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Foreword

International concern in scientific, industrial, and governmental communities over
traces of xenobiotics in foods and in both abiotic and biotic environments has
justified the present triumvirate of specialized publications in this field: comprehen-
sive reviews, rapidly published research papers and progress reports, and archival
documentations. These three international publications are integrated and scheduled
to provide the coherency essential for nonduplicative and current progress in a field
as dynamic and complex as environmental contamination and toxicology. This
series is reserved exclusively for the diversified literature on “toxic” chemicals in
our food, our feeds, our homes, recreational and working surroundings, our domes-
tic animals, our wildlife, and ourselves. Tremendous efforts worldwide have been
mobilized to evaluate the nature, presence, magnitude, fate, and toxicology of the
chemicals loosed upon the Earth. Among the sequelae of this broad new emphasis
is an undeniable need for an articulated set of authoritative publications, where one
can find the latest important world literature produced by these emerging areas of
science together with documentation of pertinent ancillary legislation.

Research directors and legislative or administrative advisers do not have the time
to scan the escalating number of technical publications that may contain articles
important to current responsibility. Rather, these individuals need the background
provided by detailed reviews and the assurance that the latest information is made
available to them, all with minimal literature searching. Similarly, the scientist
assigned or attracted to a new problem is required to glean all literature pertinent to
the task, to publish new developments or important new experimental details
quickly, to inform others of findings that might alter their own efforts, and eventu-
ally to publish all his/her supporting data and conclusions for archival purposes.

In the fields of environmental contamination and toxicology, the sum of these
concerns and responsibilities is decisively addressed by the uniform, encompassing,
and timely publication format of the Springer triumvirate:

Reviews of Environmental Contamination and Toxicology [Vol. 1 through 97
(1962-1986) as Residue Reviews] for detailed review articles concerned with
any aspects of chemical contaminants, including pesticides, in the total environ-
ment with toxicological considerations and consequences.



vi Foreword

Bulletin of Environmental Contamination and Toxicology (Vol. 1 in 1966) for
rapid publication of short reports of significant advances and discoveries in the
fields of air, soil, water, and food contamination and pollution as well as method-
ology and other disciplines concerned with the introduction, presence, and effects
of toxicants in the total environment.

Archives of Environmental Contamination and Toxicology (Vol. 1 in 1973) for
important complete articles emphasizing and describing original experimental
or theoretical research work pertaining to the scientific aspects of chemical
contaminants in the environment.

Manuscripts for Reviews and the Archives are in identical formats and are peer
reviewed by scientists in the field for adequacy and value; manuscripts for the
Bulletin are also reviewed, but are published by photo-offset from camera-ready
copy to provide the latest results with minimum delay. The individual editors of
these three publications comprise the joint Coordinating Board of Editors with
referral within the board of manuscripts submitted to one publication but deemed by
major emphasis or length more suitable for one of the others.

Coordinating Board of Editors



Preface

The role of Reviews is to publish detailed scientific review articles on all aspects
ofenvironmental contamination and associated toxicological consequences. Such
articlesfacilitate the often complex task of accessing and interpreting cogent
scientificdata within the confines of one or more closely related research fields.

In the nearly 50 years since Reviews of Environmental Contamination andToxi-
cology (formerly Residue Reviews) was first published, the number, scope, andcom-
plexity of environmental pollution incidents have grown unabated. During thisentire
period, the emphasis has been on publishing articles that address the presenceand
toxicity of environmental contaminants. New research is published each yearon a
myriad of environmental pollution issues facing people worldwide. This fact,and
the routine discovery and reporting of new environmental contamination
cases,creates an increasingly important function for Reviews.

The staggering volume of scientific literature demands remedy by which data
canbe synthesized and made available to readers in an abridged form. Reviews
addressesthis need and provides detailed reviews worldwide to key scientists and
science orpolicy administrators, whether employed by government, universities, or
the privatesector.

There is a panoply of environmental issues and concerns on which many scien-
tistshave focused their research in past years. The scope of this list is quitebroad,
encompassing environmental events globally that affect marine and terrestrialeco-
systems; biotic and abiotic environments; impacts on plants, humans, andwildlife;
and pollutants, both chemical and radioactive; as well as the ravages ofenvironmen-
tal disease in virtually all environmental media (soil, water, air). Newor enhanced
safety and environmental concerns have emerged in the last decade tobe added to
incidents covered by the media, studied by scientists, and addressedby governmen-
tal and private institutions. Among these are events so striking thatthey are creating
a paradigm shift. Two in particular are at the center of everincreasingmedia as well
as scientific attention: bioterrorism and global warming.Unfortunately, these very
worrisome issues are now superimposed on the alreadyextensive list of ongoing
environmental challenges.

vii



viii Preface

The ultimate role of publishing scientific research is to enhance understandingof
the environment in ways that allow the public to be better informed. Theterm
“informed public” as used by Thomas Jefferson in the age of enlightenmentcon-
veyed the thought of soundness and good judgment. In the modern sense, being*“well
informed” has the narrower meaning of having access to sufficient information.
Because the public still gets most of its information on science and technologyfrom
TV news and reports, the role for scientists as interpreters and brokers of
scientificinformation tothe public will grow ratherthan diminish. Environmentalismis
the newest global political force, resulting in the emergence of multinational con-
sortiato control pollution and the evolution of the environmental ethic. Will the new-
politics of the twenty-first century involve a consortium of technologists and
environmentalists,or a progressive confrontation? These matters are of genuine
concernto governmental agencies and legislative bodies around the world.

For those who make the decisions about how our planet is managed, there is
anongoing need for continual surveillance and intelligent controls to avoid endan-
geringthe environment, public health, and wildlife. Ensuring safety-in-use of the
manychemicals involved in our highly industrialized culture is a dynamic chal-
lenge, forthe old, established materials are continually being displaced by newly
developedmolecules more acceptable to federal and state regulatory agencies, pub-
lic healthofficials, and environmentalists.

Reviews publishes synoptic articles designed to treat the presence, fate, and,
ifpossible, the safety of xenobiotics in any segment of the environment. These
reviewscan be either general or specific, but properly lie in the domains of analyti-
cal chemistryand its methodology, biochemistry, human and animal medicine,
legislation,pharmacology, physiology, toxicology, and regulation. Certain affairs in
food technologyconcerned specifically with pesticide and other food-additive prob-
lems mayalso be appropriate.

Because manuscripts are published in the order in which they are received infinal
form, it may seem that some important aspects have been neglected at times.
However, these apparent omissions are recognized, and pertinent manuscripts are-
likely in preparation or planned. The field is so very large and the interests in itare
so varied that the editor and the editorial board earnestly solicit authors andsugges-
tions of underrepresented topics to make this international book series yetmore use-
ful and worthwhile.

Justification for the preparation of any review for this book series is that it
dealswith some aspect of the many real problems arising from the presence of for-
eignchemicals in our surroundings. Thus, manuscripts may encompass case studies
fromany country. Food additives, including pesticides, or their metabolites that may
persistinto human food and animal feeds are within this scope. Additionally, chemi-
calcontamination in any manner of air, water, soil, or plant or animal life is within
theseobjectives and their purview.



Preface ix

Manuscripts are often contributed by invitation. However, nominations for
newtopics or topics in areas that are rapidly advancing are welcome. Preliminary
communicationwith the editor is recommended before volunteered review
manuscriptsare submitted.

Summerfield, NC, USA David M. Whitacre
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2 J. Hammer et al.
1 Introduction

Plastics are one of the most widely used materials in the world; they are broadly
integrated into today’s lifestyle and make a major contribution to almost all product
areas. The typical characteristics that render them so useful relate primarily to the
fact that they are both flexible and durable. These characteristics are very useful
when plastics are used in everyday life. But when plastics are discarded into the
environment they can persist for very long periods of time. Because of their nearly
indestructible morphology and the toxins they contain, plastics can seriously affect
ecosystems (UNEP 2005).

The biggest mass of plastic debris occurs in the oceans’ major gyres (Moore
et al. 2001). Herein, the rotation of ocean currents catches any sea debris that floats
and moves it to the vortex center, where it accumulates. Currently, the plastic debris
patch in the North Pacific Ocean covers an area as large as France and Spain together.
This debris constitutes particles that have diameters as small as several millimeters
to big plastic-filled “ghost nets” having a weight of 2,000 kg. This debris affects all
ocean life, and because we are at the top of the food chain, it affects humans too.

The aim of this review is to address and answer the following questions from
information sourced largely from scientific reports and the mainstream scientific
literature: What are plastics actually? What happens when they are discarded? How
do plastics pose a threat to organisms in marine environments, and what are the
solutions to the plastic debris problem?

2 Facts About Plastics

2.1 History of Plastic

The term plastics comes from the Greek word “plastikos” meaning “fit for mold-
ing,” and refers to the plasticity of these materials during their manufacture (Liddell
et al. 1968). Nowadays, plastics' is the term applied to a wide range of synthetic
organic compounds that are produced by polymerization, and these consist of many
repeating units (monomers) that come together to create copolymers. The plasticity
of plastics allows them to be pressed or extruded into many different shapes and
forms. Because of their sometimes infinitely long molecular structures, they can be
very flexible and strong.

Plastics have been developed to replace depleted natural resources since ancient
times. Polymers were used in 1600 B.C. by the ancient Mesoamericans, the first to

'The term plastics refers to a large number of synthetic organic compounds that have a polymeric
structure and the ability to be cast in various shapes. However, the term plastic only refers to the
plasticity of a material.
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process natural rubber, to make figurines and bands (Hosler et al. 1999). Several
semisynthetic plastics like polystyrene (PS) and polyvinyl chloride (PVC) were
discovered in the nineteenth century, which marks the beginning of the plastic era
(Ebewele 2000). Initially, plastics could not be used in commercial products because
of their often rigid and brittle structure. This changed in 1909, when the first true
synthetic phenol-formaldehyde plastic material (Bakelite) was discovered and was
used in many different products, from telephone handsets to engine parts (Groot
2009). Later, in 1926, the modern form, PVC, was created as a plasticized polyvinyl
chloride (vinyl), and in 1933 polyvinylidene chloride (PVDC), or Saran, was intro-
duced by Ralph Wiley (Morris 1986).

Polyurethane (PUR), a flexible foam, was invented in 1937. In 1938, polystyrene
(PS) became commercially practical and was used in peanut packaging; in this same
year, polytetrafluoroethylene (PTFE) or Teflon was invented by Roy Plunkett. In
1939, nylon and Neoprene were invented by Wallace Carothers. Polyethylene
terephthalate (PET), also known as polyester, was introduced by John Rex Whinfield
in 1941. Polyester is primarily used in the manufacture of beverage bottles
(PackagingToday 2009).

