). Table 5.3 shows clearly that organic matter is
increased with no-till treatment.

A study in Saskatchewan also demonstrated the steady increase of soil organic
matter when soil was used for conservation tillage (Fig. 5.2). After 10 years or so,
it seems that organic matter content has reached a steady state. It was found that
the rate of increase varied with regions and soils. The system that uses conser-
vation tillage plus fertilization helps to conserve organic matter in all soils in
Canada.

Using computer simulation models, changes in soil organic matter within the
top 15 cm of the soil layer of virgin soils subjected to 50 years of conventional
tillage, conservation tillage (or no-till), and no-till plus fertilization with nitrogen
at an annual rate of 50 kg/ha were predicted. As can be seen in Fig. 5.3, con-
ventional till without fertilizers predicted further decline in organic matter content.
The rate of decrease slows down with the treatment no-till without fertilizers.
However, with conservation tillage and adequate fertilization, the model predicted
a significant increase in soil organic matter over present-day levels, suggesting that

Table 5.3 Organic matter at two depths after 18 years of various tillage treatments of a soil from
Ontario, Canada under corn. Source Acton and Gregorich (1995)

Tillage system Soil organic matter (t/ha)

0–15 cm 15–30 cm 0–30 cm
No-till 86 65 151
Chisel plough 73 52 125
Disc 74 58 133
Moldboard plough 66 64 130

Fig. 5.2 Effects of no-till on
soil organic carbon within the
top 15 cm of the soil. Source
Acton and Gregorich (1995)
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this combination will sequester carbon with time and consequently increase soil
quality and productivity.

In a long-term study in Alberta, Canada, addition of manure as applied over a
fifty-year period showed that large amounts of organic matter can be placed in the
soil and the difference between manure-treated and non-treated soil was almost
100% (Fig. 5.4). Organic matter increase with manure exceeded the original. The
human-made (anthropogenic) soils in Western Europe are typical examples of
increasing organic matter by the use of farmyard manure.

A long-term study of corn grown in Ontario showed the positive effect of
manure application on soil organic matter and crop yields, especially when corn

Fig. 5.3 Soil organic matter
levels as predicted by
computer simulation models
under three different
management systems. Source
Acton and Gregorich (1995)

Fig. 5.4 Changes in soil
organic matter over 50 years,
with and without manure, in
Alberta, Canada. Source
Acton and Gregorich (1995)
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was rotated with other crops (Table 5.4). Use of forage crops works well in eastern
Canada where there is a livestock industry, but this is not practical where livestock
production is limited.
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Chapter 6
Soil and Terroir

Edoardo Antonio Costantino Costantini and Pierluigi Bucelli

Abstract This review aims to draw together the main traits of an interdisciplinary
research field that bridges different branches of pedology with crop sciences and
food analysis. It introduces the concept of terroir, placing a special emphasis on
research that has investigated the role played by soil on terroir recognition. As the
availability of water and oxygen are the main drivers of the effect of soil on terroir,
a case study is reported that demonstrates the interactions between the soil water
regime and vine phenology and evapotranspiration. Other soil functional qualities
are reported for wine grapes as well for olive oil, apples, oranges, pomegranates,
potatoes, carrots, truffles, beer, cheese, coffee, and tobacco. Soils of the well-
acknowledged terroirs are often characterized by a moderate supply of water,
oxygen, and nutrient, are probably regulated by a specific biodiversity, and are
able to ensure that the target qualitative result is achieved without massive inte-
gration of fertilizers. Thus a challenge for soil scientists is to provide farmers with
the evidence and the tools to enable them to select, maintain, and carefully support
soils of terroir. A special focus is then provided on the new frontiers that soil
sciences can offer in this field of research, and in particular on the new materials
and methods that can be used to understand and measure the soil influence on wine
grape and other quality crops. Advances are demonstrated in: (1) the use of
proximal and remote soil sensors, models, and statistical analysis; (2) the spatial
and temporal assessment of nutrient availability and soil biology; (3) the adoption
of the carbon isotope ratio to assess the stress suffered by the plant during the
growing season; and (4) new methodologies to trace the origin of food.
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6.1 Introduction

Quality crops produce foods that are appreciated for their quality and in particular
their taste. It is well known that the taste of food can be affected by a number of
causes, such as technological process, cultivar, and agro-technique, but there is a
growing awareness that the physical environment of production plays a great role
in food taste. The study of the relationships between the qualities of the physical
environment and the taste of a product is evidence for the existence of a local
positivity of the resources closely connected with the specificity of the environ-
mental characteristics. Such specificity is generally indicated with the term
‘‘cultural vocation’’ and its valorization is considered one of the major aims to be
pursued for the success of modern agriculture in the global market.

The great variability of physical environments can be seen as a constraint on the
production of foods with uniform taste characteristics and which could be easily
recognizable worldwide, but it may also be considered as an opportunity to
increase the ‘‘peculiar taste’’ of each territory. In fact, the singularities of land
components and their functionality in crop quality, when properly known and
managed, make a tract of land ‘‘exclusive’’. This produces in consumers the
awareness that what they are consuming is the fruit of a ‘‘unique’’ combination of
natural land elements and human skills. This awareness adds a non-material value
to the food and fosters public acknowledgement of the ‘‘vocation’’ of a territory.

On top of that, the valorization of the crop vocation of a territory can be one of
the more effective tools for the protection of quality and typicity of foods, as well
as the protection of soil from the risks of its degradation. Awareness that the
quality of a food is closely linked to a particular environment creates the basis of a
general concern for the preservation of the land characteristics and qualities of that
environment. In addition, acknowledging that the farmers and the population of a
territory are particularly careful in the preservation of the land qualities necessary
to the achievement of a high quality of food adds further value to the image of the
agricultural product on the market.

Although already known and formalized in ancient Egypt and Roman classical
times, the modern recognition of the link between soil, climate, man, variety, and
the quality of a food originated in France, and was applied to wine a couple of
centuries ago (Vaudour 2003). This led to the formulation of the concept of
‘‘terroir’’, which has only recently been formalized by the International Organi-
sation of Vine and Wine (OIV 2010). Nowadays, besides wine grapes, there are a
number of other crops for which the ‘‘terroir effect’’ has been demonstrated.

Soil is unanimously considered a major component of terroir, and so this review
deals first with experiences in investigating the role played by soil characteristics
and qualities in the terroir effect. It then focuses on the new frontiers of pedology
in this field of study, and in particular on the new materials and methods that can
be used to understand and measure the soil influence on wine grape and other
quality crops.
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6.2 The Concept of Terroir

The current official definition of terroir says: ‘‘Vitivinicultural ‘terroir’ is a concept
which refers to an area in which collective knowledge of the interactions between
the identifiable physical and biological environment and applied vitivinicultural
practices develops, providing distinctive characteristics for the products originat-
ing from this area. ‘Terroir’ includes specific soil, topography, climate, landscape
characteristics and biodiversity features’’ (OIV 2010) (see Fig. 6.1).

When applied to all crops, a terroir can be defined as a tract of land whose
natural characteristics, namely soil, subsoil, relief, and climate, form a unique
assemblage of factors which give to the agricultural product, through plants or
animals, specific and high-quality characteristics. Man has geared agricultural
husbandry and processing technologies to the particular natural environmental
conditions to enhance the quality of food and confer on it distinctiveness and
exclusivity

A terroir is a delimited area whose size varies according to natural and cultural
factors, and which allows an economic dimension to the production (Vaudour
2002, 2003; Deloire et al. 2005; Van Leeuwen and Seguin 2006). Although the
extent can vary considerably, many terroirs span some tens of hectares (Bodin and
Morlat 2003; Morlat and Bodin 2006; Costantini et al. 2006). Terroirs can be
mapped at detailed or semi-detailed scales (mainly from 1:5,000 to 1:25,000),
delineating lands with homogenous climatic, topographical, geological, pedolog-
ical, and managerial characteristics, with acknowledgment of their origin and
typicity (Bonfante et al. 2011). The terroir concept can not only be related to an
area of already consolidated production, but can also be applied to a territory of
recent development. As a rule, the terroir concept is introduced and popularized
through the creation of an initial terroir with the acknowledgment of high-quality
status within a potentially suitable territory. This implies the need for somewhat
high initial investment.

terroir

Climate

Geology

Soil

Wine 

making

Genetic

Immaterial 

factors

Agrotechnique

Fig. 6.1 Factors of terroir. Source The authors
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6.3 Some Mechanisms Governing the Soil Effect
on Terroirs for Wine Grape

Soil is considered a major component of terroir, and most evidence that relates
wine to the specific soil conditions of the vineyard is empirical (Van Leeuwen
et al. 2004). It has been largely demonstrated, for instance, that the best terroirs for
red wine production are often situated where some soil limiting factors reduce vine
vigour and berry size (Van Leeuwen and Seguin 2006), so that grapes ripen
completely but slowly. These limiting factors may be chemical (poor nitrogen
nutrition or ion antagonisms, for example) or physical (insufficient water supply
during certain phases of the vegetative cycle of the wine).

As a whole, nitrogen nutrition and water supply during certain phases of the
vegetative cycle of the vine are considered essential factors of wine quality. Their
role in determining the terroir effect has been experienced in many wine-producing
areas and with several varieties, such as in France with Cabernet Sauvignon
(Choné et al. 2001), Merlot (Trégoat et al. 2002), and Sauvignon Blanc (Peyrot des
Gachons et al. 2005); in Australia with Sauvignon Blanc (White et al. 2007); in
Hungary with Kékfrankos (Zsófi et al. 2009); and in the USA with Cabernet
Sauvignon and Chardonnay (Chapman et al. 2005; Deluc et al. 2009).

In addition to empirical evidence, a few mechanisms have been understood. In
particular, it has been proved that soil water availability influences the hormonal
equilibrium of each vine variety, which in turn regulates the expression of the
genotype (Champagnol 1997; Van Leeuwen and Seguin 1997).

During the early stage of growing, the rate of shoot elongation follows the
concentration of auxins, gibberellins, and cytokinins (Fig. 6.2). After flowering,
there is a parallel decrease in the quantity of growth hormones and shoot elon-
gation. Veraison is characterized by the increase of ethylene and abscisic acid, and
the consequent rate of berry growth. This continues until a threshold at which
berry growth sharply decreases and juice concentration starts. The further secretion
of ethylene and abscisic acid induces plant ageing, which ends at the stage of the
technological maturity of the grape, and harvest.

Similarly, nitrogen and water supply control the biosynthesis of flavonols
through the activation of the enzyme Phenylalanine ammonia lyase, which diverts
phenylalanine from the pathway that relates carbohydrates to the synthesis of
proteins (Fig. 6.3) (Kao et al. 2002).

Nitrogen, potassium, and phosphorus are the most studied macronutrient in soil-
plant research, and particularly in vine physiology, because they play a major role
in many of the biological functions and processes of both grapevine and fer-
mentative micro-organisms (White et al. 2007; White 2003; Van Leeuwen and
Seguin 2006). Grapevine nitrogen nutrition, in particular, influences quality
components in the grape and, ultimately, the wine. In addition, fermentation
kinetics and formation of flavour-active metabolites are also affected by the
nitrogen status of the must. Plant uptake of soil nitrogen increases berry concen-
tration of the major nitrogenous compounds, such as total nitrogen, total amino
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acids, arginine, praline, and ammonium, and consequently yeast-assimilable
nitrogen (YAN). Intermediate must YAN favours the best balance between
desirable and undesirable chemical and sensory wine attributes (Bell and
Henschke 2005).
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6.4 Other Empirical Evidence of the Dependence
of Vitivinicultural Terroir on Particular
Characteristics and Qualities of Soil and Lithology

In addition to the influence of soil water and nitrogen nutrition, there is an array of
other empirical relationships that prove the dependence of terroir on soil characters
and qualities. Among the most well-known is the effect of soil colour. Colour is
one of the main characteristics of soil. It can differ widely from bright white, as for
some calcareous soils, to red, as in ‘‘terra rossa’’ soils, or black, in soils from slate.
Soil colour affects the quality and quantity of light reflected into the bunch zone
and grapevine canopy, thus influencing grapevine performance. The colour of light
reflected from the soil surfaces appears to be used by the grapevine’s regulatory
system to alter vegetative growth (Witbooi et al. 2008a). In South Africa, with
Cabernet Sauvignon, grey soil surface resulted in higher grape colour at 520 nm,
while the potassium content of the pulp was the highest with red soil surface
treatments (Witbooi et al. 2008b). Stony soils reflect heat if they are pale-coloured.
Well-known examples are the white cobbles of Chateauneuf-du-Pape and the
pebbles at Sancerre (France) and at Monsant (Spain). In contrast, the metamorphic
rocks and grey limestone of Franconia (Germany) provide dark-coloured soils that
warm relatively quickly and store heat, thus promoting ripening in this region
(Maltman 2008). Large thermal effects on soil surface temperature and on berry
skin temperature were found at Geisenheim (Germany) for the vines Riesling and
Pinot noir (Stoll et al. 2008). In the North Willamette Valley (Oregon, USA),
basalt-derived surfaces enhance cytokinin synthesis through spreading the diurnal
heat load (Nikolaou et al. 2000); similar effects arise further north in parts of the
Walla Walla Valley, Washington, USA (Meinert and Busacca 2000).