World War II increased the worldwide demand for plastics because copper, alumi-
num, and steel became so valuable for military use. Thereafter, plastics quickly gained
use as a manufacturing material, and consequently material manufacturers, machine
builders, and mold-makers flourished (Beall 2009). After the Second World War
ended, civilian outlets were needed for plastics to keep the factories in business. The
market was rapidly overwhelmed with plastic products, which were regarded by soci-
ety to be “cheap and disposable.” In 1979, the plastic production in the USA exceeded
that of steel production. Hence, one could conclude that World War II changed the
world and started the age of the plastic industry (Beall 2009; Morris 1986).

In 1951, high-density polyethylene (HDPE) and polypropylene (PP) were
invented and were employed for use in making water jugs and hula hoops. In 1954,
Styrofoam was invented. Styrofoam is a trademark for extruded polystyrene foam
and weighs 30-fold less than normal polystyrene foam. Thermoplastic polyester,
which is based on polybutylene terephthalate (PBT), was introduced in 1970. This
thermoplastic polymer is used as a material for high-quality, highly stressed engi-
neering parts in many industrial sectors as a result of its high strength and good
stability at high temperatures (Beall 2009).

2.2 Production

Plastics are produced by the conversion of natural products or by synthesis from
primary chemicals, generally from oil, natural gas, or coal (Morris 1986; Thompson
et al. 2009b). After conversion by a compounder fabric, the plastics become build-
ing materials for thousands of plastic products that are used worldwide. The fabrics,
which give shape to plastics and are used to produce plastic products, are called
“converters.” The most economical way to ship large quantities of a solid material
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Fig. 1 World plastics production from 1950 to 2009 in millions of tons (PEMRG 2010)

from a compounder to these converters is in pelletized form (Ogata et al. 2009).
Plastic-producing manufacturers utilize a form of preproduction pellets that are
called “nurdles.” Nurdles are about 5 mm in diameter and weight approximately
20 mg each. After production, the nurdles are shipped to converters by rail tank cars
which contain around one billion nurdles per tanker. In the USA, approximately 27
million tons of nurdles are produced annually, which constitute 1.35 quadrillion
granules (EPA 1993). These preproduction nurdles can be subjected to different
manufacturing processes to produce different products (Andrady 2003).

Once plastics became components of building materials that were commercially
used in products and in the construction industry, their production and consumption
increased significantly. The global production of plastics between 1950 and 2009
showed an average annual increase of 9%. In 1950, 1.5 million tons of plastics were
produced and this has increased to 230 million tons in 2009 (Fig. 1). In 2008, the
production dropped by 15 million tons as a consequence of the global financial
crisis (Gioia et al. 2008). In mid-2009, there were signs of a market recovery, and in
2010 the annual production increased to 265 million tons (PEMRG 2011). The current
plastic consumption per capita has grown to approximately 100 kg/year for NAFTA
(North American Free Trade Agreement, including Canada, the USA, and Mexico)
and Western Europe. If the growth continues, projected consumption will become
140 kg per capita in 2015. The biggest potential growth is expected from rapidly
developing countries in Asia and the new European member states.
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2.3 Additives

Plastics can be modified by adding a variety of chemicals (additives) that impart
specific properties for the end product. Additives are specific chemical compounds
that are added to a basic polymer to alter or improve its properties. The use of
common plastics in today’s products would not be possible without the use of such
additives. PVC, for example, is very sensitive to thermal- and photo-degradation
and is not useful without the addition of stabilizer additives, such as antioxidants and
UV stabilizers (ACC 2010; Andrady 2003). Some of these additives, however, may
cause a variety of toxic effects. For example, flame retardants (e.g., polybrominated
diphenyl ethers), which are often added to plastics like PVC, can leach from food
packaging’s into food and are suspected to be endocrine disruptors (Hale et al. 2002).
Phthalates are a widely used group of plasticizing chemicals that are primarily
utilized in PVC polymers. Di-2-ethylexyl phthalate (DEHP) is the major plasticizer
used in medical devices such as blood bags, catheters, and tubing (Koch and Calafat
2009). The primary building block of polycarbonate, bisphenol A, is known to be an
endocrine disruptor, and is often used in food packaging (Nadal et al. 2009). Toxic
metals such as lead (Mcllgorm et al. 2011) and chromium (Cr) can also be present
in polymers. These metals are often used in pigments that are added to plastics, and
are potentially released into the environment (Omori et al. 2011). The toxicity of
plastics and their additives is further discussed in Sect. 4.3.

3 Plastic Debris in the Marine Environment

3.1 Introduction

Plastics are often light, cheap, and durable materials. Because they can usually be
cheaply produced, they are generally used only once and are then thrown away as
litter. The fact that plastics are light and durable causes such litter to accumulate in
landfills, or to be transported from source areas to sinks like the ocean. About 49%
of all produced plastics are buoyant, which gives them the ability to float, and
thereby travel on ocean currents to anyplace in the world (EPA 2008). As addressed
below, a good understanding of the transport and fate of plastics in the ocean can be
gained by categorizing and monitoring the movement of plastic debris.

3.2 Categorization of Plastic Debris

Plastic debris in the environment is routinely monitored to gain insights that concern
the quantity and geography of its distribution. To this purpose, plastic debris is
divided into three classes: macrodebris (>20 mm diameter), mesodebris (2-20 mm),
and microdebris (<2 mm) (Galgani and Lecornu 2004; Thompson et al. 2009b),
although some authors recommend other size limits (Cheshire et al. 2009).
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3.2.1 Macrodebris

Macrodebris relates to the larger parts of plastic debris (>20 mm to several meters).
Large-sized plastic debris may comprise plastic chairs, shoes, car/plane/boat parts,
buoys, footballs, etc. Nearly any object larger than 20 mm that has ever been made
from plastic is found in the oceans. An important, often found piece of macrodebris
is the “ghost net.” A ghost net is an abandoned or lost fishing net that roams the
ocean. A ghost net travels with the currents and tides, continually catching animals
and other macrodebris in its maze, and becomes filled primarily with other plastic
objects. Ghost nets can grow to masses of 6 ton, and are often too heavy and too
large to be removed from the ocean (CGNP 2009).

3.2.2 Mesodebris

Mesodebris often consists of plastic resin pellets, also known as nurdles. Nurdles are
small granules that have the shape of a cylinder or disk, and have a maximum
diameter of 5 mm. The pellets are made as raw industrial material, and are sent to
manufacturers for remelting and molding into plastic products (Ogata et al. 2009).
Because of their small size, nurdles are often accidentally expelled into the environ-
ment during transport and manufacturing. They then travel by surface run-off;, rivers,
and streams toward the ocean. Nurdles are highly persistent, and therefore are widely
distributed in the ocean, and are found on beaches and water surfaces all over the
world (Barnes et al. 2009; Derraik 2002; Edyvane et al. 2004; Ogata et al. 2009).

3.2.3 Microdebris

Microdebris consists of small plastic fragments <5 mm in diameter. Meso- and
macro-debris can fragmentize into smaller bits from the constant movement
and collisions with other plastic debris, or from the influence of UV-radiation and
photo-oxidative degradation (Ng and Obbard 2006; Shaw and Day 1994). These
microdebris fragments can become as small as 2 pm. Other small plastic particles,
also called “scrubbers,” which originate from hand cleaners, cosmetic products, and
airblast cleaning media, have also contaminated the marine environment. Scrubbers
are often contaminated with other chemicals (see Sect. 4.3) and can easily be
ingested by filter-feeding organisms (Fendall and Sewell 2009; Gregory 1996).

3.3 Origin of Plastics in the Marine Environment

The release of plastics into the environment is a result of inappropriate waste
management, improper human behavior, or incidental pollution (Barnes et al. 2009).
Well-operated landfills are closed systems; they are daily covered by soil or synthetic
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materials and are surrounded by fences to hold wind-blown debris in place.
Plastics do not biodegrade and can remain in place for centuries, until they are
burned or used for recycling. The portion of plastic litter that does not reach landfills
will roam the earth’s surface, travelling by wind until it reaches the rivers, and
eventually the sea. Improper human behavior produces such waste, when plastics
are abandoned or are dumped outside licensed collection points or at sea. Incidental
pollution also occurs, and includes the loss of containers at sea (Barnes et al. 2009).

In highly populated areas, land-based sources dominate the input of plastic waste
into the marine environment; ship-generated debris is the major source of marine
debris found on remote shores. The US Academy of Sciences estimated the total
annual input of marine debris into the oceans to be approximately 6.4 million tons.
Furthermore, eight million items of marine litter are estimated to enter the oceans
and seas every day through various sources (UNEP 2005; 2009b).

3.3.1 Ocean-Based Sources

Nearly 5.6 million tons of marine debris every year is estimated to come from
ocean-based sources, which is 88% of the total marine debris input. Daily, about
five million items of solid marine debris are estimated to be thrown overboard or
lost from ships (UNEP 2009b). The main ocean-based sources of such waste are as
follows (Sheavly 2005; UNEP 2001; 2009b).

Merchant Ships, Ferries, and Cruiseliners

These ships are sources for marine debris in the form of household waste, sewage,
cargo, and cargo hold waste (wiring straps, covering material and cargo residues),
packaging material (plastic sheets, boxes), engine-room waste (oil or detergent con-
tainers), and discarded medical and sanitary equipment. The debris is intentionally
dumped for lack of sufficient storage facilities or because of negligence, and some-
times is lost accidently through careless handling or bad weather.

Naval and Research Vessels

Naval and research vessels produce much of the same garbage as do the merchant
ships, ferries, and cruiseliners, but military vessels may also deliberately dump
military items to dispose of them. An example of this is the dumping of old military
equipment in the Marsdiep by the Dutch Navy.

Pleasure Craft

From these craft, primarily household waste, sewage waste, oil containers, and
recreational fishing gear (angling line and weights) are dumped from ignorance,
negligence, or lack of reception facilities in local harbors.
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Table 1 A summary of abandoned/discarded and lost polymer-containing fishing gear from
around the world (taken from articles summarized by UNEP 2009b)

Region Fishery/gear type Indicator of gear loss

North Sea and NE Bottom-set gillnets 0.02-0.09% nets lost per boat per
Atlantic year

English Channel and Gillnets 0.2% (sole and plaice) to 2.11%
North Sea (France) (sea bass) nets lost per boat per year

Mediterranean Gillnets 0.05% (inshore hake) to 3.2% (sea

bream) nets lost per boat per year
Gulf of Aden Traps 20% lost per boat per year
United Arab Emirates ~ Traps 260,000 lost per year in 2002

Sea Area
Indian Ocean
Australia (Queensland)
NE Pacific

NW Atlantic

Caribbean

Maldives tuna longline

Blue swimmer crab trap fishery

Bristol Bay king crab trap
fishery

Newfoundland cod gillnet

Fishery

Canadian Atlantic gillnet

Fisheries

Gulf of St Lawrence snow crab

Net England lobster fishery

Chesapeake Bay

Guadeoupe trap fishery

3% loss of hooks/set

35 traps lost per boat per year

7,000-31,000 traps lost in the fishery
per year

5,000 nets per year

2% nets lost per boat per year

792 traps per year

20-30% traps lost per boat per year
30% traps lost per boat per year
20,000 traps lost per year

Offshore Oil or Gas Platforms

Drill pipes and drill pipe protectors, hard hats, cotton and rubber gloves, storage
drums, oil containers household waste, discarded medical and sanitary equipment
are lost from offshore platforms. The waste is usually dumped on purpose and
sometimes is accidently lost from careless handling or bad weather.

Fishing Vessels

Most ocean-based marine litter is probably represented by abandoned and lost
fishing gear. In areas far away from urban development, discarded fishing gear is
responsible for 50-90% of the total marine debris. Table 1 shows a summary of the
types of abandoned, discarded, or lost gear that reaches the oceans around the world
every year. Among the different forms of discarded marine debris from fishing
vessels are fishing nets, fishing lines, fish boxes, crab and lobster pots, oyster nets,
strings for packaged bait, rubber gloves and of course household waste, oil contain-
ers, and sewage. There are several reasons as to why fishing gear can become marine
litter (UNEP 2009b):

— Fishing gear is abandoned
Some fishing gear and nets are abandoned by their owners and are never retrieved
after falling into the ocean. This generally happens when fishing activities are
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illegal, unregistered, and unreported; illegal gear is often abandoned because
fishing vessels cannot enter a harbor and be seen with this equipment, or to avoid
inspections when fishing occurs in forbidden areas. Finally, abandonment may
result from the lack of time to collect all nets or traps.

— Fishing gear is discarded
Fishing gear is often discarded when damaged; it is often cheaper to discard a
damaged item, than to transfer the gear for onshore disposal. This occurs for
many discarded and dumped marine debris items; it is cheaper and faster to dump
everything overboard than to arrange for onshore disposal.

— Fishing gear is lost
Accidental loss of fishing gear at sea often happens due to gear conflict (nets from
different vessels become entangled with each other), misplaced gear, poor topog-
raphy (nets and traps become struck on the seafloor), and extreme weather.

— Containers are lost

Between 1990 and 2005, 16,625 containers worldwide were reported as lost by
the Institute of Shipping Economics and Logistics (ISL 2009). Transport con-
tainers can contain several thousand pairs of shoes, televisions, or rubber ducks
(Ebbesmeyer and Ingraham 1994); these are generally buoyant, and therefore the
container may open and discharge contents when waterlogged. The loss of
containers at sea is primarily caused by heavy weather (42%) and collisions
between ships (11%). Since the fleet of container ships has grown by 140% since
1994, the chance of losing containers has increased accordingly (ISL 2009).

3.3.2 Land-Based Sources

Approximately 0.8 million tons annually of marine debris, which is 12% of the total
debris input into the oceans, originates from land-based sources, and primarily con-
sists of discarded plastic items (user plastic). In highly populated areas, marine
debris comes primarily from the land. Main land-based sources of marine debris are
as follows (Sheavly 2005; UNEP 2005; 2009b).

Municipal Landfills Located on the Coast

Many poorly managed or illegal landfills on the coast contribute to marine debris
(solid household waste) under the influence of wind, which blows litter into the sea,
or from flooding of the landfill area.

Transport of Waste by Rivers from Landfills, or Any Other Sources
of Debris Along River- and Waterway Systems

Solid household waste and other items are flushed into the river after water levels
rise, or from the influence of heavy rains. Debris could also be blown into rivers or
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illegally dumped (Moore et al. 2005). Moore et al. (2005) quantified the contribution
of plastic particles from two rivers draining a large urban area (Los Angeles).
Samples were taken from different depths in the rivers, and from one moderate and
one heavy rain day, and one dry day. A total of 72 h of monitoring by using a net
resulted in collecting a total of 2,333,871,120 (2.3 billion) plastic objects and
fragments having a total weight of 30,438.52 kg (Moore et al. 2011).

Discharge of Untreated Sewage and Storm Water

In many of the world’s cities, untreated sewage and storm water is discharged into
the rivers and into the sea. Storm water carries solid and liquid items that are thrown
onto streets and are subject to being washed away.

Industrial Facilities

The enormous amount of plastic resin pellets found in the sea today originates from
industrial facilities. Also, untreated waste water from landfills delivers a large mass
of solid material into the sea. Other materials, which originate from industrial
facilities, are packaging material and production scrap.

Tourism

Various kinds of food packages, beverage cans and cartons, toys, and cigarettes are
left at the beach by numerous tourists. This debris often blows into the sea or is
taken off shore by the tide.

In summary, most plastic debris originates from ocean-based sources such as
waste from cruise ships or fishing gear from the fishing industry. Land-based plastic
debris is often only found near highly populated areas.

3.4 Degradation of Plastics in the Marine Environment

Most polymeric materials that enter the environment are subjected to degradation?
that is caused by a combination of factors, including thermal oxidation, photo-
oxidative degradation, biodegradation, and hydrolysis. The common plastics found

2Degradation implies here to the loss of useful properties following chemical changes in polymeric
materials. When plastic material is technically said to be fully degraded, the polymer structure no
longer exists (Andrady 1994).
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in marine environments, however, do not biodegrade and primarily break down
through photo-oxidative degradation. Furthermore, unlike plastics exposed on land,
exposed plastics floating on the ocean’s surface do not suffer from heat build-up due
to absorption of infrared radiation, and therefore barely undergo thermal oxidation
(Andrady 1994, 2003; Andrady et al. 1993). The degradation of negatively buoyant
plastics depends on very slow thermal oxidation, or hydrolyses, as a result of most
wavelengths being readily absorbed by water. Hence, plastics residing in marine
environments degrade at a significantly slower rate than they do on land.
Biodegradable plastics will further be discussed in Sect. 5.

Plastics primarily break down through photo-oxidative degradation, which is
activated by solar radiation. The spectral energy of solar radiation reaching the
earth’s surface ranges between 298 nm in the ultraviolet (UV) region and 2,500 nm
in the near-infrared region. Because short wavelengths contain more photonic
energy than long wavelengths, short wavelengths have a stronger actinic?® effect on
materials and are capable of breaking strong bonds. Therefore, most photo-oxidative
degradation occurs in the UV wavelength range of solar radiation (298-420 nm).
However, regardless of the intensity, a specific wavelength can only cause damage
to a surface when the material is capable of absorbing the specific wavelength. Thus,
the effect of solar radiation on plastic depends on (1) the wavelength and amount of
radiation a polymer is able to absorb and (2) the strength of the chemical bonds
within the polymer (Andrady 2003).

The direct absorbance of solar radiation by a polymer is often determined by the
presence of chromophores*, which can absorb wavelengths longer than 290 nm. Only
aromatic polymers like polyarylate (PAR) and PET contain structural chromophores
capable of absorbing UV radiation. Nonaromatic (aliphatic) polymers, like polyeth-
ylene and PVC, do not contain chromophores and their UV absorbance lies below
the range of the spectral energy of solar radiation. However, most aliphatic plastics
contain solar UV absorbing impurities like catalyst residues, organic contaminants,
and thermal oxidation products attached to the polymer chain, which makes them
sensitive to photo-oxidation. A small amount of radiation absorbed by these impurities
can initiate a rapid free-radical® chain reaction that can cause extensive photo-
oxidation. This reaction causes many aliphatic polymers to be indirectly more sensi-
tive to radiation than aromatic polymers, while the latter are able to directly absorb
much more solar UV radiation (Andrady 2003; Hamidi 2000).

Two major reaction mechanisms occur by which solar radiation can degrade
polymer materials: (1) a reaction is initiated by photolysis of the chromophores as a
result of absorbing UV radiation, which produces a hydroxy radical, and (2) a photo-
oxidative chain reaction is initiated by the energy absorbed by impurities. The radicals

3 Actinism is the intrinsic property in radiation that produces photochemical activity.

* A chromophore is a chemical group capable of selective light absorption resulting in the coloration
of certain aromatic organic compounds.

>A free-radical is a usually short-lived atom or molecule with at least one unpaired electron.
Free-radicals are often highly reactive and unstable.
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Fig. 2 A schematic diagram Solar Ultraviolet Radiation
of polymer degradation l l l l
under the influence of UV

radiation (adapted from

Synthetic Pol
Andrady et al. 1998) ynihetic rolymers

+
Stabilizers, fillers,
extenders and other
additives

!

Light absorption

;

Photolytic reaction
Forming of radicals

v

Oxidation and scission reactions
Discoloration, change in absorbance of UV radiation,
Loss of mechanical integrity, strength and impact properties

created by these two pathways react with oxygen and the polymer to produce
cross-link bonds. Therefore, the polymer loses tensile strength, elasticity, and
stretch; it becomes more brittle and breaks more easily (Andrady 2003; Andrady
et al. 1998). Photolysis of the chromophores reduces coloration and thus causes
bleaching of the polymeric material (Shaw and Day 1994) (Fig. 2). Synthetic poly-
mers are only degraded by solar UV radiation of which the UV spectrum constitutes
only 1%; therefore, degradation of polymers is a long-lasting process. Annually,
ever larger amounts of plastic debris are introduced into the environment than can
be degraded. Therefore, plastics are constantly accumulating in the oceans and in
coastal areas.