Another important soil quality is water drainage, which is considered a major
terroir characteristic of the moraine deposits of Fanciacorta (northern Italy) as well
as of many other territories (Panont et al. 1997). A rapid soil water drainage has been
found to affect significantly the precocity of bud-breaking and the intensity of
summer stress.

The results of a vine zoning in Emilia-Romagna (Italy) highlighted the rela-
tionship between lime content in soil and wine colour, structure, and perfume
intensity. In fact, in soils with no or little lime, grapes had lower levels of sugar,
wine colour intensity, and structure. On the other hand, in soils with high active
lime, grapes had a higher sugar and polyphenols content, and wines were full-
bodied and with high colour intensity (Scotti 2006). In addition, studies carried out
in Alto-Adige (northern Italy) with Schiava vines demonstrated that total poly-
phenols of grape increased with the increase of active lime in soil (Fregoni 2005).

The potassium content of soil can have a strong effect on must acidity. In
particular, the vine responds to an over-absorption of potassium by synthesizing
malic acid to neutralize the surplus of K+ ions. The reaction determines the
decrease in acidity and the increase in pH (Hale 1977; Calò et al. 2002). Berry
potassium content has been also related to the pH value of must and some authors
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have suggested that any factor that reduces the photosynthetic activity of leaves
could increase potassium accumulation in berries (Freeman et al. 1982). Such
factors can be water stress, wind exposure, and excessive shading of the canopy, as
with Cabernet Sauvignon in South Africa (Carey et al. 2008).

The most recent research pays attention to micronutrients rather than ma-
cronutrients. In particular, sulphur is an essential constituent of the amino acids
cysteine and methionine involved in the protection of tissues against oxidative
stress (Kopriva 2006), and is involved in the vine’s defence strategy against certain
fungal and bacterial pathogens (Cooper and Williams 2004). Calcium is important
in maintaining membrane integrity. Its deficiency causes cell walls to disintegrate
and membranes to become leaky, which causes cell death (Hirschi 2004). Zinc has
a useful role in protecting the plant against many environmental stresses (Apel
et al. 2004). Manganese was found correlated with phenolics in grape berries
(Bramley and Janik 2005); they found that maps of the concentration of phenolics
in the berries at vintage and of manganese in petioles at flowering were very
similar. Natural abundance of those micronutrients is probably somewhat related
to the determination of the soil effect on terroir.

High soil salinity strongly affects vine performance. Excess of salt has both an
osmotic and a toxic effect, causing reduction in yield, shoot growth, and berry
weight (Lanyon et al. 2004). However, Costantini et al. (2009) demonstrated better
performance of Sangiovese in the Chianti area when cultivated on very fertile but
moderately saline soils, when the salinity was confined to the deep soil horizons.

The geology of a region is also deemed to be an important component of terroir
(Vaudour 2003; Maltman 2008). Geology influences the shape of the landscape,
conferring morphology, typical spaces, and articulations that characterize a pro-
duction district. Geology also influences the morphology of a territory, and thus the
climate of vineyards, through altitude, the aspect of the slope, vicinity to water
bodies, and exposure to dominant winds. At Stellenbosch (South Africa) in partic-
ular, it has been demonstrated that site differences in wind exposure have a stronger
effect on Sauvignon blanc than seasonal climatic differences (Carey et al. 2008).

The nature of rock governs deep drainage, but also the quality of groundwater
and irrigation water. A relevant characteristic of rock is the degree of its resistance
to root penetration. This property derives from rock type, the presence of planes of
weakness, and their spacing and orientation (Myburgh et al. 1996). For instance,
some of the best grapes produced in the Upper Douro area of Portugal, as well as
in Priorat in Catalunya (Spain), Languedoc Roussillon (southern France), and
Chianti (central Italy), are obtained from shallow soils on clay schist (‘‘galestro’’ in
Italian). The foliation of schist provides surfaces for root penetration in an
otherwise impenetrable material.

Furthermore, there is a common assumption that the kind of rock or sediment
determines the physical and chemical composition of the soil of the vineyard
(White 2003).
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6.5 The Role of Terroir in Timing Vine Phenological
Phases

The character of the terroir dictates the phenology of the cultivar. Every variety is
identified by its genetic characteristics, and these influence its vegetative, pro-
ductive, and qualitative behaviour, factors that are more or less stable in different
environments. Many parameters are determined mostly by genetic patrimony, and
particularly by the trends of phenological phases or the basic characteristics of the
cluster and the must (phenolic and aromatic quality and richness, sugar/acid ratios,
etc.). However, different varieties have different reactivity and stability regarding
the cultivation site. In fact, for grapevines, there are varieties that adapt well even
in dissimilar environments, always guaranteeing satisfying results (for example,
Cabernet Sauvignon and Chardonnay, grown worldwide), which interact in a
minor way with the surrounding environment, compared to vine species that
instead readily respond even to small pedological and climatic variations, such as
Sangiovese (Paliotti et al. 2008). The work of soil scientists may be decisive
regarding this second genetic type, avoiding the risk of declassing varieties and/or
environs following bad evaluations. In fact, the vine species can fulfil their
potential only if placed in a suitable area, or on the other hand an environment may
stand out and gain renown only if a suitable vine species is cultivated. The same
considerations may be made for clones and their behaviour.

In the most suitable soils for a certain vine variety, high-quality wines are obtained
every year, in spite of climatic variations (Seguin 1986). Actually, it is especially in
poor years that the superiority of the grand cru becomes most apparent, that is, the soil
attenuates the harmful effects of extreme climatic conditions such as long drought or
heavy rainfall. On top of that, such soils will require minimal chemical addition, an
additional factor in optimizing sustainability (Mackenzie 2011).

Much viticultural zoning has indicated that each single environmental situation
can be evaluated in terms of potentiality regarding the agronomic reference model
and the environmental characteristics that allow its creation. In other words, the
oenological result corresponds to a model of growth and maturation of the plant
determined by agricultural practices, the climate, and the soil conditions. The
evaluation of soils must be carried out in relation to the distance between the specific
conditions and the reference conditions, in other words, as a function of the hin-
drances that the natural conditions oppose to reaching the agronomic objective.

In the Mediterranean environment, the phenology and production potential of
crops are determined most of all by water availability, both in terms of water
available to the plants and of potential, in other words the force with which soil
retains the water. As well as this, vegetation and reproduction of the grapevine,
which renews a good part of its absorption roots each year, is deeply influenced by
the rate of water available during the year. The phenological reference model for
the grapevine is characterized by break of dormancy in the spring, with vegetative
resumption lasting until flowering, after which plant growth slows and then stops
after the veraison. During ripening, growth ceases and there are slight symptoms of
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stress. These springtime kinetics of the aerial part of the plant correspond to a
strong deepening and absorption of the root system, which is followed by a pro-
gressive decrease in activity of the superficial, fine roots that are most responsible
for plant water supply and vigor.

The hormonal equilibrium that regulates the timing of phenological phases is
determined by the competition between hormones produced in the root extremities
(Bahrun et al. 2002). In spring when water is abundant, production of cytokinins is
high and plant growth with it. Cytokinins have been demonstrated to be implicated
in a long-distance signal that communicates nitrogen availability from the root to
the shoot via the xylem (Kudo et al. 2010). Cytokinins are also involved in
primordial branching of grapevine clusters (Srinivasan and Mullins 1980) that
affects cluster size and thus berry numbers.

At the beginning of summer, corresponding with the flower-setting period, water
becomes less abundant and is withheld by soil more tenaciously, in such a way that
the ryzosphere might not be able to moisten even at night. Under these conditions,
synthesis of cytokinins decreases until it ceases, while the production of abscisic
acid is induced, first by the roots, then by the adult leaves (Zhang and Davies 1987,
1989). Thus plant growth is precociously curtailed, in a way that ripening may be
compared to a senescence process, characterized by a hormonal equilibrium in the
vegetation and in the fruits. Water shortage also induces the accumulation of
anthocyanins, tannins, and phenolic compounds in the grape berries, while the
degradation of malic acid is favoured: processes that contribute to determining the
quality of red wines, in particular their fineness and typicality (Champagnol 1997;
Lebon et al. 2003). However, if the conditions of water stress occur too early and too
deeply, particularly between bud-breaking and flowering, they hinder foliage
development and completion of floral organs. The plant is not able to adapt to the
hormonal change and the accumulation of compounds in the fruits occurs in an
unbalanced way (Champagnol 1997; Van Leeuwen et al. 1997). Thus, before ver-
aison, water deficit has direct, immediate, and sometimes irreversible effects on the
quantity and overall quality of production, since the grape during this phase is
involved in an intense activity of cellular multiplication, fundamental for its final
size, whereas after veraison, cell expansion takes place, and controlled conditions of
slight water deficit not only do not compromise the quality and weight of the grape,
but may even lead to a concentration of solutes and a maturation directed more
toward the elaboration and accumulation of compounds essential to the quality of the
grape, such as aromatic fineness (Poni 2007).

6.5.1 A Case Study

The variety Sangiovese has been the object of a wealth of studies dealing with
the relationships between soil and wine (see, for example, Storchi et al. 2005;
Costantini et al. 2012), therefore it can be considered a reference to demonstrate
the performance of red berry vines in different pedoclimatic conditions.
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A long-term experimental study conducted in the province of Siena (Tuscany,
central Italy) demonstrated that the viticultural and oenological performance of
Sangiovese depends on both year-dependent and independent pedoclimatic vari-
ables (Costantini et al. 2008). Figure 6.4 summarizes the behaviour of Sangiovese
cultivated in three soils placed in the same climatic and geological conditions.

The evapotranspiration of vine1 differs according to the hydrological charac-
teristics of the three soils, as well as the gravimetric amount of unavailable2 and
available water,3 and air capacity4 (Costantini et al. 1996).

Cusona soils belong to the Haplic Regosols (Calcaric Arenic) Reference Soil
Group (FAO, IUSS, ISRIC 2006) and have a coarse texture, rapid drainage, and
low available water capacity (AWC). Water consumption through evapotranspi-
ration is prompt and reaches the maximum monthly value in June, but vines suffer
from drought in most years during veraison and ripening (Fig. 6.4, Etc1). The
hydrological monitoring of the soil reveals abundant oxygen availability
throughout the year, but lack of available water in the first 75 cm during August
and early September (Fig. 6.5). Because of the prolonged water stress, accumu-
lation of sugar and polyphenols in berries slows down to a different extent
according to the length and intensity of the water stress, while the malic acid is
consumed instead. The oenological result is therefore much dependent on the
climate, and it is often characterized by wines that are not well-balanced or
suitable for ageing (Fig. 6.6).
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Fig. 6.4 Long-term temperature and rainfall and mean values of water consumption by
evapotranspiration of Sangiovese in three different soils of the province of Siena (central Italy).
Source The authors

1 Estimated with the Epic model (Costantini et al. 2002).
2 Held at tension greater than conventional wilting point, 1,500 kPa.
3 Held at tension between wilting point and field capacity, 1,500 and 33 kPa.
4 Total porosity from bulk density minus pores filled by water at field capacity.
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San Gimignano soils (Haplic Cambisols (Calcaric)) are loamy and well-struc-
tured. They have a fairly good amount of available water and air throughout the
entire crop season (Fig. 6.7). Evapotranspiration is greatest and reaches its max-
imum in August, but then decreases slowly, since the plant continues vegetating
until October (Fig. 6.4, Etc3). The vines tend to produce much biomass, even if
pruned. Grape bunches are too big and berries too large, so that sugar and poly-
phenols content is lower than optimal. Instead, total acidity is too great. The
resulting wine is little structured, not suitable to ageing, and almost every year
penalized at the tasting panel (Fig. 6.8).