It was shown in a recent study (Sivan 2011) that biodegradation of plastic waste
could be possible with selected microbial strains. By incorporating pro-oxidants
(photo sensitizers) into the polymer chain, a photochemical reaction can quickly be
initiated via the catalytic activity of these oxides. This reaction causes oxidative
degradation of the polymeric molar mass and forms oxygenated groups (such as
carbonyl), which are then more easily metabolized by microorganisms. Although
degradation of plastics would still be a long lasting process, microbes would speed
up the process; e.g., after 1 year of natural weathering and 3 months of composting
at 58°C. Twelve percent of the original carbon present in test samples were microbi-
ally mineralized (Sivan 2011).
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3.5 Accumulation of Plastics in the Marine Environment

The persistence of plastics causes them to accumulate in the environment. The mass
production of plastics started in the 1950s. Today, marine debris is dominated by
plastics. It is estimated that half a century ago the amount of anthropogenic debris
in the ocean would have been four orders of magnitude lower than it is today (UNEP
2005). The percentage of plastic fragments that exists in marine debris increases as
the distance from the debris source increases. This characteristic is caused by the
low weight and strength of plastics, which renders them easily transported further
than other debris, resulting in plastic contamination, even in the most remote places
on earth. Plastic objects are primarily found floating on the sea surface or along
shorelines where they have been washed ashore. Research in the North Sea showed
that, of all plastic debris annually dumped in the sea, 15% is floating on the surface,
15% is washed ashore, and eventually, 70% will sink to the sea bottom (Barnes
et al. 2009; UNEP 2001).

3.5.1 Floating Plastic Debris

Many plastic items float, because they consist of light polymeric material, or because
their shapes allow them to trap air (e.g., bottles and bags). Most plastic objects float
until they either become too heavy from biota growing on their surface, or because
they become waterlogged and sink.

Monitoring Floating Debris

The abundance of floating plastic at sea can be estimated by observing large plastic
items or by using net trawls to collect smaller items. The success of visual observa-
tions depends on the number of observers. Rather large areas can be scanned for
debris, especially when aerial observation is performed. Less subjective observa-
tions are made by using net trawls, but these are limited to sampling smaller areas.
Most net trawl samples are taken with a manta trawl, a device which captures
surface debris in a fine mesh net. A manta trawl has a 90-cm wide opening, with a
small collection sock attached to it, which consists of a 0.333-mm mesh net. Another
way to sample is with a 3-m long and 1-cm wide bongo net. This net also consists
of a 0.333-mm mesh size and can be used to take samples from 10 to 100 m depths
(AMREF 2010; Ryan et al. 2009).

Plastics Accumulation at Sea

Floating debris appears to particularly accumulate in oceanographic convergence
areas, enclosed seas, and ocean currents. The North Pacific central gyre, an area of
high atmospheric pressure with a clockwise ocean current, forces debris into a
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central area where winds and currents fade away. This gyre has been widely used
for sampling and investigating plastic debris. Meanwhile, because of the inexorable
accumulation of plastic debris, mostly meso- and micro-plastic particles, the center
of the North Pacific gyre is now known as the Great Pacific “Garbage Patch” or
“Pacific Trash Vortex” (Allsopp et al. 2007).

Moore et al. (2001) used a manta trawl to sample 11 random sites in the eastern
area of the North Pacific central gyre. The individual plastic pieces collected were
segregated by type into five categories: unidentified fragments, Styrofoam fragments,
plastic resin pellets, polypropylene (sailboat) line fragments, and thin plastic film
fragments. The mean abundance of plastic particles in the surveyed area was
334,271 particles/km? with a mass of 5,114 g/km?. The abundance of plankton was
measured to be five times higher than that of plastic, but the mass of the plastic
particles was approximately six times that of plankton (Moore et al. 2001). In 2002,
paired bongo nets were used to sample another area in the eastern part of the North
Pacific central gyre. The nets were brought to a depth of 10 and 30 m. The samples
collected at both depths contained a mean particle density of 0.017 particles/m’, a
factor 100 lower than densities found at the surface of the same sites that were
sampled earlier (Moore et al. 2005).

Another undertaking to observe plastic particle density in the ocean was performed
at the western side of the North Pacific gyre in the Kuroshio Current area (Yamashita
and Tanimura 2007). Here, between April 2000 and April 2001, 76 locations were
sampled using a manta trawl. Plastics were categorized as follows: plastic resin
pellets, plastic products, fragments of plastic products, rubber, fiber, Styrofoam,
plastic sheets (less than 2 mm thick), and sponge. The abundance (0-3,520,000
particles/km?) and mass (0-153,000 g/km?) varied among the locations. The abundance
of plastic particles increased as distance from the shore increased, and the maxi-
mum abundance occurred in the area of the Kuroshio Current, which implies that
this current plays a role in the transport and distribution of plastics from Japan and
Indonesia over the North Pacific Ocean (Yamashita and Tanimura 2007).

The North Pacific gyre is only one of five gyres that are present on earth. The
North Atlantic gyre has also been investigated and research institutions have been
working on mapping their data. The Sea Education Association (SEA) monitored
the North Atlantic gyre for plastics between 1986 and December 2008. More than
6,100 surface plankton net tows were conducted onboard various research
vessels. Sixty-two percent of all tows contained plastics and the largest sample
contained 1,069 pieces, which would equal 580,000 pieces/km. Although plastic
production increased steadily after the year 2000, it is remarkable that this study
showed an increase in the abundance of plastic debris only up to the year 2000,
whereas the period from 2000 to 2008 showed barely any increase in plastic debris
(Law et al. 2010).

The Agalita Marine Research Foundation is an institution that has sent many
expeditions across the North Pacific gyre, and is planning more expeditions to other
gyres like the South and North Atlantic. Nevertheless, abundance information on
the incidence of floating plastic debris in the ocean is very limited. Gaining insights
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into the extent of such floating plastic pollution is almost impossible because of the
immense surface area of the oceans. Nevertheless, the few studies that are available
have produced enough information to suggest that humanity should be alarmed at
the magnitude of floating plastic pollution, and the fact that it has become a serious
waste problem.

In addition, as recently shown (Zarfl and Matthies 2010) plastic microdebris
fragments, termed microplastics, also occur in oceans worldwide, including even
Antarctica, where they are brought by ocean currents.

3.5.2 Plastic Debris Washed Ashore

Plastic debris is very commonly found on many beaches. Much of what is known
about the distribution and origin of plastic debris comes from the monitoring of
debris that has been stranded on beaches.

Monitoring Beach Debris

Surveys of marine debris accumulation on beaches have been used as the most
common way to estimate the load of marine debris at sea, and they can also be used
for public education and environmental awareness. Beach areas are easily accessible,
and permit low-cost monitoring, although obtaining reliable datasets on beach
pollution requires use of the same protocol and sampling methods. Therefore, the
United Nations Environmental Programme and the Intergovernmental Oceanographic
Commission have developed a standardized marine litter sampling protocol
(Cheshire et al. 2009). This protocol includes several important specifications:
beach areas to be surveyed should have a slope between 15° and 45° (shallow
mudflats are not considered sample areas) and should be from 0.1 to 1 km wide. The
beaches should have clear access to the sea and not be blocked by any anthropo-
genic structures. The surveys should be performed every 3 months throughout a
period of 5 years, and the site should not be subjected to any other marine debris
collecting activities. The items collected should be categorized into different classes
by weight, size, and material type (Cheshire et al. 2009).

Plastic Accumulation on Beaches

Quantities of plastic debris items are highly variable over the course of any 1 year
and per location, but numbers of more than 40,000 plastic items (mostly plastic
pellets) per m? are not uncommon (Gregory 1978; Thompson et al. 2009a). The accu-
mulation of plastic debris is greater near densely populated areas and on more
frequently visited beaches; plastic litter on beaches are primarily sourced from
adjoining land areas.
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Ross et al. (1991) studied the sources of persistent marine litter in the Halifax
Harbour, Canada, and concluded that 62% of the total litter, whereof 54% was plastics,
originated from recreation and land-based sources. In contrast, at beaches far
from urban areas, most plastic debris consisted of discarded fishing gear and litter.
Derraik (2002) reviewed studies on the percentage of plastics in marine debris and
concluded that the proportion of plastics varied between 60% and 80% of total
marine debris.

A study in Singapore (Ng and Obbard 2006) showed that plastic microdebris
accumulated in both seawater and in the sediment of Singapore beaches. The
microdebris, containing polyethylene, polypropylene, polystyrene, nylon, polyvinyl
alcohol, and acrylonitrile butadiene styrene, were derived from the physical and
chemical fragmentation of larger plastic debris. The cleaning of such microscopic
items from beaches is almost impossible, and moreover, photo-oxidative degradation
of the debris does not occur because it becomes buried beneath beach sediments. In
another study, performed along the tropical beaches of Northeast Brazil, the quantity,
composition, and distribution of marine debris over a beach area of 150 km south of
Salvador city, was examined. It was observed that at some locations the marine
debris consisted of 90% plastics and Styrofoam. The average density of the debris
was 9.1 items/m? being threefold higher than north of Salvador city, as a result of
the southward littoral drift (Santos et al. 2009).

In 2010, the abundance of plastic particles in Belgian coastal waters and beach
sediments showed a generally high distribution of microplastics (Claessens et al.
2011). Concentrations up to 390 particles/kg dry sediment were observed. The most
abundant particles were plastic fibers (59%) and plastic granules (25%). The study
results suggested that fresh water rivers are a potentially important source of
microplastics, and showed temporal trends of increased microplastics in coastal
sediments.

In a recent study, the effect of small plastic debris on water movement and heat
transfer through beach sediments was investigated (Carson et al. 2011). Sediment
cores from a beach known for plastic accumulation were compared with a beach
where plastics were less common. The great majority (95%) of cores from the
former beach contained plastic particles that were concentrated in the top 15 cm of
the sediment, which sediment was also coarser grained and more permeable.
Artificial cores were constructed that had different plastic-to-sediment ratios, and
adding plastic significantly increased sediment permeability. Furthermore, sedi-
ments that contained plastics warmed more slowly and reached lower maximum
temperatures. These changes can have a serious effect on beach organisms,
including those that have temperature-dependent sex-determination, such as sea
turtle eggs (Carson et al. 2011).

3.5.3 Plastic Debris on the Seabed

Marine debris is found resting or drifting on the seabed at all depths. It is estimated
that in the North Sea up to 70% of marine litter ends up on the seabed.
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Monitoring Debris on the Seabed

Data on the abundance of plastic debris in the benthic environments is still very
limited, and is restricted by sampling difficulties and the costs of research into deep
seabed ecosystems. Therefore, most scientists who have investigated seabed debris
have focused their attention on continental shelves (Barnes et al. 2009). Benthic
litter can be surveyed by using trawls and camera equipment towed behind a boat,
or by direct visual observation by divers. The latter can only be performed in shallow
waters, while trawls can also be used to probe deeper parts of the sea. When obser-
vations are made with towed equipment, like trawls, great care should be taken by
researchers. Such methods can have a huge environmental impact from the by-catch
of fish and the physical damage wrought on the benthic environment. A good
example of this collaboration is the “Fishing for Litter” program. This program
aims to reduce and survey the amount of marine debris by providing fishing boats
with large bags for the deposit of marine sourced litter.

Plastics on the Seabed

In the North Sea, study results have indicated that an average of 110 pieces of debris
per km? occurs on the seabed. If this number is extrapolated to the whole North Sea,
a total of 600,000 m* of marine debris would be present on the seabed. In the
Mediterranean, at a depth of 2,500 m, 300 million pieces of marine debris were
found while surveying France and Corsica (UNEP 2001). In Dutch waters, the
“Fishing for Litter” project has already collected 500 ton of debris between 2000
and 2006. This debris consisted of truck tires, fridges, large tree trunks, packaging
material, lost shiploads, fishing gear, and ropes, among other things (KIMO 2010).

In 2004, the abundance and composition of marine benthic debris was investi-
gated in the eastern Mediterranean on some coastal areas of Greece (Fig. 3). The
mean total density of marine debris was estimated to be 15 items/km?, ranging from
0 to 251 items/km?, with plastics being the dominant form of debris (55.47%)
(Katsanevakis and Katsarou 2004). In a second study conducted in the Patras and
Echinadhes Gulfs of Western Greece, marine debris from fishing boat trawls was
examined. The density of this debris in these two Gulfs was respectively 89 and 240
items per km?. Again, the dominating form of debris consisted of plastic items
(Stefatos et al. 1999).

3.6 Conclusions

Plastics introduced into the environment end up in different debris pools; floating
on the surface, sinking to the seabed or washed ashore (Fig. 4). Floating plastics
appear to accumulate in current waters and are very abundant in the world’s
gyres. Approximately 70% of all floating plastic objects are believed to eventually
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Fig. 3 Accumulation of debris at the seafloor in Mediterranean canyons (a and b; plastic bottles
at 1,000 m depth in the Marseille canyon) and above the polar circle, under an ice sheet (¢ and d;
plastic bags at 2,200-2,600 m depth at Hausgarten, Fram strait) (reprinted with permission from
Barnes et al. 2009)

Fig. 4 A schematic diagram showing the main sources and movement pathways for plastics in the
marine environment: (1) debris washed ashore on beaches, (2) debris in coastal waters, (3) debris in
the open ocean, which may also sink to the seabed. Dashed arrows indicate wind-blown debris, black
arrows waterborne debris and exchange between debris pools, red arrows eftects on marine life, and
striped-gray arrows vertical movement through the water column (adapted from Ryan et al. 2009)

sink to the seabed. Near densely populated areas, plastic debris consists primarily
of user plastics. In contrast, in areas remote from human activity the debris
mostly consists of abandoned, discarded, or lost fishing gear. The fishing industry is
responsible for the largest input (50-90%) of total plastic marine debris to the
oceans. Therefore, reducing loss and abandonment/discard by the fishing industry
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would significantly reduce the input of marine litter, and its effects on marine life.
However, the plastic items that are present in the marine environment will frag-
mentize into smaller particles, microplastics, which are persistent and only slowly
degrade. Recent studies showed that these microplastics occur nearly everywhere
in the world’s oceans including Antarctica.

4 Impact of Plastics on the Marine Environment

4.1 Introduction

The properties that make plastics such desirable materials for modern society can
make them lethal for wildlife, when introduced into the environment. Numerous
species are affected by plastic pollution, primarily because organisms become
entangled in plastic nets, or plastic objects are ingested when organisms mistake
plastic debris for food (Laist 1997). Another problem of plastic pollution is that it
facilitates the transport of species to other regions; alien species hitchhike on floating
debris and invade new ecosystems, thereby causing a shift in species composition
or even extinction of other species (Aliani and Molcard 2003). Plastics also transfer
contaminants to the environment or to organisms when ingested (Teuten et al. 2009).
In addition to impact on marine life, plastic debris can also damage marine indus-
tries (entangling propellers and blocking cooling systems). It has been estimated
that marine debris damage to the marine industry in the Asia-Pacific region costs
$1.26 billion annually (Mcllgorm et al. 2011).

4.2 Mechanical Impact

It was shown that at least 267 marine species worldwide suffer from entanglement
and ingestion of plastic debris (Laist 1997). When such contacts occur, organisms
are seriously affected in ways that quite often results in death.

4.2.1 Entanglement

It is very difficult to estimate what the total effect of plastic debris in the ocean is,
or to predict the consequences for organisms that ingest or otherwise contact that
debris, because it cannot be directly observed. By contrast, entanglement can be
observed, and is the most visible effect of plastic debris on organisms in the marine
environment. Laist (1997) studied and composed a comprehensive list of species
that suffered from entanglement and ingestion, and estimated that a total of 136
species are being affected by marine debris entanglement (Table 2). Nevertheless,
the exact extent of entanglement faced by marine organisms is difficult to quantify,
because entanglement generally occurs in areas remote from human activity.
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Table 2 Number and percentage of marine species that have documented entanglement and ingestion
records (Reprinted with permission from Laist 1997)

Number and Number and
percentage of species percentage of
Total number of with entanglement ~ species with

Species group species worldwide records ingestion records
Sea turtles 7 6 (86%) 6 (86%)
Seabirds 312 51 (16%) 111 (36%)
Penguins (Sphenisciformses) 16 6 (38%) 1 (6%)
Grebes (Podicipediformes) 19 2 (10%) 0
Albatrosses, Petrels, and 99 10 (10%) 62 (63%)
shearwaters
(Procellariiformes)
Pelicans, Boobies Gannets, 51 11 (22%) 8 (16%)
Cormorants, Frigatebirds,
and Tropicbirds
(Pelicaniforms)
Shorebirds, Skuas, Gulls, Terns, 122 22 (18%) 40 (33%)
Auks (Charadriiformes)
Other birds - 5 0
Marine mammals 115 32 (28%) 26 (23%)
Baleen Whales (Mysticeti) 10 6 (60%) 2 (20%)
Toothed Whale (Odontoceti) 65 5 (8%) 21 (32%)
Fur Seals and Sea Lions 14 11 (79%) 1 (7%)
(Otariidae)
True Seals (Phocidae) 19 8 (42%) 1 (5%)
Manatees and Dugongs (Sirenia) 4 1(25%) 1 (25%)
Sea Otter (Mustellidae) 1 1 (100%) 0
Fish - 34 33
Crustaceans - 8 0
Squid - 0 1
Species total 136 177

Entanglement can cause death by drowning, suffocation, strangulation, or
starvation (Allsopp et al. 2007). Very often, birds, small whale species, and seals
drown in ghost nets, lose their ability to catch food, or cannot avoid predators
because of their entanglement (Derraik 2002).

Coastal and Marine Birds

Many birds in the marine environment dive for food, and thereby come into contact
with plastic debris. The greatest causes of entanglement by seabirds are fishing lines
and six-pack rings. Both materials are often transparent and difficult to see. If seen,
they can be mistaken for jellyfish and other food (Allsopp et al. 2007).

The gannet is one marine bird species that is endangered by plastic debris. As a
“plunge-diver,” the gannet dives from great heights into the ocean and can thereby
be caught by ghost nets or other debris. A study at the island of Helgoland in
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Fig. 5 A Grey Seal inside a seal shelter at Texel, The Netherlands. The seal was entangled in a
nylon thread which had cut into the flesh and damaged the backbone. It suffered from internal
bleeding and symptoms of paralysis. Because of its incurable injuries the veterinarian euthanized
this animal (De Wolf 2008)

Germany, which hosts a large gannet colony, showed that between 1976 and 1985,
29% of dead gannets found had become entangled in net fragments (Schrey and
Vauk 1987). Helgoland is generally a safe habitat for these birds and one of the few
threats is entanglement while foraging. Another study, performed in the Netherlands
between 1970 and 2000, showed that, of the total number of dead gannets found
(1,413), 5.9% (83) had died from entanglement by fishing nets, rope, nylon fibers,
nylon line, or other unidentified plastics (Camphuysen 2001). The numbers of
entangled gannets have increased over time, which may relate to the increasing
amount of plastics produced in Europe. The dead gannets found on the Dutch coast
were far away from their colony and were often transmigrating to other places, in
contrast to the gannets from Helgoland. There is a chance that a portion of the
gannets in the second study died from exhaustion, which may explain the difference
in entanglement percentages. Entanglement is probably most common for gannets,
albatrosses, a few gull and penguin species, and petrels (Laist 1997).

Seals

Many seal species are curious and playful, and especially young seals are attracted
to plastic debris and swim with it or poke their heads through loops. Plastic rings,
loops, or lines easily glide onto the seal’s neck, but are difficult to remove due to the
backward direction of the seal’s hair. As the seal grows, the plastic collar tightens
and strangles the animal or severs its arteries (Fig. 5). When foraging, many seals
become entangled in submerged fishing nets, especially in the North Sea where
their vision is limited. After entanglement in these nets the animals are not able to
reach the water surface, and drown. Every year fykes® in Dutch coastal waters

°A fish trap consisting of a net suspended over a series of hoops, laid horizontally in the water.
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causes the death of 15 gray- and harbor-seals, and in 1987, during a search for new
feeding grounds, 60,000 harp seals died in stake nets in Norway (De Vleet 2010).

Hanni and Pyle (2000) studied the synthetic-material entanglement of California
sea lions, northern elephant seals, steller sea lions, pacific harbor seals, and northern
fur seals, between 1976 and 1998, at south-east Farallon Island, California. A total
of 914 pinnipeds had indications of entanglement (32%) or displayed constrictions
of past entanglement (68%) from various debris types. Most entangled pinnipeds
were California sea lions (820), of which 72% had neck constrictions. A total of 68
northern elephant seals were observed to have been entangled primarily by
packaging material (59% of the total entanglements) and miscellaneous synthetic
materials. Of the 26 entangled Steller sea lions, 15 were observed to have salmon
flashers or other hooks hanging from their jaws (Hanni and Pyle 2000).

In a second study performed at the other side of the Pacific Ocean, on the shores
of Australia and New Zealand, it was estimated that 1,478 fur seals and sea lions die
annually from entanglement (Page et al. 2004). In Australian coastal waters, sea
lions were observed to most frequently become entangled with monofilament gillnet,
which originated from the shark fishery in that region. In contrast, in New Zealand
coastal waters fur seals were observed to primarily become entangled in packaging
material, loops, and trawl net fragments that were suspected to originate from
regional trawl] fisheries (Page et al. 2004).

The material that is responsible for causing entanglement of seals often originates
from local fisheries. In many cases, the area where seals forage is also used by
humans for shark or trawl fishery. For example, the Farallon Islands are well-known
fishing grounds for recreational fishery, and this may have caused the high percent-
age of flashers embedded in seals of this region.