The clayey Quercia soils (Vertic Cambisols (Calcaric Siltic)) have well-struc-
tured topsoil but the subsoil tends to be poorly aggregated. Root penetration is
limited in depth because of the lack of oxygen, especially in springtime. During
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Fig. 6.5 Hydrological behaviour of a Cusona soil: air (upper part of the bar), available water
(middle), and unavailable water (lower bar). Source The authors

Fig. 6.6 Cusona soils on marine sands are thin and poorly structured, prone to water erosion;
vines suffer from prolonged summer water stress. Source The authors
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summer, roots must elongate in the lower horizon to extract water, which is rather
strongly held in the micropores (Fig. 6.9). This condition of moderate stress and
limited and slow water uptake corresponds to the phenological model of San-
giovese, with a well-balanced vegetation/bunches ratio, small berry size, rich in
sugar and polyphenols, ensuring good oenological potentiality (Bucelli et al. 2010)
(Fig. 6.10).
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Fig. 6.7 Hydrological behaviour of a San Gimignano soil: air (upper part of the bar), available
water (middle), and unavailable water (lower bar). Source The authors

Fig. 6.8 San Gimignano soils on marine and colluvial sands are very thick, well-structured, and
fertile; vines show excessive vegetation and yield. Source The authors
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Monte soils (Stagnic Regosols (Calcaric, Hyposodic)) are similar to Quercia
ones, but lack the subsurface cambic horizon as a consequence of excessive
bulldozing and earth movement. It is the activity carried out to prepare the fields
for the plantation of tree crops, namely deep ploughing and slope reshaping, which
may cause the outcropping of the salt-affected layers, and the failure of cultivation
(Fig. 6.11). Hydrological monitoring of this soil reveals very harsh conditions for
vine growth (Fig. 6.12). The oxygen deficiency in most of the profile during early
spring, and related colder temperatures, cause delayed vegetative development of
the roots, as well as of the shoots. In this way, when the summer water climatic
deficit starts, roots have not elongated enough to adsorb water from the soil mass,
and vines suffer the most.

In spite of the overall negative effect of an excess of salts on many crops, it has
been demonstrated that a moderate salinity of the deeper soil horizons of the
profile can enhance the oenological outcome of some vine cultivars (Costantini
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Fig. 6.9 Hydrological behaviour of a Quercia soil: air (upper part of the bar), available water
(middle), and unavailable water (lower bar). Source The authors

Fig. 6.10 Quercia soils on marine clays are moderately deep, with slight hydromorphism and
salinity in depth; vines show moderate stress after veraison. Source The authors
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et al. 2010; Scacco et al. 2010). In particular, a moderate salinity in the subsoil
causes a limited physiological water stress during the phase of berry ripening,
which limits the grape yield and improves the quality of the must. This can be
crucial for vine varieties that tend to an excess of vegetation when they are
cultivated on soils that have a large available water capacity, and hence a good
water supply even during the driest part of the growing season.

Fig. 6.11 Monte soils on marine clays are poorly structured and drained, and slightly salty at
shallow depth; vines show the strongest stress. They form as a consequence of excessive earth
movement before the plantation of a vineyard. Salt efflorescence’s and dead vines in the
foreground, leopard-like spots of Sodic soils in the background vineyard. Source The authors
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Fig. 6.12 Hydrological behaviour of a Monte soil: air (upper part of the bar), available water
(middle), and unavailable water (lower bar). Source The authors
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6.5.2 Terroirs of Other Quality Crops

The ‘‘terroir concept’’ has become popular in many parts of world. Originally
developed for wine, it is now applied to many other quality crops such as fruits,
vegetables, olive oil, coffee, cacao, and other food products. In fact, besides wine
grape, there are a number of other crops for which the terroir effect has been
demonstrated.

Olive oil is surely a food where quality plays an important role. Studies have
linked soil and land parameters to the qualitative result of olive production. In
Italy, Lulli and collaborators demonstrated the terroir effect in Calabria and in
Sardinia (Lulli 2004), Tittarelli and others in Latium (Tittarelli et al. 2002), and
Bucelli and collaborators in the province of Siena (Bucelli et al. 2011). Soil
functional factors for olive cultivation were addressed for both site and profile
characteristics. In the former case, elevation and aspect were taken into consid-
eration: elevation was acknowledged very suitable when it was between 200 and
400 m above sea level, and not suitable where it was more than 800 m above sea
level. As for the aspect, south, south-west, and east–west were the most suitable.
Experimental results showed that the olive tree root system needs a good balance
between water and air capacity, and so soils with good or moderate drainage were
more suitable. Soils with poor drainage were prejudicial unless the difficulty in
draining was reduced by good external drainage (run-off).

Soil hydrology was also demonstrated to be functional for olive trees by Chaves
et al. (1976) and Franchini et al. (2009). The available water capacity (AWC), in
particular, was the parameter that most regulated olive tree results, both quanti-
tatively and qualitatively.

Research conducted in Tuscany (central Italy) was carried out to verify the
influence of soil water availability on nutraceutical components and the sensory
profile of the virgin olive oil obtained from rain-fed olive trees (Olea europea) of
the varieties ‘‘Frantoio’’ and ‘‘Moraiolo’’ (Bucelli et al. 2011). Soil moisture was
monitored during climatically contrasting years in two olive groves, both having
plants of the two cultivars which were homogeneous in age, density, and agri-
cultural husbandry. The soils were a Skeleti Calcaric Regosol and a Haplic
Calcisol (FAO, IUSS, ISRIC 2006) with similar chemical characteristics, but
contrasting hydrological properties. The plots had the same morphological and
climatic conditions. Sixteen monocultivar oil samples were analyzed for fatty
acids, minor polar compounds (MPC), and tocopherols, and submitted to the
organoleptic analysis of a panel of trained tasters. The results emphasized the role
played by the soil water regime in the nutraceutical components and sensory
evaluation of the olive oil produced. The soil which had a relatively more intense
and longer water deficit during summer (Regosol) had an earlier ripening and gave
the best results in terms of MPC, in particular oleuropein aglycon, hydroxytyrosol,
tyrosol, and luteolin, and, consequently, anti-oxidant properties of the olive oil.
The sensorial properties of the oil obtained from both cultivars on the Regosol
were superior in both years of trial. Thus, the soil water regime, along with the
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climate of the year, were the most important factors affecting the nutraceutical
components and sensorial quality of virgin olive oil.

In China, Chai et al. (2009) studied the relationship between water and soil
environment and apple quality. They addressed the major factors affecting Fuji
apple quality from groundwater and soil quality, in a case study carried out in Qian
and Baishui counties. The soil and water mineral element concentration and apple
quality traits were tested and analyzed. The result indicates that groundwater and
soil composition were closely correlated with apple quality. Mg, pH, Cu of
groundwater and available K and pH of soil showed strong correlation with total
acid, sugar and acid ratio, and total sugar. From the results, the Fuji apple suit-
ability map, based on soil and water conditions, was achieved.

In China again, Zhang (1966) made a comparison between the nutrients of
different soil parent materials from which oranges with various qualities were
obtained, and demonstrated that oranges with the finest quality occurred in a
particular area that had complex mineral compositions. There was a complex
relationship between orange quality, Mn, Mo, Zn, and Ca content, and the ratios
Ca/K and Mo/N.

The relation between pomegranate quality and the mineral nutrition in soils was
studied in Yuanshi County, Hebei Province (China) (Gao et al. 2008). The results
showed that the quality of sweet pomegranate planted in biotite-plagioclase gneiss
was better than that planted in soils formed on other rocks, and in soils with well-
developed cracks. The higher P, Mn, Zn, and Sr content and lower Ni and Cr
content were correlated with the higher quality of pomegranate planted in biotite-
plagioclase gneiss. Meanwhile, though the K content of biotite-plagioclase gneiss
was lower, it mainly occurred in the delay-effective state and was easily absorbed
by pomegranate. According to an analysis of soil elements, the distribution of
high-quality pomegranate was related to the distribution of P, Mn, Zn, and Sr.

The relationship between soil and potato quality (variety Agria) was studied in
Calabria (southern Italy) in the district of Sila Grande over five years of research
(Lulli et al. 2009). Three soil series were compared: Cecita soil series on fluvial-
lacustrine deposits, made up of gravel, silt, and clay; Sila series evolved on granite,
granite-diorite, mica-schist, and gneiss; and Croce della Palma series on granite,
granite-diorite, quartz-diorite, mica-schist, and gneiss. Potato showed different
quality-quantity characteristics as a function of the soil series. In fact, the soils in
the Cecita area produced tubers of medium texture and graininess, with low
moisture, a fairly strong typical taste, and a chestnut aftertaste, compared to the
soil of the Sila series. The Croce della Palma series also exhibited high variability
of organoleptic characteristics: the pulp varied from slightly tender to slightly firm,
the graininess between slightly fine and fine, and typical taste ranged from slight to
strong. Another soil effect was on tuberization, which occured first in the Sila
series, then in the Cecita, and last in the Croce della Palma series. Soils in Sila
enhanced typical taste and did not exhibit sensations of aftertaste so strong that
product quality was compromised. On the other hand, the sample of potatoes
coming from the Cecita soils showed a weak typical taste. Lastly, a correlation
between the chemical-physical characteristics of soils and potato quality was
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hypothesized: soils rich in organic matter and with a loam soil texture produced
potatoes with an organoleptic profile inferior to those with soils that have a loamy
sand texture, with a medium–low content of organic matter.

Terroir and quality of some vegetables was also demonstrated in France
(Villeneuve 1997), in particular for carrots, where the size of the root was affected
by the texture and structure of the soil. An ‘Extra’ grade was given to carrots
grown in sand. The nutritional value depended on the levels of sugar, vitamin A,
ascorbic acid, and fibre, and uneven mineral levels (boron, P, K, Ca, and B).
A panel of tasters revealed a clear difference in the organoleptic taste of carrots
grown at the Mont-Saint-Michel as compared with those grown in Val-de-Saire,
Nantes, and in the Landes region of France. But other factors could interfere with
the soil effect, such as the year, the cultivar, the fertilization regime, and the time
of harvest.

Among ‘‘niche crops’’, Bragato et al. (2009) reported useful information about
the habitats of the five main edible truffle species (Tuber spp.) in quite well-defined
environments. The edible truffle species require soil softness, good aeration, and
the presence of active lime. These conditions can be found in a large range of soil
environments, but it is the way soil combines these conditions that plays a decisive
role, making a given environment suitable for truffle production. In particular
Tuber magnatum, also termed white Alba truffle, is present whenever a strong
aeration is originated in soil by a noticeable slope or fluvial activity, or pedotur-
bation due to earthworms, mesofauna, human activity, or other factors. This tuber
also requires soil moistening, but does not tolerate water stagnation, so that even
when the distance from perennial streams is very short, soils suitable for the
fungus are always well drained. T. melanosporum, also called Black Norcia or
Périgord truffle, needs a somewhat moist soil, summer being the critical season for
the truffle growth. The loss of water is often limited by the mulching effect of
whitish gravel on the soil surface, or improved by the tuber itself. The suitable
sites are located in quite stable landforms, often where soils have undergone a
partial decarbonization followed by a re-carbonization. Each truffle species has its
own strategy of life, but all of them require moist and draining sub-alkaline soils,
characterized by good aeration, a full base saturation, and the presence of car-
bonates, even if some of their aplotypes tolerate neutral, non-carbonated soils.

Maltman (2004) investigated the effects of geology on brewing. Maltman
explained that geology has far more of a direct influence on beer than it does on
wine. This is because the chemical properties of the water used for brewing are
crucial, and depend on the ground where the water is extracted. Burton-on-Trent
(Staffordshire, England), for example, has ideal brewing water, because it has a
naturally balanced blend of beneficial ions, perfect for brewing pale ales. Other
famous brewing locales such as Pilsen and Budvar (Czech Republic) have suitable
groundwater. Dublin is perhaps the most famous case: everyone goes on about
how Guinness tastes better when it is made from Liffey water. The water used in
Dublin Guinness is taken from the Grand Canal, fed by limestone inputs. This hard
water necessitates the use of dark roasted malts, which thus dictate the style of the
beer.
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For milk and cheese, the word terroir includes physical environments (geology,
geomorphology, and climatology), animals, and humans (Grappin et al. 1996;
Monnet et al. 2000). For several years, research has been carried out to study the
relationship between cheese characteristics and terroir characteristics either using a
global approach or through experimental studies on type of forage, breed of cow,
etc. An extensive study of twenty Comté cheese plants (France) has shown that
there is a close correlation between edaphic and flora characteristics of the pro-
duction areas and the aroma profiles of the cheeses. The influence of pasture
characteristics on the sensory properties of cheese and differences in aroma vol-
atile compounds between mountain and lowlands were demonstrated for different
types of cheeses (Abondance and Gruyère). Comté cheese, made from raw whole
milk with local starter lactic acid bacteria, has been manufactured in the traditional
manner in the French part of the Jura mountains since the thirteenth century. Its
flavour varies not only as a function of grass and hay, but also by geographical
production sites. Connoisseurs are able to identify the origin (terroir) of a certain
number of cheeses. A new method of large-scale cartography (agro-pedological
units) covering twenty cheese cooperatives provided a statistical comparison
showing the different edaphic sectors. A sensory analysis of 106 cheeses from
these twenty cooperatives (summer or winter cheese with three or six months of
ripening) has demonstrated Comté terroirs corresponding to 85 % of the edaphic
sectors.

These sectors are thus equivalent to cheese terroirs. Terroirs of coffee have been
studied in several countries of Central America and North Africa (Montagnon
et al. 2006).