Whales

Whales also become entangled in marine debris. However, although some whale
species are incapable of freeing themselves and consequently drown, the larger size
whales often drag fishing gear away with them. This latter type of entanglement can
cause strangulation and can affect the feeding ability of the whale in ways that
causes starvation (Fig. 6).

In 2005, a study was performed on the entanglement of large whale species in the
western North Atlantic Ocean. The purpose of the study was to investigate the
entanglement of 31 right whales and 30 humpback whales to determine the types of
gear involved. The most common points of gear attachment on the whale’s anatomy
were the mouth and the tail. Further, 89% of the entanglements were determined to
result from pot and gill net gear (Johnson et al. 2005). Pots and gill nets both are
located on the seafloor. They are often attached in tandem to each other, and to
surface buoys. Large whale species regularly become entangled in these buoy- or
connection-lines. According to Johnson et al. (2005), most whale entanglements in
the western North Atlantic Ocean involve ground lines. The Provincetown Centre
for Coastal Studies, together with several federal agencies, is monitoring the
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Fig. 6 In June 2004, a Humpback Whale was stranded on the coast of Vlieland an island in the
north of the Netherlands. The whale was entangled in a nylon rope that was wrapped around the
head. The rope had cut deeply into its body and was probably the cause of the animal’s death
(b—d). The specimen, a young male and approximately 8 m long, was first buried upon discovery
by the Dutch Air Force, because it was stranded in a practice area. (a) After the photos were shown
to experts, the animal was determined to be a Humpback Whale, which is a rare whale species in
the North Sea (Bruin 2004)

abundance of whale entanglements in the Atlantic coastal waters of the USA and
Canada. Between 1983 and 2009 there were 83 reports of entangled whales in these
regions (PCCS 2010).

Fish Species and Ghost Fishing

The incidence of accidental entanglement of fish species is difficult to estimate,
because certain fish are “intended” to become entangled in nets. Therefore, research
emphasizes by-catch of endangered species. For example, between 1978 and 2000,
28,687 sharks were caught in nets that protected people at popular swimming
beaches in KwaZulu, South Africa. Over this period, 53 sharks were found with
polypropylene strapping bands around their bodies, and these sharks were evaluated
as being significantly underweight (Cliff et al. 2002). Another source of entanglement
of fish species is caused by ghost fishing (see Sect. 3.2.1).

Ghost fishing results from fishing gear that continues to function in the water
after being discarded or lost (UNEP 2009b). Fishing nets and pots can capture
marine organisms, which subsequently die if they cannot escape. In turn, these
organisms attract larger predators which also become trapped. When the larger
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organisms die they attract smaller scavengers, and so the cycle continues. These
fishing nets and pots are death traps for marine organisms, because they do not
biodegrade, but rather continue to “fish” for many years (UNEP 2009b).

Sea Turtles

Sea turtles are well-known victims of plastic debris. Juvenile specimens are easily
caught in discarded fishing nets, and succumb by drowning. Larger sea turtles are
still able to swim with fishing gear attached to their fins or shell, but the debris often
affects their ability to feed in ways that eventually results in starvation.

A study on the cause of death among sea turtles stranded at the Canary Islands,
Spain, revealed that 70% had died from the influence of human activities, including
entanglement by discarded fishing nets (25%). In the same study, it was demonstrated
that only 27% of the turtles died from natural causes like diseases (Ords et al. 2005).
Plastic debris and other human activities have a big impact on these species world-
wide, because six out of seven sea turtle species are known to be affected by entan-
glement (Table 2) (Laist 1997). Since only 7-13% of the turtles that die from the
influence of fishing are washed up on the beaches (Bugoni et al. 2001), studies of
stranded turtles alone address only a small part of the total mortality that is caused
by fisheries and plastic debris.

4.2.2 Ingestion

Plastic debris that pollutes the marine environment is often ingested by marine
birds, mammals, turtles, and fish (Laist 1997). The ingestion of plastics primarily
occurs when it is mistaken for food, but can also occur from incidental intake. The
ingested material often consists of micro- and meso-debris sized fragments, which
sometimes are able to pass through the gut without hurting the organism. In most
cases, however, fragments become trapped inside the stomach, throat, or digestive
tract and cause damage (e.g., sharp objects) or a false sense of fullness, which will
result in starvation.

Coastal and Marine Birds

A high proportion of coastal and marine bird species (36% of the 312 species world-
wide) ingest plastic fragments (Laist 1997). Although plastics are mainly ingested
by birds because they are mistaken for food, they may also already be present in the
gut of their prey, or may be passed from adult to chick by regurgitation feeding.
Some species feed selectively on plastic fragments that have a specific shape or
color (Moser and Lee 1992). Therefore, plastics ingestion by birds is directly related
to their feeding habits and foraging techniques. For example, birds that consume
fish (piscivores) are less likely to ingest small plastic fragments than are birds that
primarily feed on plankton (planktivore); the latter often confuse plastic pellets with
their prey (Derraik 2002). A study on the ingestion of plastic particles by sea birds
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in the Subarctic North Pacific Ocean showed a great variation in ingestion of plastics
between species within the same area, which confirms the correlation between
plastic ingestion and feeding and foraging techniques. Robarts et al. (1995) found
4,417 plastic particles in the gut contents of 1,799 birds, of which 76% consisted of
plastic pellets. In comparison with an earlier study in the same area, an increasing
frequency of ingested plastic particles was found over time (Robarts et al. 1995).

The Laysan albatross accumulates plastic fragments when collecting food for
the feeding of its chicks. These plastics are passed on to the chicks by regurgitation.
A total of 251 Laysan albatross chicks from Sand Island, Midway Atoll, were exam-
ined, and only six did not contain plastic fragments. Of the 245 chicks that carried
ingested plastic, a variety of plastic items were found that included hips and shards
of unidentified plastic, Styrofoam, beads, fishing line, buttons, chequers, disposable
cigarette lighters, toys, PVC pipe and other PVC fragments, golf tees, dish-washing
gloves, magic markers, and caylume light sticks. Most of these items were trapped,
and were acting to block the stomach or digestive paths of these birds, rather than to
damage their guts; such blockage eventually leads to starvation.

The northern fulmar is a planktivore bird species that is often studied for its
ingestion of plastics. In 2006, fulmars obtained from fisheries as by-catch in the
Davis Strait between Canada and Greenland, were examined for plastic particles;
36% of the total of 42 birds evaluated contained at least one piece of plastic (Mallory
et al. 20006). In general, the number, size, and volume of plastics ingested by fulmars
in the north of the North Pacific and the North Atlantic Ocean were lower than in
fulmars from the southern parts of these regions. Study results from the North
Atlantic Ocean disclosed an incidence of plastic ingestion by fulmars of 79-99%
(Moser and Lee 1992; Van Franeker 1985; Van Franeker and Meijboom 2002) and
84-88% in the North Pacific Ocean (Andrady 2003; Robarts et al. 1995). The com-
position of plastic debris inside the fulmars also varied; in the David Strait 100% of
ingested plastic were fragments of discarded plastic products (user plastics), whereas
in the North Sea, only 50% consisted of user plastics (Mallory et al. 2006; Van
Franeker 1985). Apparently there are regional differences in number, size, and vol-
ume of ingested plastics by fulmars, which can be explained by the difference in
abundance of plastic debris that occurs near manufacturing centers or areas with
intensive shipping traffic. The OSPAR commission, aiming to protect and conserve
the North-East Atlantic Ocean, defined acceptable ecological quality as the situa-
tion in which no more than 10% of fulmars exceed a critical level of 0.1 g of plastic
in the stomach (OSPAR 2008). In a recent study on the abundance of plastics in
stomachs of northern fulmars from the North Sea, 1,295 dead beached fulmars were
sampled from various European countries, and it was observed that 58% of the birds
exceeded the critical level of 0.1 g of plastic; these amounts greatly exceeded the
acceptable ecological quality critical level of 10% (Van Franeker et al. 2011).

Seals

Ingestion of plastic fragments is far more commonly reported for birds than for
seals. The reason for this may also result from the small sample size prevalent in
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seal studies. Feces from fur seals at Macquarie Island, Australia, were examined for
plastic fragments in 2003. A total of 164 plastic fragments, mostly polyethylene
(93%), were found in the scat of 145 seals, which is more than one fragment
per seal. All fragments consisted of user plastics. According to the otoliths, and
compared to plastic ingestion by fish in other studies, these fragments were proba-
bly not directly ingested by the seals, but rather were accumulated in the fish they
consumed (Eriksson and Burton 2003).

Whales

Twenty-eight of 75 whale species, including toothed whales and baleen whales,
were reported to have ingested plastic debris (Baird and Hooker 2000; Laist 1997).
Most whales that ingest plastic debris live in remote areas and may sink after they
die. This, and the fact that most whale species are protected, makes it difficult to
study the incidence of plastic ingestion by whales. The sample size is often very
small, and is limited to specimens that have been washed ashore. Nevertheless, if
one specimen is found to be affected by ingestion of plastic debris, it is probable
that other individuals from the same species run comparable risks.

A harbor porpoise, found dead on a beach near Pictou, Canada, died from ingest-
ing a balled up piece of plastic that measured 5 by 7 cm when stretched out. Upon
examination, the plastic was found to have blocked the digestive tract, resulting in
the accumulation of bones, half digested fish and intact fish in the digestive track.
The harbor porpoise had died from starvation (Baird and Hooker 2000). Another
report showed that the death of a Sperm whale, which had washed ashore in Texas,
USA, had died from ingesting a corn chip bag, plastic sheets, a garbage can liner,
and a bread wrapper. In one final example, the death of a beaked whale that washed
ashore in Brazil was believed to have resulted from the ingestion of a bundle of
plastic threads (Derraik 2002).

Walker and Coe (1989) reported 43 incidents of debris ingestion in 16 stranded
toothed whale species. Of these incidents, 80% resulted from plastic debris, mostly
plastic bags and sheeting. The authors stated that the ingestion of debris by most
toothed whales occurred primarily as incidental ingestion as they were consuming
benthic prey. Most reported incidents occurred on the east and west coasts of North
America. Variability among these reports may have resulted from regional differ-
ences in surveys, recovery, and necropsy, rather than true geographical differences
(Walker and Coe 1989).