In Honduras a survey was conducted in six areas with a total of fifty-two
sampled plots (Avelino et al. 2001). This survey allowed the relationship between
the environment and the quality of the beverage to be studied through a holistic
approach. The data were analysed by a series of multivariate analyses. The results
showed that the quality of the beverage was especially connected to the altitude of
the plots, rainfall, soil acidity, percentage of shade, yield of the trees, and bean
size. The most appreciated, aromatic, and balanced beverages were associated with
the plantations located at high altitudes (1,115 m on average), with a medium
annual rainfall (1,726 mm), a slightly acid and rich soil, a medium percentage of
shade (48 %), a high yield (464 fruit-bearing nodes per coffee tree), and big beans.
These results allowed zones of quality coffee production to be identified in
Honduras in the areas of El Paraíso, Comayagua, Olancho, and Marcala, but also
allowed the quality to be foreseen by taking into consideration the rainfall, the
yield, and bean size of the year.

The effect of some soil properties on the productivity and the quality of cherries
of coffee in sustainable coffee growth (Coffea Arabica var. tipica L.) were studied
in Mexico (Comeau and Krasilnikov 2006). This study was developed at the
coffee-growing farm of El Sinaí, situated in the eastern part of the Sierra Madre del
Sur in the state of Oaxaca, at an altitude of 800–1,300 m. The climate of the region
is warm humid isothermals with an annual precipitation of 1,800–2,000 mm and a
mean annual temperature of 21–21.9 �C. The coffee was grown under the shade of
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natural vegetation, classified as Tropical Semi-deciduous Forest. Fifteen sites were
selected for this study at each production cycle, and flavour, aroma, body, and
acidity of 225 shrubs of coffee (fifteen coffee plants by site with altitude, relief,
and well-known localization) were measured. The best soils for coffee plants were
deep sandy loam soils with granular structure in the surface horizon, providing
good aeration, moderate infiltration, and pH from 5.0 to 6.0. N, P, and K were the
most important elements for the coffee plant, but physical conditions were the
most important limiting factors.

In Costa Rica two terroirs were examined: Orosi (between 1, 020 and 1, 250 m
above sea level) and Santa Maria de Dota (between 1, 550 and 1, 780 m) (Avelino
et al. 2005). This study assessed the effects of slope exposure, altitude, and yield
on several cup quality criteria of coffees. East-facing slopes gave beverages with
generally superior attributes, probably owing to better exposure to morning sun-
light. A positive relationship was found between altitude and taster preferences in
both terroirs. A negative relationship was also found between yield and beverage
acidity at Santa Maria de Dota, where some coffee trees produced up to 13 kg of
coffee cherry. Coffees from Orosi were characterized by a floral flavour which
depended on slope exposure, whilst coffees from Santa Maria de Dota displayed a
chocolate taste, which was more marked at high altitude. In both terroirs the
caffeine, trigonelline, fat, sucrose, and chlorogenic acid contents were not well
correlated with the sensory characteristics.

A relationship between cup quality of coffee and soil properties was conducted
also in the coffee forest ecosystem of south-western Ethiopia (Yadessa et al. 2008).
Cup quality of coffee depended on different factors such as the type of coffee, soil
conditions, climatic conditions, and processing methods. From seventy-four
sample plots, red cherries were hand-picked and dry-processed, and soil samples
were also collected. Soil texture, cation exchange capacity (CEC), pH, ma-
cronutrients and micronutrients were analyzed. The sensorial analysis was carried
out by five professional tasters. Results showed that the overall cup quality of wild
Arabica coffee was not correlated with total N and available P levels of soil, but
significantly and inversely correlated with the N:P ratio. Generally, coffees with
better cup quality were those collected from plots with higher levels of soil-
available P, K, clay, and silt, but it was inversely correlated with sand content.
Higher levels of soil pH, Mg, Mn, and Zn were also associated with improved
coffee aroma.

Research conducted by Castelli and Costantini (2009) for nine years in forty-
nine plots of flue-cured tobacco around Verona (northern Italy) showed that high
soil macroporosity appears to be the main factor for the success of the crop: the
best yield results were achieved with a soil air capacity of above 30 %. In terms of
physical characteristics, ideal soil will therefore be able to ensure perfect traffic-
ability, optimal oxygenation, good drainage, and deep rooting. Root growth is
encouraged by a low amount of available water so that, at the start of field cul-
tivation in spring, the roots are induced to explore a large soil volume, in order to
ensure the necessary water supply for the plant during its later development. Soil
depth limitations, such as the presence of petrocalcic horizon or peat, were also
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considered. Therefore, to evaluate the suitability of land for tobacco growing, the
focus was placed on functional characteristics, essentially of a physical nature,
which were shown to be particularly important for tobacco cultivation and yield.

6.5.3 State of the Art and Future Challenges in Capturing
the Soil Influence on Wine Grape and Other Quality
Crops

Although it is well recognized that soil is one of the main factors characterizing
terroir, it is also well known that soil properties can vary markedly even within a
single field, so that a vineyard, for instance, can produce two or more contrasting
types of wine. The optimization of agricultural husbandry in relation to soil
characteristics is the main focus of Precision Agriculture.

The adoption of methodologies allowing a detailed knowledge of the spatial
and temporal variability of soil functional properties is a key factor for Precision
Agriculture, along with improvement in the analytical methods that characterize
the crop response to the environment.

New breakthroughs are thus needed for the application of the terroir concept to
different crops and environments, as well as for new technologies and analytical
methods able to capture the soil influence on crop yield and quality.

Promising advances in the adoption of Precision Agriculture are based on: (1)
the use of proximal and remote soil sensors, models, and statistical analysis; (2) the
spatial and temporal assessment of nutrient availability and soil biology; (3) the
adoption of the carbon isotope ratio to assess the stress suffered from the plant
during the growing season; and (4) new methodologies to trace the food origin.

The detailed knowledge of soil functional properties needed to adopt Precision
Agriculture is difficult to achieve with traditional methods. In fact, traditional
monitoring of soil properties is constrained by the number of sites to be sampled
by reason of time-consuming and costly field and laboratory work. At present,
there is a need to introduce and tune new technologies to reduce survey costs. A
strong innovation is constituted by the use of proximal sensors for on-the-fly
monitoring of soil characteristics. From this perspective, soil electrical properties
(electrical resistivity or conductivity) can be considered as a promising tool, able
to represent the basis of complex information for assessing the spatial and tem-
poral variability of many soil physical and chemical properties (e.g. structure,
texture, water content, and salinity). Since the method is non-destructive and very
sensitive, it potentially offers a very interesting way of describing subsurface
properties without digging, with only a few direct observations and laboratory
analysis. Taken as a whole, the maps provided by these field-scale sensors are a
basis for soil-sampling strategies, as they accurately reflect spatial variation.
Additional prospective uses of geophysical survey include assessing the temporal
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impacts of management on soil and controlling spatial variation of both soil
condition and yield potential.

In that regard, the electromagnetic induction (EMI) technique (usually using the
EM38) is the most widespread geophysical equipment, employed over the past
twenty years in agriculture for its easy use and comparatively low cost, although it
requires a calibration every time it is used. Moreover, this technique is iron-
sensitive, so particular attention needs to be paid in a vineyard. Sometimes the use
of invasive geo-electrical instruments is therefore preferred, namely ARP and
Veris, which directly inject electrical current into the soil and measure the voltage
drop. Their calibration is more stable and less sensitive to errors due to soil
heterogeneity, but they are bigger and heavier compared with the EMI sensors.

The measurement of apparent electrical conductivity (ECa) is influenced by
several factors, including clay content (Doolittle et al. 2002), gravel content
(Morari et al. 2009; Priori et al. 2010), soil moisture (Cousin et al. 2009; Tromp-
van Meerveld and McDonnell 2009), salinity (Doolittle et al. 2001), clay-pan
depth (Sudduth et al. 2005; Saey et al. 2009), etc. As the factors affecting ECa are
complex and interrelated, the ECa maps represent a summary of the soil spatial
variability in terms of physical (texture, structure, porosity), hydrological (mois-
ture, drainage, clay-pan depth), and sometimes chemical (salinity) features.

Ground-penetrating radar (GPR) is another non-invasive geophysical tech-
nique for detecting electrical discontinuities in the subsurface. GPR is a high-
frequency electromagnetic method that acquires data quickly and at high spatial
density distribution of the desired property (Clement and Ward 2008). The pen-
etration capabilities of GPR are site-specific and depend upon the frequency
spectrum of the source excitation signal, the antenna radiation efficiency, and the
electrical properties of the subsurface materials (De Benedetto et al. 2012).

The measurement of gamma radiometric emission is another promising tool
that has been recently added to the family of soil-proximal sensors. Being sensitive
to the low-level radiations naturally emitted by K, Th, and U radioisotopes, the
gamma radiometer is able to provide indications of soil water, organic matter, and
nutrients within 30–40 cm of the surface (Wong and Harper 1999).

Visible and near infrared (vis–NIR) spectroscopy too is becoming very
important in the field of soil-proximal sensing, and many portable vis–NIR
spectroradiometers have come on to the market. Vis–NIR spectroscopy can pro-
vide much information about the soil in terms of organic matter, texture, moisture
content, CEC, calcium carbonate, etc., although it must be properly calibrated
(Viscarra Rossel et al. 2009; Stenberg et al. 2010). Libraries containing field or
laboratory-collected spectra can be used to develop models to predict target soil
properties analysed with routine methods—in particular, soil organic matter
(SOM), minerals, texture, nutrients, water, pH, and heavy metals.

Remote sensing and image-processing methodologies to monitor crop vari-
ability, and indirectly soil properties, usually make use of airborne or high-detailed
satellite multispectral images to elaborate the NDVI (Normalized Difference
Vegetation Index) (Pedroso et al. 2010). The NDVI is a numerical indicator that
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shows the intensity of vegetation vigour, linked to both health status and leaf area.
It is the ratio of the reflectance in the near-infrared (rNIR) band to the reflectance
of the red in the visible band (rRED), as follows (Krieger et al. 1969):

NDVI ¼ rNIR - rREDð Þ
rNIR + rREDð Þ

Chlorophyll, the pigment in plant leaves, strongly absorbs visible light (from
0.4 to 0.7 lm) for photosynthesis. On the other hand, the cell structure of the
leaves strongly reflects near-infrared light (from 0.7 to 1.1 lm). The more leaves,
the more these light wavelengths are affected.

Consequently, a well-vegetated area in good health will provide low values of
reflectance in the red channel and high values of reflectance in the near-infrared
channel, which gives a high value of NDVI. On the other hand, in conditions of
poor or no vegetation the NDVI index has a low value. The range of variability of
the index is between -1.0 and +1.0. Crop NDVI, and therefore crop leaf area is
related to the amount of photosynthetically active radiation adsorbed, hence to
fruit characteristics and quality (Johnson et al. 2003).

Besides airborne sensors and sensors implemented on satellites, sensors can
also be mounted on a micro-UAV (Unmanned Aerial Vehicle). Recently UAVs
have become much more widely used and economic. Advances in imaging and
computation have also made spectral imaging techniques more affordable. By
combining these technologies, previously limited to satellite, it is now feasible to
monitor crops to obtain frequent and high-resolution data about vegetation and, in
perspective, soil conditions. In particular, an attempt has been made to equip a
UAV with a multi-spectral imaging system that is able to simultaneously capture
three visible and two near-infrared channels (De Biasio 2010).

An alternative approach to the use of proximal and remote sensors for the
monitoring of soil water balance and its spatial pattern is based on modelling.
There are some examples of empirical or physically-based hydrological models
specifically developed or customized to vine plants. The aim is in most cases the
assessing of water balance at the vineyard (Lebon et al. 2003; Ramos and Mulligan
2005; Van Leeuwen et al. 2009; Valdes-Gomez et al. 2009; Zhou et al. 2007), or
watershed scale (Conan et al. 2003), or the combined simulation of water and
nitrogen dynamics (Nendel and Kersebaum 2004). A number of experiments have
been explicitly carried out on applying hydrological models to representative soil
mapping units for the characterization of terroirs (Costantini et al. 2002; Bonfante
et al. 2011). Bonfante and collaborators, in particular, have integrated the esti-
mation of water stress at the landscape scale, obtained through the simulation of
crop water status within soil units, with other spatially distributed environmental
information, such as soil data, climate, boclimatic index, and potential radiation.

It goes without saying that new statistical methodologies are needed to cope
with the wealth of data provided by the different proximal and remote sensors
entering the field (Bramley and Janik 2005). The density of the data allows for
many descriptors to be calculated over a surveyed area. These descriptors are not
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direct measurements of soil properties, but when related to functional soil char-
acteristics they may provide information relevant for discriminating soils, and
produce prescription maps and management and harvest zones (Fleming et al.
2000, Costantini et al. 2009).

There are several approaches to combining data from multiple sources in order
to make inferences about soil properties. There are various methods for merging
primary and secondary information using multivariate statistical and geostatistical
techniques. Different multivariate extensions of kriging, such as kriging with
external drift (KED) (Bourennane et al. 2000; Bourennane and King 2003; Cas-
trignanò et al. 2009), regression kriging (RK) (Odeh et al. 1995), cokriging (CK)
(McBratney et al. 2000), and factorial kriging analysis (FKA) and factorial dis-
criminant analysis (Taylor et al. 2009; Morari et al. 2009; De Benedetto et al.
2012). An example of harvest zones (HZs) for winegrape obtained by clustering
descriptors derived from different sources is reported by Priori et al. (2013) and
shown in Fig. 6.13. The wines were produced by the same ordinary processes of
the farm cellar and expressed some significant differences between HZs, especially
in terms of colour intensity, polyphenols and anthocyanins content, which were
used by the farm to differentiate the wine marketing.

Fig. 6.13 Maps used for the cluster analysis and harvest zones (HZs). ECa is the apparent
electrical conductivity; SWI is the soil wetness index (from the digital terrain model). NDVI is
obtained from satellite image. The black lines of the HZ maps show the actual harvest areas,
simplified for the manual harvest practices. Source The authors
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6.5.4 Spatial and Temporal Assessment of Nutrient
Availability and Soil Biology

Spatial and temporal assessment of nutrient availability is a new frontier of studies
in determining the influence of soil on quality crops. According to the Precision
Agriculture philosophy, any chemical additive necessary should be precisely
designed and metered to every part of the field, rather than added in a blanket
‘lowest common denominator’ approach (Mackenzie 2011). In particular, reducing
the supply of fertilizers according to the spatial and temporal variability of plant
needs is an additional factor in optimizing crop sustainability (Davenport and
Bramley 2007).

Ideally, soils of the best terroirs should be characterized by a stable and well-
balanced nutrient supply, able to assure the target qualitative result without
massive integration of fertilizers. Moreover, these soils are often characterized by
only moderate chemical fertility. Thus, the farming system should be tailored to
maintain and carefully support an agro-ecosystem, rather than to feed a crop.

In this contest, soil biological activity is deemed to play an important role. In
fact, it is generally accepted that the mineral composition of the solution trans-
ported from the root to the shoot via the xylem, which significantly affects plant
development, primarily depends on the interaction between the physical/chemical
composition of the soil and the biochemical/biophysical nature of the root systems.
On top of that, soil microbial communities surrounding plant roots confer bene-
ficial effects on the plant, such as increased plant growth and reduced susceptibility
to disease caused by plant pathogens.

The analysis of soil biological fertility of vineyards can take different forms.
The parameters most used are soil organic carbon, carbon/nitrogen ratio, organic
carbon mineralization rate, and microbial biomass and respiration (see, for
example, Nendel and Reuter 2007). Although a link between soil biology and
terroir expression is difficult to assess, some preliminary results indicate that in
Mediterranean vineyards better preserved soils are less influenced by environ-
mental variations and show a reduced but more stable biological activity, probably
related to a larger biodiversity (Costantini et al. 1996).

In addition to biochemical analysis, the investigation of microbial community
structure can be accomplished by sequencing and analyzing the whole DNA
directly extracted and purified from soil, the so called ‘‘metagenome’’ (Mocali and
Benedetti 2010).

Investigation of microbial community requires bacterial identification and it can
be easily accomplished by a metagenomic approach, which may follow both
traditional and innovative methods. A preliminary analysis can be carried out by
using traditional molecular methods such as Denaturing Gradient Gel Electro-
phoresis (DGGE) in order to detect the more interesting sample sites. In these
sites, the whole bacterial community can be assessed by a metagenomic approach,
which enables the documentation of microbial diversity by sequencing the PCR
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amplicons,5 obtained using universal primers for bacteria 16S rRNA. Amplicons
of 16S ribosomal RNA are used to generate a library for Next Generation
Sequencing (NGS).

As soil microbial communities are key factors for the biogeochemical cycles of
both macro- and micronutrients, the determination of functional diversity of
microbial communities is also crucial to assessing the best nutrient supply and
balance for the best terroir. Therefore the metagenomic approach, which allows us
to know the phylogenetic composition of the entire microbial community, should
be supported by methods aimed at assessing microbial metabolism and functional
diversity. Once again a preliminary analysis could be carried out through the
application of the Community-Level Physiological Profile, commonly called
‘‘BIOLOG’’ (Garland and Mills 1991). However, the recent development of a new
functional gene microarray technology, the Geochip (He et al. 2007, 2011), offers
a comprehensive tool for investigating biogeochemical, ecological, and environ-
mental processes. This generation of functional gene arrays contains probes cov-
ering approximately 57,000 gene variants from 292 functional gene families
involved in carbon, nitrogen, phosphorus, and sulphur cycles, energy metabolism,
antibiotic resistance, metal resistance, and organic contaminant degradation. It is
particularly useful for providing direct linkages of microbial genes to soil pro-
cesses and functions related to organic matter mineralization. The proposed
methodology will open new insights into a deeper comprehension of soil micro-
biological functions and soil quality, in order to obtain important indications for
optimizing fertilization and soil management.

The study of the soil ecology of terroir should also take into account the
mesofauna. In fact, although the relevance of soil biodiversity is widely accepted
in ecological terms, interactions with the soil factors regulating food quality are
still ignored. Assessing the community of soil micro-arthropod fauna, in particular,
might contribute to the knowledge of agro-ecosystem functions such as decom-
position, nutrient recycling, and the maintenance of physical-chemical properties
such as soil structure (Kladivko 2001). In general, soil invertebrate-based indices
consider the consistency and richness of populations. For example, the presence of
some soil mite groups can represent information useful for assessing quality in
arable farming systems.

Earthworms are another important component of soil mesofauna that might
contribute to characterizing different farming systems. Lumbrices and Enchytreids,
in particular, affect soil structure, carbon, and nutrient dynamics, both directly and
indirectly through their effects on soil micro-organisms. They have been found to
differentiate organic viticultural systems in the terroir of Santorini (2006).

Finally it is worthwhile mentioning hydrolytic enzymes, and in particular cel-
lulase and phosphatase, which are produced by organisms in soil to catalyze the

5 An amplicon is a piece of DNA formed as the product of natural or artificial amplification
events. For example, it can be formed via polymerase chain reactions (PCR) or ligase chain
reactions (LCR), as well as by natural gene duplication.
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decomposition of large organic molecules such as cellulose and inositol phosphate
into smaller monomers such as glucose and phosphate. These enzymes are likely
to control the rate of biogeochemical cycling of elements such as carbon, nitrogen,
phosphorus, and sulphur in soil, and so they are good indicators of soil biological
quality (Dick 1997) and a candidate for terroir indicators.

6.5.5 Carbon Isotope Ratio

Recently, in addition to the more commonly used viticultural indicators, a new
physiological marker has been used for describing the vineyard water regime
during the ripening period, namely the ratio between the two stable carbon iso-
topes 13C/12C, called d13C, measured in the must sugars upon harvesting, or in the
alcohol of the wine produced (Van Leeuwen et al. 2001, 2003; Tregoat et al. 2002;
Costantini et al. 2010). The test is based on the carbon isotope discrimination
phenomenon that occurs during the course of chlorophyll photosynthesis. The
grapevine prefers the absorption of the isotope 12C, because in addition to being
much more abundant in atmospheric CO2 (*99 %), it is also lighter. Therefore,
the sugars formed in the grape have carbon atoms with a higher percentage of 12C
isotopes than atmospheric CO2, and consequently in the grapes the d13C ratio is
lower. In the case of water deficit stress, isotopic discrimination decreases in
intensity. In fact, the leaf stomata close during the hottest part of the day, slowing
the photosynthetic activity; the gaseous exchanges between leaf and atmosphere
are reduced and therefore also the possibility of discriminating the absorption of
the carbon isotopes. In these conditions the d13C tends to grow close to that of
atmospheric CO2 (-8 %).

The isotopic ratio 13C/12C is measured by Isotope Ratio Mass Spectrometry
(IRMS) and the d13C value is expressed as a variable by the thousand (%) in
reference to the international standard V–PDB (Vienna—Pee Dee Belemnite).
Interest in this proxy is due to the simplicity of sampling: it is sufficient to reserve
a representative sampling of the grapes or clusters upon harvesting or during the
course of ripening.

For the vineyard the range of values varies between -21.0 and -28.0 % or
more, and about -26.0 % was considered the threshold value between water
deficit stress and non-limiting water nutrition (Van Leeuwen et al. 2003; Desc-
hepper et al. 2006). In the Chianti area (central Italy), Costantini et al. (2010),
using d13C in zoning vineyards for the Sangiovese vine, were able to infer that the
threshold between good and bad sensory evaluation of wine corresponded to a
d13C value of -26.7 ± 1.2 %. This value might be chosen as a first reference for
the delimitation of Sangiovese terroirs.
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6.5.6 New Methodologies for Tracing Food Origin

A considerable proportion of typical foods, such as dairy products, olive oil, wine,
fruits and vegetables, and cereals are of Mediterranean origin. They are protected by
a ‘denomination of origin’. The analytical methodologies used for the geographical
identification of food products are numerous and for the most part experimental
(Karoui and De Baerdemaeker 2007). The most important are DNA analysis and the
chromatographic, spectroscopic, and mass spectrometry techniques.

DNA analysis, using the DNA-barcoding methodology, allows a fingerprint for
every product to be identified, guaranteeing its origin and quality (Hajibabaei et al.
2007; Kress and Erickson 2008). In fact, DNA sequences, unique to every species
or subspecies, can be utilized like a ‘‘bar code’’ to identify a product by comparing
them with a database containing the sequences of all known species. Therefore, the
identification of so-called molecular markers for the traceability of the agricultural
food chain can become a new challenge for the protection of high-quality products.

Among spectroscopic techniques, nuclear magnetic resonance (NMR), a
physical phenomenon in which magnetic nuclei in a magnetic field absorb and re-
emit electromagnetic radiation, provides information on the molecular nature of
the product and demonstrates many advantages compared with the classic ana-
lytical techniques. It is a non-destructive technique applicable both to liquids
(milk, wine, oil, beverages, etc.) and to solids (meat, meals, bread, cheese, etc.)
using HR–MAS (high resolution–magic angle spinning) drills, without any sample
treatments (Sacchi and Paolillo 2006). This technique allows much structural and
quantitative information about a sample to be quickly obtained. By matching it
with mass spectrometry techniques, it is possible to evaluate the traceability of
many typical products.

Besides IRMS, the most commonly-used techniques in the field of mass spectrometry
are high resolution mass spectrometry (HRMS), thermic ionization mass spectrometry
(TIMS), and inductively coupled plasma—mass spectrometry (ICP–MS).

The study of strontium isotopic characteristics can be an effective method for
the geographic traceability of quality wines (Almeida and Vasconcelos 2001). The
certification of authenticity can concern the production area and have a legal
purpose, but can also be of interest to farms wishing to certify the origin of grapes
from a specific region. In fact, the vine soil inherits own characteristics from
substrate lithology, so the totality of chemical, organic, and geochemical wine
parameters can form its fingerprint and provide a tool of excellent efficacy for
traceability. The low concentrations of mineral substances (ppb-ng/g) are dis-
solved in the wine watery matrix as cations and anions of geological origin,
absorbed by plant roots with nutritive elements and fixed inside the berry structure.
Some earthy-alkaline elements such as strontium (Sr) and rubidium (Rb) are very
important (Boari et al. 2008). The reference concentrations are detectable by
means of instrumentation of very high sensitivity. Although the concentrations are
very low, their relative distribution is strongly related to the mineralogical com-
position of soil and substrate rock. The isotopic composition of some of these
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heavy elements (e.g. 87Sr/86Sr, 143Nd/144Nd) certainly derives from the nature and
age of the rocks which constitute the vineyard’s geological substrate. These
characteristics allow the use of the Rb–Sr isotopic to classify both the geological
clock for absolute rock dating and the petrogenic marker, since every rock on our
planet has a characteristic isotopic 87Sr/86Sr ratio (Fortunato 2004; Kelly 2005).
Therefore, every soil/rock system where a vineyard is planted has its own isotopic
87Sr/86Sr ratio. For instance, a soil on a granite substrate has an isotopic 87Sr/86Sr
ratio [ 0.710 because of the high Rb/Sr ratio of the parent material, which has
determined high production of radiogenic 87Sr. On the other hand, soils on basaltic
and carbonate sedimentary rock—with a low Rb/Sr ratio—have an isotopic
87Sr/86Sr ratio of \0.710. The isotopic 87Sr/86Sr ratio is extremely variable from
rock to rock, but constant for every rock. Finally, this isotopic ratio could be a real
fingerprint of food indicating its origin, and specifying not only the vineyard but
also the area of origin (Boari et al. 2008).