Data from a study on the ingestion of plastics by Franciscana dolphins in
Argentina indicated that 28.1% of the 106 examined dolphins had plastic debris in
their stomachs. Most debris (64.3%) consisted of plastic packaging (cellophane,
bags, and bands) and a lower proportion (35.7%) consisted of fishing gear frag-
ments. A sharp increase in the occurrence of ingested plastic debris was found in
younger dolphins during their weaning phase. Such dolphins may have misidentified
what constituted food, or plastic debris, because they had yet to learn what is and is
not edible (Denuncio et al. 2011).
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Fish

Plastics ingestion by fish has received little attention, with most reports recording
only incidental ingestion events. Tiger sharks are known to ingest various items of
plastic debris, including plastic bottles, caps, bags, and foil (Randall 1992). Authors
of a study performed in the Bristol Channel observed ingested plastic (polystyrene)
fragments in the gut of 21% of the flounders examined. Similar fragments were
found in 8 of 13 fish species caught along the New England coast, USA (Derraik
2002). Laboratory experiments have proven that some larval and juvenile species
of mullet and spot feed on polystyrene fragments. Further, some larval and juvenile
fish species in the field were found to have plastic pellets or fragments thereof in
their guts. In addition, some adult species had a wide range of material in their
guts, from plastic fragments to whole plastic cups. The ingestion rate of plastic
particles by mesopelagic fishes at the North Pacific Subtropical Gyre was esti-
mated to be between 12,000 and 24,000 ton/year (Davison and Asch 2011).
However, little is known about the impact of plastics ingestion among fish species.
This is largely because sampling has not been sufficiently frequent, and there is
almost no evidence to determine if ingestion is an important cause of mortality in
fish (Hoss and Settle 1990).

Sea Turtles

Sea turtles are among the marine species which are most threatened by plastic
debris. Various studies showed that sea turtles do ingest plastic debris (Bugoni et al.
2001; Derraik 2002; Orés et al. 2005). Plastic debris, like bags and sheets, is often
transparent and can be mistaken for jellyfish, which is a key diet item for most sea
turtles. Furthermore, sea turtles are endangered species, and if plastic intake
increases their mortality, the consequences for sea turtle populations around the
world may be quite serious.

One turtle found in New York was reported to have ingested 180 m of heavy
fishing line (O’Hara et al. 1988). In a study in southern Brazil the contents of the
stomach and esophagus of 38 dead stranded Green Turtles was examined. Results
were that 60.5% of the green turtles had ingested plastic debris, and this debris
caused the death of 13.2% of the green turtles examined. The ingested materials
were comprised mostly of plastic bags and white or colorless plastic pieces (Bugoni
et al. 2001). Authors of a study in the Mediterranean Sea analyzed debris ingested
by 54 juvenile loggerhead turtles. Forty-three of these turtles had ingested marine
debris, of which 76% consisted of plastics. Loggerhead turtles are general predators
and display little prey discrimination while foraging. This was confirmed by a large
variety of plastic items of different colors and shapes found inside their digestive
tracts (Tomas et al. 2002). In comparison, green turtles have a selective feeding
pattern (Coyne 1994), which was reflected in the more uniform kind of debris
found in these animals.
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4.3 Chemical Impact and Ecotoxicology

Plastics are considered to be biochemically inert; because of their macromolecular
structures, they neither react with, nor penetrate the cell membrane of an organism.
However, most plastics are not pure. Besides their polymeric structure, they consist
of a variety of chemicals that all contribute to a certain property of the plastics they
comprise. These chemicals are called additives and they function as described in
Sect. 2.3 above. Additives are mostly of small molecular size, are often not chemically
bound to a polymer and are, therefore, able to leach from the plastics. Being primarily
liphophilic, they penetrate cell membranes, interact biochemically, and cause toxic
effects. Moreover, plastic debris in the marine environment not only contains addi-
tives, but also contains chemicals (contaminants) adsorbed from the surrounding
water. The hydrophobic surface of plastics has an affinity for various hydrophobic
contaminants, and these are taken up from the surrounding water and accumulate
on, and in the plastic debris. This mechanism receives great attention for microdebris
or microplastics, because they are easily ingested by organisms and constitute a
pathway for chemicals to enter an organism (Andrady 2011).

In summary, plastic debris in the marine environment can contain two types of
possible toxic contaminants: (1) additives and (2) hydrophobic chemicals that
become adsorbed from the surrounding water (Teuten et al. 2009).

4.3.1 Toxic Additives: Phthalates and Bisphenol A

The release of additives into the environment changes the properties of polymers
and affects living organisms. Bisphenol A (BPA) is a constructive monomer that is
used in polycarbonate and as a plasticizer, stabilizer, and antioxidant in other
plastics such as PVC (Yamamoto and Yasuhara 1999). There are many studies that
address the leaching of BPA from polycarbonate or other plastics into the aquatic
environment (FDA 2010; Sajiki and Yonekubo 2003; Yamamoto and Yasuhara
1999). Sajiki and Yonekubo (2003) reported that BPA was easily leached from
polycarbonate tubes into seawater at 37°C. The leaching rate depended on the
temperature of the surrounding water, which can be a concern along tropical sea-
shores in the summertime.

Phthalates are a group of chemicals that are widely used as plasticizers, primarily
in PVC polymers. Phthalates and BPA are proven endocrine disruptors. These
agents disrupt the functioning of the hormone system, and have received much
attention because of their ubiquitous presence in the environment and in humans
(Diamanti-Kandarakis 2009; Koch and Calafat 2009; Sax 2009). Phthalates and
BPA can leach into the environment, decreasing the flexibility of plastics and affect-
ing reproduction, impairing development, and inducing genetic aberrations in a
variety of organisms (Teuten et al. 2009). In a study published in 2009, the effects
of phthalates and BPA were examined on several fish, crustacean, and amphibian
species; results were that these chemicals affected development and reproduction of a
wide range of species. The authors of this study reported alterations in the number of
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offspring produced, reduced hatching success, and disruption of larval development
of molluscs, crustaceans, and amphibians by low concentrations of BPA and
phthalates. Fish species were affected only by relatively high doses of these
chemicals, and these demonstrated species-specific sensitivities to these com-
pounds (Oehlmann et al. 2009).

4.3.2 Toxic Additives: Flame Retardants

Flame retardants are also present as additives in plastics and have been added to
many common products. The majority of flame retardants are brominated molecules
and are referred to as brominated flame retardants (BFRs). BFRs are widely used in
plastic products because they affect material properties in only a minor way, and are
very effective in preventing ignition. However, they are also present as contami-
nants almost everywhere in the world’s environment; they exist in air, rivers, and
waters up to the Arctic regions. BFRs bioaccumulate in the marine food web, including
in Canadian Arctic belugas (Tomy et al. 2008) and blue mussels (Gustafsson et al.
1999). Some BFR congeners cause reproductive and carcinogenic effects (Darnerud
2003), disrupt endocrine systems, and cause neurotoxicological effects on mammals
and aquatic organisms (Legler 2008).

4.3.3 Adsorption of Contaminants by Plastic Debris

In the marine environment, adsorption of contaminants by polymers is primarily
studied with mesoplastic and microplastic debris. Adsorption reduces the transport
and diffusion of contaminants. Hydrophobic organic contaminants have a greater
affinity for plastics like polyethylene, polypropylene, and PVC, than for natural sedi-
ments (Teuten et al. 2009). Polychlorinated biphenyls (PCBs) are a group of organic
compounds that once were used as insulating fluids and coolants, as plasticizing and
stabilizing additives in PVC, as flame retardants (before the introduction of BFR as a
flame retardant), electronic components, and much more. Although PCBs have been
banned since 1977 in the USA, and since 1985 in the Netherlands, they have been
spread throughout the environment by leakage, dumping, and leaching (EPA 2010),
and are present in waters all over the world. Figure 7 shows the PCB concentrations
in plastic pellets that were washed ashore. The concentrations in plastics were highest
in samples taken along the coasts of the USA, followed by Japan and Europe. Such
differences are caused by a differences in PCB usage and production; of the total
global PCB production, the USA produced more than half, whereas Africa, Australia,
and tropical Asia contributed only minimal amounts (Teuten et al. 2009). In 2001,
results of a study on the adsorption of toxicants by plastic pellets along the Japanese
coast showed that pellets adsorb PCBs from the surrounding seawater. Virgin
polypropylene pellets were used in a 6-day field experiment and increased PCB
concentrations were observed throughout the experiment. Moreover, different plastics
were observed to have different adsorption capacities; polyethylene pellets adsorbed
four times more PCBs than did polypropylene pellets (Mato et al. 2000).
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Fig.7 The concentrations of PCBs that exist in plastic pellets washed ashore. The USA is respon-
sible for half of the world’s total PCB production. Therefore, the highest concentrations were
found along the US coasts (reprinted with permission from International Pellet Watch 2010)

In addition to PCBs, plastic pellets also adsorb other chemicals, including the
pesticides hexachlorocyclohexane (HCH), dichloride diphenyl trichlorethane
(DDT) and its metabolites DDE and DDD, and the polycyclic aromatic hydrocar-
bons (PAHs) that are produced during the burning of fuels. Many of these contami-
nates are carcinogenic, mutagenic, and/or teratogenic. Adsorption of contaminants
can also reduce contaminant biodegradation. Thus, plastics not only adsorb and
transport contaminants, but may also increase their environmental persistency
(Teuten et al. 2009).

International Pellet Watch (IPW) is a global monitoring program for persistent
organic pollutants (POPs). IPW uses plastic resin pellets to monitor the concentrations
of contaminants in pellets that are washed ashore. The types and concentrations of
chemicals found in these pellets are then used to calculate the concentration of con-
taminants in the water. This sampling approach is relatively cheap compared to water,
sediment, and biological sampling-monitoring approaches and can be used to build
maps such as the one that is presented in Fig. 7 (IPW 2010) .

4.3.4 Transfer of Contaminants from Plastics to Organisms

Most marine organisms obtain contaminants from plastics by ingesting plastic
debris. Adsorbed contaminants can leach into digestive fluids and can be transferred
to other tissues. Toxicants may bioaccumulate in the tissues to produce high tissue
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toxicant concentrations. Toxicant concentrations may also increase through transfer
within a food web (biomagnification). Higher trophic level organisms are exposed
to enriched concentrations of contaminants via their prey. However, researchers
have shown that some contaminants, like PAHs, do biomagnify less with increasing
trophic level (Takeuchi et al. 2009). Notwithstanding, these contaminants are found
in marine organisms at high trophic levels (De Laender et al. 2011; Mato et al. 2001).