Lanthanides or rare earth elements (REE) have been studied with particular
attention to food traceability (Zhou and Liu 1997; Bontempo et al. 2011). Lan-
thanides are very interesting for their chemical similarity; they are not subject to
selective splitting of concentration from soil to food. So these elements, even if
present in small concentrations (ppb or ppt), can be significantly traceable in food,
with a distribution corresponding to the underlying soil. This could be especially
true for those foods that do not undergo processing before marketing, such as fruit
and vegetable products, but it would be interesting to verify this hypothesis for
products derived from more elaborate chains such as wine, or from intermediate
chains, such as honey. In the field of the wine authentication, there are many
studies based on the determination of the elementary outline, but the study of wine
traceability is more complex (Augagneur et al. 1996; Thiel et al. 2004). The
sample should not have undergone blending, so that the concentrations of the
oligo-elements sought depend only on the soil composition of the region of origin.
For that, it is necessary to use samples made from a single grape variety and to
understand the whole chain from soil to grape, must, and bottled wine. In fact,
many studies have shown that the content of lanthanides decreases in absolute
terms between the different links of the chain, although their distribution tends to
remain constant from soil to must (Rossano et al. 2007). With regard to the change
from must to corresponding wine, a strong uncertainty occurs in the evaluation of
element distribution, certainly connectable to the lowest concentrations of the
same lanthanides in the wines (ng/l of fractions), in particular those at the greatest
atomic weight (Bertoldi et al. 2009).

Analysis of lanthanides was also applied to hazelnut, obtaining interesting
results (Oddone et al. 2009). Hazelnuts resemble mushrooms and truffles as
regards the chain, because there is no intermediate processing between harvesting
and consumption of the product, except possible roasting. However, in hazelnuts
the concentration levels of lanthanides are lower, apparently because the fruit is in
a part of the plant that is far from the soil. On the other hand, the preliminary
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results show significant differences in lanthanides content in hazelnuts harvested in
different areas.

6.6 Conclusions

The best terroirs are rooted in soils that in most years produce a moderate yield but
with good quality, without massive integration of fertilizers and unsustainable risks
to the preservation of soil quality. Centuries of trial and error have led European
farmers to select terroirs as the best pieces of land for a specific crop, and to tune
agricultural husbandry towards the target qualitative result. Then farming systems
have been tailored to maintain and carefully support the agro-ecosystems that have
been created by this harmonic synergy between nature and man.

Nowadays, a shortcut to the selection of land and the tailoring of land man-
agement aimed at developing new premium terroirs is only possible by means of a
thoroughly and detailed knowledge of the different components of terroir, and this
gives a pivotal emphasis to soil.

Spatial variation of soils is often great, especially in Mediterranean countries,
through natural as well as anthropic causes. Setting up methodologies and tech-
nologies capable of detailed mapping of soil functional properties at reasonable
cost and in a reasonable time is certainly one of the main objectives of research in
this field. Much effort is currently being expended to better integrate different
kinds of proximal and remote soil sensors, both with each other and with other
factors controlling the state of the soil (topography, climate, vegetation).

Along with variations in space, knowledge of the modifications of soil charac-
teristics and qualities with time is also essential. The natural seasonality of the
climate, particularly pronounced in the Mediterranean countries, interacts with
cultivation, fertilization, tractor passage, and irrigation to change soil characteristics
and nutrient status during the growing season. The soil monitoring activity should be
able to control the spatial variations of functional characteristics with a particular
frequency, corresponding at least to the most important crop phenological phases.

Spatial–temporal monitoring of soil water status and oxygen availability at a
very detailed scale is still an unresolved issue, especially at high water tension and
in stony and frequently cultivated soils. Similarly, detailed nutrient monitoring is
also difficult to achieve, either in soil or in plants. Here, the need for information
denser than that traditionally attained with ‘‘wet’’ laboratory analysis could be met
by the use of new technologies such as infrared spectroscopy.

Finally, recent breakthroughs in the study of soil biology have opened new
frontiers in our understanding of the mechanisms regulating the effect of soil on
terroir. The metagenome approach, in particular, is a candidate for unravelling the
biogeochemical cycles of both macro-and micronutrients, and shedding more light
on the functional diversity of terroirs.
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Chapter 7
Polygenic Red Calcic Soils in Coastal
Middle Palaeolithic Environments, Israel:
Taxonomy and Pedosedimentary
Reconstructions

Alexander Tsatskin

Abstract This paper reports the results of the ongoing multidisciplinary research
of the Late Pleistocene palaeosol sequences in cemented aeolianite in the Carmel
coastal plain. The sequence at the Habonim quarry (Tsatskin et al. 2009) is pro-
posed as type section for the Habonim pedocomplex, related to the Last Inter-
glacial sensu lato at least. In other localities in the Carmel coast numerical dates
obtained thus far substantially deviate from those at Habonim. Although lacking
the degree of chronological resolution found at the type section, other palaeosols
with Mousterian finds are also polygenetic and include several pedogeomorphic
stages. This allows us to roughly correlate red calcic palaeosols with the Habonim
pedocomplex. Macrorhizoliths embedded in such welded palaeosol sequences are
shown to post-date the major phase of pedogenesis. The major palaeosol at the site
near Atlit is taxonomically identified as polygenetic Hamra or Hamra-Husmas
(Israeli classification), which developed under wetter than today climate, stronger
desert dust deposition, carbonate leaching, and reddening. Before burial, the pal-
aeosol likely developed in an unstable environment under accelerated sand
accretion, plausible dust events, and incipient calcretization. Comparisons with
surface sandy soils, though poorly preserved in the studied area, are attempted.

Keywords: Aeolianite � Hamra � Husmas � Late pleistocene � Carmel coast

7.1 Introduction

During the Quaternary, the Mediterranean coastal plain of Israel underwent cyclic
changes related to fluctuation of climate and sea level. The environmental changes
apparently affected two-sided migrations of anatomically modern humans and
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Neanderthals at the crossroads of the eastern Mediterranean. By the end of the
Pleistocene, *15 ka BP, new forms of settled life appeared in southern Levant
which gradually paved the way for intentional use of soils for food production
(Bar-Yosef and Belfer-Cohen 1989). The suitability of Mediterranean soils for
ancient agriculture was apparently one of the key prerequisites for Neolithic
economy. However, the history of the development of surface Mediterranean soils
is as yet difficult to establish. As Yaalon (1997) pointed out, soils of Mediterranean
climates, in particular terra rossa, are extremely complex open systems with
persistent addition of Saharan dust and a long history of anthropogenic impact.
Hence, archaeology and numerical dating techniques are necessary to obtain a
better understanding of how Earth’s critical zone functions over time (Holliday
2004).

Alternately, soils are one of the best archives of environmental change records,
in particular in loess/soil sequences of the world. However, the significance of
soils and palaeosols in Mediterranean coastal sandy areas, termed Hamra (Dan
et al. 2007; Singer 2007), for reconstructions of palaeoclimate is still ambiguous.
The western part of the Israeli coastal plain is occupied by sand dunes mainly
composed of quartz which is delivered to the shore from the Nile delta by the
eastern Mediterranean currents (Golik 2000). Longitudinal, north–south ridges of
calcareous aeolianite (termed kurkar), cemented in the course of calcareous
digenesis of marine sand, form key geomorphic surfaces in the plain (Tsoar 2000).
In their recent review paper, Sivan and Porat (2004) conclude that kurkar and
Hamra of the coastal plain formed at different time intervals throughout the Late
Pleistocene, and that their formation is not related to any particular climatic event.
This is controverted by Gvirtzman and Wieder (2001) and others.

In this paper, we will show that pedosedimentary sequences in aeolianite in
Mediterranean areas seem to provide important information on Quaternary envi-
ronmental change. We focus on the Late Pleistocene soil development and land-
scape evolution in the Mediterranean coastal plain adjacent to Mount Carmel,
called the Carmel coast (Fig. 7.1). In this part of the plain, abundant exposures of
kurkar, Hamra, and karstic phenomena all are found in road cuts along the Haifa–
Tel Aviv highway and in quarries (Fig. 7.2). In addition to reviewing earlier
studies, this paper reports a new study on soils from the site near Atlit, termed Atlit
Junction Bridge (AJU) in Frechen et al. (2004). Hamra soil in Israeli nomenclature
is an equivalent for Rhodoxeralf (Soil Taxonomy 1999) or Chromic Luvisol (WRB
1998). Numerous Mousterian prehistoric artefacts were found in Hamra palaeosols
of the Carmel coast (Ronen 1977). In contrast to surface Hamra-Grumusol
(Vertisol) catena from Sharon (Dan et al. 1969), Hamra palaeosols in the Carmel
coastal plain are strongly calcareous and have indurated calcarenite in substrate. In
Israeli classification (Dan and Koyumdjiski 1979), calcareous variants of Hamra
are called Husmas. Our goal was to show the palaeo-environmental and strati-
graphic significance of palaeosols in the Carmel area via refinement of palaeosol
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taxonomy and differentiation between diagenetic and pedogenic carbonate. The
age of palaeosols in the AJU site was obtained by luminescence (Frechen et al.
2004), and that of surface soils by the 14C method.

7.1.1 Methods

We studied surface soils and palaeosols in and around prehistoric archaeological
sites earlier described along the Carmel coast (Farrand and Ronen 1974). Buried in
kurkar palaeosols were studied in road cuts of the Haifa–Tel Aviv highway. Field
studies focused on catenary relationships (toposequences) and detailed soil mor-
phology that included description of texture, Munsell colour notation, structure,
abundance and type of neoformations, etc. Total carbonates were measured by
volumetric calcimetry. Particle size analysis was carried out by a hydrometer

Fig. 7.1 Location map of
coastal plain of northern
Israel from Haifa to Hadera
(I––Carmel coast, II––Sharon
coast) prepared on the basis
of the digital shaded relief
map of Israel 1:5,00,000 by
Hall and Calvo. Source This
author
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method after dispersion in calgon. Soil micromorphology was performed on
24 9 36 thin sections, which were prepared after polyester resin #442 plus acetone
impregnation of samples under vacuum. Thin sections descriptions follow Stoops
(2003). Digital colour indices a* (redness), b* (yellowness), and L* (lightness)
were measured by spectrocolorimeter Specbos 4000 (JETI, Jena). Low-field mass
susceptibility at 0.47 (vlf) and 4.7 frequency were measured by Bartington MS2
magnetic susceptibility meter (Oxford, UK). The difference between the two,
frequency-dependent susceptibility (vfd), is a measure of very small superpara-
magnetic (SP) grains (Evans and Heller 2003).

The 14C dates were obtained by accelerator mass spectrometry (AMS) in
Poznan Radiocarbon Laboratory, Poland. The samples were treated chemically
according to the standard AAA (acid-alkali-acid) procedure. After chemical pre-
treatment, the samples were combusted in sealed quartz tubes (with CuO and Ag),
and the CO2 produced was purified and graphitized by reduction with H2, using Fe
powder as a catalyst (Czernik and Goslar 2001).

Fig. 7.2 Field view of a poorly preserved natural maquis upon kurkar ridge near Atlit; b road cut
of leeward side of kurkar at the Atlit Junction Bridge (AJU), 9 km Haifa–Tel Aviv highway;
c exposure of the Habonim pedocomplex in the Habonim quarry (location shown in Fig. 7.1)
showing dark-coloured Vertisol on top and reddish palaeosol in lower part; d macrorhizolith
from the middle part of red palaeosol, shown in Fig. 7.2b, at AJU near Atlit; e karstic cavity filled
with reddish soil material of supposedly Holocene age at the windward side of kurkar ridge near
Atlit *30 ka BP. Source This author
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7.2 Late Pleistocene Pedostratigraphy

7.2.1 Israeli Coastal Plain

The type sections of the Late Quaternary stratigraphic sequence of the Israeli
coastal plain were described and analyzed (Gvirtzman et al. 1998; Gvirtzman and
Wieder 2001) in the central part of the coastal plain, termed Sharon plain
(Fig. 7.1). A thick kurkar at the base of the Late Pleistocene sequence is dated by
luminescence to *53,000 BP and is overlain by the Netanya palaeosol sequence,
that includes from below upward lower Hamra, middle Grumusol (Vertisol), and
uppermost Hamra all covered by a thin kurkar, *5 ka BP.

According to Porat et al. (2004), sand accretion occurred on the Israeli coast
rapidly during the formation of kurkar. However, during Hamra formation and
maturation, deposition of fine dust from distant Saharan sources may have
accelerated (Danin and Yaalon 1982; Yaalon 1997).

7.2.2 Carmel Coast

In contrast, the Carmel coast provides a different pattern of pedosedimentary
evolution. The Carmel coast is the narrowest part of the Israeli coastal plain, with
the one eastern onshore kurkar ridge up to 18–20 m above sea level (Fig. 7.2a, b).
The western kurkar ridges between Atlit and Haifa are now submerged (Sivan and
Porat 2004).

Recently, sedimentological and geochronological studies have been carried out
on the Carmel coast on a systematic basis (Neber 2002; Frechen et al. 2004).
Chronological data showed the existence of several periods of dunes accretion
intermittent with soil formation. However, those periods were inferred not in a
complete stratigraphic sequence but compiled from different sites. The only
exception is the site at the Habonim quarry (Fig. 7.2c; for location see Fig. 7.1).
Within one sequence, a lower reddish palaeosol dated to [100 ka BP (Ronen et al.
1999; Tstaskin and Ronen 1999) grades upward into a Vertisol buried by a young
kurkar, *30 ka BP. Thus, the palaeosol at Habonim is significantly older than that
of the Netanya sequence in the Sharon area. Taking into account also that in the
Carmel coast Middle Palaeolithic tools are occasionally found inside the palaeosol,
and marine deposits related to marine isotopes stage (MIS) 5e are intercalated with
kurkar near Haifa (Neber 2002), one may question the applicability of Gvirtzman
and Wider’s (2001) scheme for the Carmel coastal plain.
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7.2.3 Habonim Pedocomplex

We propose to use the site at Habonim quarry as a type section in the Carmel coast
in which a thick palaeosol sequence formed during the *120–45 ka BP interval
(MIS 5 and 4) and is buried by terminal Pleistocene kurkar. This sequence will be
referred to as the Habonim pedocomplex (Fig. 7.2c). The Habonim palaeosol
sequence is 4.5 m thick, occupies an interdune depression *100 m long, and is
covered by aeolianite dated to *30 ka BP. The sequence is composed of several
contrasting and partially welded palaeosols which are not separated by non-soil
sediments (Fig. 7.3).

The studies of thin sections, environmental magnetism, clay mineralogy, and
the Mössbauer effect have all allowed us to propose a refined Late Pleistocene
evolution of soil and sedimentary processes (Tsatskin et al. 2009). As shown in
Fig. 7.3, the numerical dates are in good chronological order, apart from those in
the lower kurkar. According to the dates, Hamra soil at the bottom of the Habonim
sequence may be related to MIS 5 sensu lato. The sequence shows three peaks of
pedogenic carbonates at 1.5, 2.4, and 4.7 m depth (Fig. 7.3), decrease of magnetic
susceptibility from magnetically enhanced Hamra to the overlying Vertisol, and
an opposite trend for clay fraction amount. In Hamra, ferromagnetic and

Fig. 7.3 Some properties and numerical ages of the Habonim pedocomplex at the type section
related to MIS 5 through 4 (3); 1–sand; 2–kurkar; 3–vertic soil with gley features and
disturbances; 4–dark vertic soil with strong slickensides; 5–polygenic Hamra (typic Rhodoxer-
alf). Source Reproduced with permission of the Journal of Mountain Science
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superparamagnetic minerals accumulated, whilst in younger, poorly drained
Vertisol ferromagnetic minerals underwent reductive dissolution. Significantly, the
input of fines during the prolonged pedogenesis was not uniform, as shown in
Fig. 7.3 by both a slight upward silt/clay ratio increase and a coarsening of wind-
blown magnetic particles. The latter is measured by magnetic grain size param-
eters such as the ratio of anhysteretic remnant magnetization susceptibility (vARM)
to vlf (Evans and Heller 2003), which increases upward.

7.3 Kurkar Ridge from Haifa to Atlit

7.3.1 Surface Sandy Soils

Near Atlit the patches of natural Mediterranean maquis vegetation grow on sandy
soils upon the cemented aeolianite (Fig. 7.2a). Sand mantle has its maximal
thickness on the windward side of the ridge. The surface has an undulating
topography with higher areas alternating with slight depressions in which soil
cover is maximal. On summits, thin soils and kurkar outcrop. Variable thickness of
the soil cover may indicate transport of soil materials from the upper to the lower
areas. The dunes are covered by sparse trees and shrubs such as Olive (Olea
europea) and hairy bow (Callocotome villosa), as well as grain grasses such as
goddess gum (Pistacia lintiscus), shaggy daphne (Thylaea Hirsuta), and others
(see Flora of Israel Online). The area is disturbed by human activity, which is
probably why carob, oak, and other Mediterranean tree species (Kutiel 2001) do
not grow here.

Tracing the surface soil along railroad cuts allowed us to recognize occasional
small-scale epikarstic forms. The karstic cavity (Fig. 7.2e) is filled with red sandy
loam which does not form a horizontal horizon in a surface soil. A similar ponor-
like feature is present in the road cut on the leeside of the ridge (Fig. 7.4).

A representative soil profile 3–10 was dug on the summit of the kurkar ridge
where soil is covered by a sand sheet described below as unit I.

Fig. 7.4 Palaeosol catena at AJU near Atlit [from Frechen et al. (2004) revised] showing 1–10
site on upper slope and 2–10 site in depression; luminescence ages shown for clarity for upper
and lower kurkar, selected from a wide scattering range reported in Frechen et al. (2004); arrow
indicates karstic cavity of complex configuration filled with reddish soil material. Source
Reproduced by permission of the Quaternary International, redrawn with additions
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Unit I. Mantle of loose sand, 0.3–0.4 m thick, 10YR 6/4 light yellowish-brown
well sorted, abounds with marine shell detritus, in other patches more stabilized;
lower contact is sharp, with irregular narrow subvertical fissures to *0.5 m deep.

Unit II includes a soil profile that consists of the following horizons. Ak hori-
zon, 0.2–0.3 m thick, 7.5YR 4/6 strong brown sandy loam, heterogeneous due to
fine mottles of burrowing insects; strong effervescence, loose, some peds are
compacted, porous, abundant rootlets, rare small soft CaCO3 nodules; gradual
transition.

• AB(k) horizon, 0.2–0.6 m thick, 5YR 4/6 yellowish-red sandy loam, finely
mottled due to bioturbation, firmer than above, weak effervescence in spots;
sharp transition.

• B(k) horizon, 0.6–1.2 m thick, 5YR 4/6 yellowish-red sandy loam, firm, structure
poorly preserved, except for occasional 3–5 cm peds, with no lining on walls,

Fig. 7.5 Photomicrographs of some micromorphological features—from surface soil, plane
polarized light (PPL), crossed polarized light (XPL); a at 1 m depth, strongly decayed remnant of
rootlet (1) and calcite shell (2) with signs of recrystallization on lower surface, length of frame
1.01 mm, PPL; b an allochem bound with quartz sand grain by sparite (1) in open porphyric
related distribution pattern, length of frame 1.01 mm, XPL; from youngest kurkar in a surface soil
substrate; c juxtaposition of sparitic matrix with embedded sand-sized grains with isopachous
rims (1) and dense micritc matrix with less abundant coating-free grains (2), length of frame
2.54 mm, XPL; d micritic matrix with 10 % embedded quartz in rhizolith, note abundant
dissolution cracks and planes with recrystallization of calcite into microsparite, as well as a
specific clay-coated rounded sand grain (1) whose origin is explained in the text, length of frame
2.54 mm, XPL. Source This author
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finely mottled, fine porosity, weak effervescence in spots; underlain by
cemented kurkar.

Analytical measurements are in good agreement with field observations
showing that a mantle of loose sand with 87.7 % sand, 41.1 % CaCO3, and a
negligible vlf value of 3.3 9 10-8 m3 kg-1 (Table 7.1) strongly differs from the
underlying soil. The Ak horizon shows 0.93 % organic matter (OM), maximal in
the profile, and appreciable carbonate content (8.9 %), the latter significantly
lower than that in the cover sand sheet. In contrast, lower horizons show gradual
decrease in OM, sharp decrease in total carbonate, twofold and more increase in vlf

values. The latter coincides with high values of a* redness index, which equals
13.07 units in the lowermost B horizon at 1.0 m depth. In thin sections soil
material has a loose structure up to 40 % pore space with abundant channels, and
consists of diffuse crumbly peds, with isotropic organic-clay mass lining sand
grains. Abundant organic residues, some strongly decayed, are found throughout
(Fig. 7.5a). Small, *0.5 mm sparitic nodules that bind quartz grains and remnants
of a dissolving bioclast occur (Fig. 7.5b). Recrystallized calcareous bioclasts are
normally embedded in isotropic calcite-free matrix. The soil is characterized
overall by an immature stage of carbonate development.

Although the surface sandy soil may be defined as Regosol, the lower B(k)
horizon of strong red colour, as confirmed by spectral indices (see above), may
have constituted the relict of earlier stronger Hamra. However, the AMS 14C dates,
spanning a *1,000 year interval (Table 7.1) seemingly rule out the latter possi-
bility. On the other hand, the whole profile shows signs of strong biological
burrowing by small insects (ants, nematodes) and penetration by deep rootlets,
which may have persistently rejuvenated the 14C activity. As emphasized by Paton
et al. (1995), bioturbation in sandy soil materials is a powerful near-surface pro-
cess in coastal settings worldwide.

7.3.2 Red Calcic Palaeosols with Mousterian Artefacts

The Mousterian type artefacts are found here in the upper part of the palaeosol, as
in other Carmel localities. Figure 7.4 shows a palaeosol catena from the 1–10 site
on the upper slope to the 2–10 site in an interdune depression in the AJU site. The
samples from upper and lower kurkar were dated by luminescence and results
showed surprisingly large scattering (Frechen et al. 2004). Because of this we
selected two dates that were the most realistic in our opinion to be shown on
Fig. 7.4. The dates provide a decisive criterion to assign to the palaeosol at the
AJU site a stratigraphic position younger than the Habonim pedocomplex (Frechen
et al. 2004). Let us look at the properties of the 1–10 palaeosol more closely. The
1–10 site has the following morphology (depth from the upper contact).

ABk1 horizon, 0–0.5 m, 5YR 5/6 yellow red sandy loam, compacted, porous,
strongly calcified in the form of impregnations along pores with diffuse boundary
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and hard small CaCO3 concretions, as well as rhizoliths ranging from *1 cm in
diameter to *4 cm thick (Fig. 7.2d); gradual transition.

ABk2 horizon, 0.5–0.9 m, 5YR 4/6 yellow red loam/sandy clay loam, strongly
compacted, some large wedge-shaped peds; strongly calcified with mycelium
forms prevailing, in contrast to upper horizon, though carbonate concretions
3–5 cm in size are scattered throughout, at 0.7 m depth below the upper contact,
some 2.5YR 4/8 red decalcified burrows (krotovinas) *6 cm thick are found,
gradual transition.

BCk horizon, 0.9–1.2 m, 7.5YR 4/4 brown loam, firm, heterogeneous due to
large calcrete-like concretions, gradually turning into carbonate crust-like horizon
overlying indurated aeolianite (kurkar).

The palaeosol (Table 7.2) consists of upper sandy loam with 68.2 % sand and
29.8 % clay in the uppermost horizon at 0.2 m depth, and a loam with only 52.2 %
sand and 41.8 % clay at 1.1 m depth. The uppermost horizon is enriched with
carbonates (10.5 %), whose amount drops to 2.4 % in the middle of the profile and
increases again at the bottom where calcrete-like nodules abound. Redness index
a* has high values in the middle of the profile and reaches maximum in a rodent
burrow filled with non-calcareous red loam (14.54 units). Magnetic enhancement
with v values, varying in the range 80–95 9 10-8 m3 kg-1, characterizes both the
middle and the lower part of the profile, substantially dropping to
64.5 9 10-8 m3 kg-1 at the uppermost sand-rich calcareous horizon. Although
Munsell readings are similar in a surface soil and a palaeosol, digital colour indices
indicate that in surface soil the reddest B horizon is slightly less red and sub-
stantially darker than in the red palaeosol, with *13 a* vs. 14.54a* and 40.41 L*
vs. 37.61 L*, respectively (Tables 7.1 and 7.2). Note that white colour has L* of
100 units.

In contrast, the 2–10 site in the depression (Fig. 7.4) is characterized by a
palaeosol whose upper horizons show low a* colour index and depleted magnetic
susceptibility (Table 7.2). This is explained by intense dissolution of ferromag-
netic minerals under reduced conditions in Vertisols (Tsatskin et al. 2009).

In sum, field observations along with analytical properties are not conclusive
enough for taxonomic identification of red palaeosols in the 1–10 section because
of the abundance of carbonate. According to accepted criteria (Dan and Koyum-
djiski 1979; Gvirtzman and Wieder 2001), genetically similar soils with strong
reddening of the fine mass are classified Hamra, if leached from carbonates, and
Husmas, if an appreciable amount of CaCO3 is contained in the fine mass. In
addition, the palaeosols described here are found above an indurated aeolianite, as
is the case in many localities in the coastal plain. As suggested by Yaalon (1967),
aeolianite is rather a substrate for red palaeosols and not their parent material. In
order to elucidate these questions we focus on soil micromorpholgy with special
attention to secondary carbonate.
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7.3.3 Secondary Carbonates

In the Carmel coast, Neber (2002) described several types of aeolianites on the
grounds of sedimentary bedding, type and extent of cementation, development of
rhizoliths, and epikarstic features of cavernous weathering. Within the study area,
Neber differentiated between massive, nodular kurkar (Fig. 7.2b, top) and kurkar
with cross-bedded foresets in a leeward position (Fig. 7.2b, bottom). He also
attempted to distinguish between phreatic and vadose meteoric type of digenesis.
However, calcareous cement in aeolianites is strongly variable at a local level
(McLaren and Gardner 2004), depending on texture, plant cover, exposure to sea
spray, etc.

In thin sections a massive calcarenite is almost devoid of marine bioclasts
let alone tiny fragments of foraminifera, algae, and shells. The fabric is constituted
by well-sorted sand grains of quartz coated with isopachous micritic rims which
are embedded in either micritic or more often microsparitic cement (Fig. 7.5c).
Generally, grains with isopachous rims are taken as a diagnostic feature for a
meteoric vadose diagenesis. In addition, some denser, rounded patches show later
diagenetic transformations (Fig. 7.5c, bottom) recognizable as dissolution of is-
opachous rims and formation of clean microsparitic calcite overgrowths in cracks
and vughs (Fig. 7.5d). We diagnose such patches as evidence for root casts (rhi-
zocretions) apparently from vegetation supported by a dune. The formation of
rhizocretions results from the precipitation of carbonate from saturated solutions
that migrate downward. This means that surface karstic processes may have
occurred at the time of later diagenesis of kurkar.

7.3.4 Pedogenic Carbonate

Studies in the micromorphology of secondary carbonate in Mediterranean soils by
Wieder and Yaalon (1974, 1982) showed that (1) in clayey soil materials carbonate
normally precipitates in micrite form, and (2) nodules containing skeletal grains
and diffuse boundaries (orthic) formed in situ while nodules free of skeletal grains
(allothic) were rather transported by colluviation. Recent studies of larger soil
nodules also demonstrate the importance of distinct stages of secondary carbonate
development related to environmental change (Tsatskin et al. 2009).

The 1–10 palaeosols in AJU contains (1) small-sized, poorly consolidated
carbonate; (2) macrorhizoliths similar to those described by Khadkikar et al.
(2000) and Alonso-Zarza et al. (2008) either in vertical or inclined configuration
(Fig. 7.2d; and (3) large crust-like concretions at the base of the soil profile. The
macrorhizoliths are tentatively attributed to a development stage no higher than
stage II (Gile et al. 1966).

Thin sections confirm the analytical data that soil carbonates peak both in the
upper and lower parts of the profile, while the middle part is practically leached
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Fig. 7.6 Photomicrographs of the Habonim pedocomplex at the 1–10 site near Atlit; plane
polarized light (PPL), crossed polarized light (XPL); a dense porphiric distribution pattern of well
sorted sand-sized quartz unevenly distributed in brown red groundmass with some curved planes
in the major decalcified phase of red palaeosol, at 0.7 m depth, length of frame 2.54 mm, PPL;
b allotic micritic nodule *0.7 mm in size coated (1) with illuviated dusty brown (aged) clay
from the red calcic palaeosol of the final stage of pedocomplex development at 0.3 m depth,
length of frame 1.01 mm, XPL; c juxtaposition in macrorhizolith of dense brown-stained micrite
in which sand grains are coated with microsparite recrystallized in a perpendicular to grain
surface fashion (1) grades to strongly reworked and recrystallized microsparite groundmass (2)
enriched with strongly fragmented clay coatings; note gradual vanish of sparite-coated quartz,
length of frame 2.54 mm, PPL; d diffuse Fe–Mn impregnations in the micritic-microsparitic
brown stained groundmass of macrorhizolith, length of frame 1.01 mm, PPL; e strong strial b-
fabric (1) of the lower horizon of pedocomplex with discontinuous (probably disrupted) micrite
coating (2) around pores at 1.2 m depth, length of frame 1.01 mm, XPL; f complex calcite nodule
at 1.2 m depth in which strongly fragmented aged clay coatings are embedded along with
microsparite coated quartz in dense micrite matrix (1), note the lining (2) composed of clean
equant sparite grains *90 lm, length of frame 1.01 mm, XPL; more explanation in text. Source
This author
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(Table 7.2). In the decalcified middle part of the profile, where a* redness is
maximal and reaches *14.5 units, the microfabric shows porphyric related dis-
tribution with subangular to subrounded sand-size quartz grains, averaged 0.1 mm
in size, embedded in a red-brown groundmass with striated-speckled b-fabric
(Fig. 7.6a). Abundant curved planes delineate incomplete spheroidal peds. Sig-
nificantly, these features, albeit highly developed, were described by Kapur et al.
(1997) in surface Vertisols in the eastern Mediterranean. In contrast, the upper part
of the profile (Fig. 7.6b) containing *10 % carbonate shows allothic nod-
ules *0.7–0.8 mm in size coated with brown–red clay. Allothic nodules are an
indication of erosion/deposition apparently at the final stage of pedocomplex
development. Dusty clay coatings surrounding skeletal grains, as well as juxta-
position of clay illuviation features upon allothic nodules, indicate that clay
infiltration post-dates calcification. In other words, upper calcareous palaeosol was
forming upon mature vertic-like Hamra after a period of time elapsed. Unfortu-
nately the resolution of numerical dates (Frechen et al. 2004) is too low to assess
the duration of the gap between upper and lower soils, which eventually welded.

Macrorhizoliths show an extremely complex microfabric, in fact, consisting of
several superimposed types, e.g. (a) very dense micrite nodule with sand grains
coated with clear microsparite rim, reminiscent of later diagenesis in rhizoliths
found in kurkar (see Fig. 7.5b, c) microsparite/sparite mass incorporating tiny
fragmented remnants of red-brown aged clay coatings (Fig. 7.6c). Within the
macrorhizolith we observed several nucleation centres that eventually welded. The
(b) type is evidence for partial dissolution of micrite and destruction of a rhizolith
seemingly due to the onset of environmental change of wetter conditions, deeper
percolation of clay suspensions, and stronger hydromorphism, revealed by occa-
sional diffuse iron-manganese impregnations (Fig. 7.6d). The presence of a frag-
ment with fabric typical for kurkar allows us to suggest that the microrhizolith
studied incorporates a remnant inherited from an episode of kurkar accretion
which post-dates the major soil phase and predates the final soil phase.

The lowermost horizon of the 1–10 profile in thin sections is represented as a
juxtaposition of (a) strongly strial b-fabric of clayey mass and scattered thick
distorted micritic coatings probably due to shearing (Fig. 7.6b, e) micritic-sparitic
nodules of complex morphology. Figure 7.6f demonstrates juxtaposition of vari-
ous calcite forms within a complex nodule, which suggests a sequence of devel-
opmental stages related to carbonate precipitation, its partial dissolution, and
finally formation of an infilling with clean equant sparite.

7.4 Discussion

7.4.1 Calcareous Features Confirm Palaeosol Polygenesis

The strongly developed Habonim pedocomplex in its type section, composed of
two/three contrasting accretionary palaeosols, likely developed under conditions of
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persistent aeolian-colluvial deposition during the *120–45 ka time interval. In
contrast, palaeosols at the site near Atlit are strongly welded and calcareous, and
their numerical dates do not provide evidence for the duration of pedogenesis
comparable with the Habonim pedocomplex. However, despite this, we propose to
correlate the AJU welded palaeosol sequence with the Habonim pedocomplex.

This correlation is derived primarily from the complex polygenetic nature of a
palaeosol sequence near Atlit, despite its shallowness. From the data on palaeosols
elsewhere it is known that preservation of thick pedocomplexes that record dis-
crete soil episodes is dependent on geomorphic conditions and on dust deposition
rates (Fedoroff et al. 2010). It is not surprising then to find better ‘‘developed’’
pedocomplexes, e.g. on lower slopes and shallow depressions, as at Habonim
(Tsatskin et al. 2009), which contrasts with palaeosol development near Atlit.

Juxtaposition of various microfabric types in macrorhizoliths that abound in the
middle part of the pedocomplex (not on top) provides convincing evidence of their
post-pedogenic origin in relation to the major phase of Hamra formation. They
probably started to form during the gap in pedogenesis which marked the phase of
accelerated sand accretion and continued into the next pedogenic episode. There
were clear differences between those soil episodes in the intensity of carbonate
leaching such that the younger episode was strong calcification whilst the major
red palaeosol was strongly, yet not completely leached from carbonate. Recall that
the major red palaeosol contains some stained micitic coatings in pores, occa-
sionally distorted by shear stress, which by itself may be a sign of polygenesis of
‘‘lower hierarchy’’.

7.4.2 Palaeosol Taxonomy

Hence, the welded Habonim pedocomplex at the site near Atlit allows us to
provide records of at least two discrete pedo-episodes—a major one and a final
one. Between two episodes of pedogenesis a substantial period of time may have
elapsed. The major palaeosol can be defined as Hamra (typic Rhodoxeralf) or
Hamra-Husmas (calcic Rhodoxeralf) on the grounds that abundant carbonate in a
major Hamra palaeosol was found to be unrelated to this pedogenic episode. In
contrast, the final episode of soil formation is a less developed calcic red palaeosol,
whose analogues we attempted to find among surface soils of the Israeli coastal
plain.

Taxonomic identification of surface soils at the AJU locality turned out to be
contentious due to their general similarity with poorly developed sandy Regosols,
which is supported by young 14C AMS. However, at *1 m depth, Regosols show
a developed soil horizon with a* redness *13 units that is quantitatively similar to
strongly red palaeosols in the 1–10 site (see Table 7.2), carbonate leaching, and
feeble development of few calcite nodules. In contrast, assuming the post-pedo-
genic origin of strong calcareous concretions in an ancient red palaeosol, the latter
should be viewed as incomparably more advanced stages of red soils development

150 A. Tsatskin



than preserved surface Regosols. In addition, taking micromorphological features
as the key criteria, we see very advanced stages of red and yellow clay illuviation,
their strong, intimate incorporation of ageing clay coatings in the groundmass, i.e.
those criteria thoroughly elaborated by Fedoroff (1997) to define the mature stage
of red Mediterranean soils. We have to remember that under neutral pH of red
soils, clay coatings, albeit accumulating in B horizons, normally disintegrate in
soil with high bioactivity, neutral pH, and possible CaCO3 impact, undergo ageing,
and are eventually incorporated into the matrix providing e.g. strial b-fabric
(Stoops 2003).

7.4.3 Pedosedimentary Stages

In specific geological settings, red Mediterranean soils are increasingly understood
as pedosedimentary sequences (Priori et al. 2008), particularly in coastal envi-
ronments (Gvirtzman and Wieder 2001; Tsatskin and Ronen 1999). A new site at
AJU clearly shows that during the major phase of Hamra formation the land
surface seems to have aggraded slowly through dust deposition apparently from
expanding/shrinking desert areas in the southern Levant in the earlier part of the
Late Pleistocene and eventual dust imbedding in the soil profile (Yaalon 1997;
Frumkin and Stein 2004). Since this palaeo-Hamra, as shown below, is by far
much more strongly developed than the surface soil, the environment of soil
formation was of stronger than present-day wetness and of denser vegetation. We
also assume that this prolonged period was not completely stable, thus allowing for
fluctuations in the groundwater table which created a sort of vertic behaviour in the
Hamra soil.

Significantly, at the final stage of pedogenesis surface stability was likely
disrupted, primarily due to coastal sands that started encroaching upon the surface
of Hamra. We believe than no direct analogues from modern coastal settings may
be selected for final pedogenic episodes roughly dated to MIS 4 or maybe later. On
the basis of specific clay coated grains in thin sections, we follow Fedoroff et al.
(2010), who also interpret them as formed via the interaction of fine dust and sand
grains during rainstorms. Hence, environmental deterioration and probably dryness
occurred, when, although reddening and illuviation ensued in soil, deposition of
aeolian and colluvial sand increased, while macrorhizoliths and overall calcreti-
zation accelerated.

7.5 Conclusions

The new palaeopedological data from a new site near Atlit in the Carmel coast
allows us to tentatively correlate a palimpsest of a shallow palaeosol sequence
here with the highly resolved thick Habonim pedocomplex, notwithstanding
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chronological discrepancies existing thus far. Such interpretation has become
possible through the refinement of palaeosol taxonomy and the establishment of
palaeopedological stages. Such an integrative style of research seems critical for
the better understanding of both present landscape processes and for the more
rigorous applicability of palaeosols in coastal stratigraphy.

The resolution of fine changeability within the broad time interval spanned
since the MIS 5 through 4 or 3 is not high in AJU, in contrast to Habonim. This is
the result of low deposition rate and/or stronger erosion, as elsewhere in Quater-
nary environments.

The most important implication of this stage of the research is identifying that
enhanced calcareousness in the Late Pleistocene strong red palaeosol is rather of
post-pedogenic origin, unrelated to the major phase(s) of the Habonim pedo-
complex development. The impressive macrorhizoliths developed here not earlier
than the final stage of palaeosol development. Hence taxonomic identification of
the major polygenetic palaeosol as typical Hamra or transitional soil type from
Hamra to Husmas is justified.

Once again refined genesis and stadiality of palaeosols seem more effective as
an explanation of pedogeomorphic variations between the Atlit site at AJU and
Habonim than previous interpretations of their different chrono-stratigraphical
position. However, we are fully aware that additional sequences are needed to
confirm or disprove the interpretation presented for the Carmel coast.
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