Results of a study performed in 1988 showed a positive correlation between
ingesting plastics and PCB concentration in fat and eggs of 20 female great shear-
waters (Ryan et al. 1988). Results from a 2008 feeding experiment proved that
PCBs were transferred from contaminated plastics to streaked shearwater chicks.
Chicks fed fish laced with polyethylene pellets that were contaminated by PCBs
contained PCB residues that were threefold higher than that of the control group
(Teuten et al. 2009). These results confirmed that POPs (including PCBs) are trans-
ferred to organisms through plastics. However, the authors of a recent study stated
that the relative importance of this uptake route is limited compared to other
exposure pathways (Gouin et al. 2011). Nevertheless, according to some studies, the
ingestion of plastics could play a significant role in the accumulation of contami-
nants by marine organisms.

In recent years, microplastics have received increasing attention because they are
easily ingestible and thereby form a pathway for chemicals to enter organisms,
including plankton species (Andrady 2011; Zarfl et al. 2011). As plankton species
form the foundation of every food web, any threat to them can have serious effects.
The transfer of contaminants within food webs is prevalent everywhere in the
marine food web and may even affect nonmarine species such as polar bears
(De Laender et al. 2011) and humans (Bocio et al. 2007).

4.4 Use of Plastic Debris by Marine Organisms

Floating natural debris, e.g., trunks from trees or volcanic rocks, have always provided
a way for organisms to be transported around the world’s oceans. However, because
large amounts of plastics have been introduced into the marine environment during
the last decades, an increase in marine rafting has been reported. Organisms like
algae, mussels, covered with marine organisms have been found floating in the
Pacific Ocean, and often wash ashore (Aliani and Molcard 2003; AMRF 2010).
Most natural debris is heavy and driven by currents. In contrast, plastic rafts are
light weight objects, and are often driven by wind when not totally submerged.
Therefore, the species that attach themselves to these plastic items can travel in all
directions to colonize new areas. In a study on hitch-hiking of organisms on floating
debris, it was reported that an exotic barnacle (Elminius modestus) had attached
itself to plastic debris found near the Shetland Islands (Barnes and Milner 2005).
The incidence of anthropogenic debris more than doubled the rafting opportunities
for organisms and is a serious threat to global biodiversity (Barnes 2002).
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4.5 Conclusions

Entanglement and ingestion of plastics in plastic debris are the two main causes of
mortality in marine organisms. Approximately 267 marine species are known to be
affected by entanglement and/or ingestion. The number of affected species may be
much higher, since many organisms live in areas remote from human activity.
Marine mammals, turtles, and plunge-diving bird species suffer most from entan-
glement; they get stuck in nets, six-pack rings, or fishing lines and die from starvation,
suffocation, or strangulation. For seal species, these harmful plastics often originate
from local fisheries that exist in their foraging area. Seals and small whale species
and turtles drown from entanglement in (ghost) nets or old fishing gear. The larger
whale species drag nets with them, and then suffer from strangulation and starvation
as the debris prohibits their ability to catch food.

Marine bird species and turtles are most affected by the ingestion of plastics.
They mistake plastics for food and some selectively feed on plastic items. Most
marine mammals accumulate plastics in their bodies by feeding on fish that have
ingested plastic fragments. There are also cases of ingestion by whales, although the
sample size is small for this species (as for other aquatic mammalian species), and
often is only based on specimens that have accidentally washed ashore.

In addition to the physical impact of plastics, plastic debris in the marine environ-
ment can also leach chemical contaminants into the waters that are absorbed by
marine species. Most plastics contain additives such as phthalates, bisphenol A, and
BFRs, all of which can leach into the environment. Plastic debris is also known to
adsorb contaminants from the surrounding water. Polymers often have an affinity
for apolar molecules because they have hydrophobic surfaces. Contaminants leach
from the plastics and, when ingested, may cause a variety of toxic effects. Recently,
microplastics have received increasing attention because they are easily ingested
and form a pathway for contaminants to enter organisms as small as plankton. This
causes a threat to the basis of the marine food web and can have serious and
far-reaching effects, even on nonmarine species such as humans.

5 Reduction, Prevention, and Clean-up of Plastic
Debris in the Marine Environment

5.1 Introduction

Although plastic debris is one of the most widespread forms of marine pollution, it
is also among the most soluble of all pollution problems that affect the world’s
oceans. Notwithstanding, the extent and impact of plastic debris in the marine
environment is often underestimated, and therefore the prevention, reduction, and
control of plastic debris require much more attention, both from governments
and from manufacturers. Because of the nature of the plastic debris problem, a wide
variety of approaches and strategies is needed to produce a significantly cleaner and
safer marine environment (UNEP 2009a).
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5.2 Prevention

The plastic debris problem in the marine environment results from the lack of global
and regional strategies adequate to prevent the introduction of waste into the
environment (UNEP 2009a). Only at the end of the 1960s and early 1970s were
the first concerns expressed about accumulating plastic debris and its consequences
for wildlife (Kenyon and Kridler 1969; Syrek 1975). Since then a number of
countries have taken legislative measures at the national level to regulate the marine
litter problem. Most importantly, the cooperation among countries has taken regu-
latory and preventive measures to an international level.

5.2.1 Legislation
MARPOL 73/78

In 1983, a United Nations agency, the International Maritime Organization (IMO),
introduced the Marine Pollution (MARPOL) convention, an international protocol
to prevent and reduce pollution from ships. The protocol is referred to as MARPOL
73/78, from the fact that the convention was signed in 1973 and the protocol was
added in 1978. The protocol has been approved by 169 countries, which together
are responsible for 98% of the world’s total shipping transport by weight. The pro-
tocol consists of several measures attendant preventing pollution in the marine
environment by ships. Annex V of MARPOL 73/78 regulates pollution by prevent-
ing ships to release garbage, and totally prohibits the disposal of plastics anywhere
into the sea. Further, it obligates governments to keep terminal facilities and harbors
clean of garbage. According to the terms of this agreement, every ship having a
weight over 400 t and able to carry more than 14 persons is obligated to maintain a
Garbage Record Book, in which records of all disposal operations will be kept.
Information required includes the date, time, position of the ship, and description
and estimated amounts of garbage that is incinerated or discharged. In addition to
maintaining a Garbage Record Book, mariners are asked to prepare a Garbage
Management Plan that gives procedures for collecting, storing, and processing
onboard waste (IMO 2010).

The Regional Seas Programme

In 1974, the United Nations Environmental Programme (UNEP) initiated the
Regional Seas Programme, which aimed to address the accelerating degradation of the
world’s oceans and coastal zones. The program seeks to create sustainable manage-
ment and use of the marine and coastal environments by engaging involved coun-
tries and creating a plan of action. All Action Plans have a similar approach, but are
shaped by each government according to their own needs and environmental challenges.
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Today, the program covers 18 coastal and sea areas and has more than 140 partici-
pating countries (UNEP 2010). Nevertheless, the legislation is still widely ignored
and it is estimated that ships dump 6.5 million tons of plastic into the world’s oceans
every year (UNEP 2009b). This flagrant disregard of the dumping rules questions
whether this regulatory approach is adequate to deal with such a problem. Although
this program may help over the long term, the current continuing extent of the plas-
tic dumping problem demands drastic changes in mankind’s behavior.

The Marine Strategy Framework Directive

The Marine Strategy Framework Directive (MSFD) introduced in Europe in July
2008 aims at achieving or maintaining a good environmental status (GES) by 2020
(MSFD 2011). This means that EU member states must develop action plans and
activities to achieve this “GES.” This includes a legislative framework that allows
for managing human activities that have an impact on the marine environment, and
also integrating concepts of environmental protection and sustainable use. The cri-
teria and methodological standards on GES of marine waters have been set up by
the MSFD and are based on existing obligations and developments within the EU
legislation. However, some criteria are fully developed and operational while others
require further refinement. Therefore, more scientific knowledge on the marine
environment is required to develop a better understanding and achieve the Directive’s
goal (Zarfl et al. 2011).

5.2.2 Alternatives for Plastics

Another way to prevent the input of persistent plastics into the marine environment
is to introduce biodegradable plastics. Biodegradable plastics are made of renew-
able sources, and consist of polymers that are capable of undergoing decompo-
sition into carbon dioxide, water, methane, inorganic compounds, or biomass.
Biodegradation of these polymers is achieved by the use of microorganisms that
have the ability to catabolize these polymers into less environmentally harmful
material (BioPlastics24 2010). The residue of degraded polymers is often used as
plant fertilizer and these plants can serve as a new source for manufacturing
biodegradable polymers. Recently, progress has been made in developing
biodegradable plastics that possess characteristics similar to those of oil-based
polymers (Song et al. 2009). Biodegradable plastics, or bioplastics, often have
inferior performance compared to traditional plastics because they eventually
become permeable to water. Therefore, bioplastic materials are used as dispos-
able items, such as packaging material. The biodegradable polymers that are
used are of diverse types. Bioplastics that are based on polylactic acid (PLA) and
Plastarch material (PSM) are two of the most commonly used ones in current
commercial practice.
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Polylactic Acid

PLA is made from starch-rich substances like maize, wheat, or sugar. The bioplastic
made from PLA is biodegradable and can, under ideal composting conditions,
degrade in less than 60 days. PLA was discovered in 1890, but has only recently
entered the market as a biodegradable plastic. Today, PLA is still more expensive to
produce than are many traditional plastics, but the price is decreasing as the demand
for bioplastics increases (BioPlastics24 2010).

Plastarch Material

PSM is a thermoplastic polymer composed of starch, from corn, that is combined
with other biodegradable materials. PSM is one of the few plastics that can with-
stand high temperatures (up to 125°C). Apart from the fact that it is biodegradable,
the material has similar characteristics to those of polyethylene. After serving its
useful life, PSM can be incinerated to produce both a nontoxic smoke and a residue
that can be used as a plant fertilizer (BioPlastics24 2010).

Bioplastics are renewable and are easily degradable. Although they have existed
for as long as traditional oil-based plastics, the market for them is now expanding as
a direct result of the high price of oil. There are only a few producers of bioplastic
products. NatureWorks LLC is the largest producer of PLA in the world. They use
corn to create PLA food packaging, bottles, and shirts. The Indian company
Earthsoul uses the biodegradable polymer Master-Bi to produce various products,
although they are focused primarily on products for agriculture. In 2002, the US
Department of Agriculture (USDA) found a way to use animal waste for bioplastic
production. They used the protein in chicken feathers from poultry production as a
building block to make plastic. These feather-derived plastics have high strength
and are fully biodegradable (USDA 2009). Sony is one of the giants of electronic
production that uses NatureWorks” PLA plastic for their famous Walkman®; more-
over, the packaging for their Playstation is made from extendable polystyrene,
which is recycled from orange peels (JapanFS 2009). Another company, NEC
Electronics, has produced a biodegradable mobile phone, which will biodegrade if
buried in soil, and importantly, it does not form toxic gasses when burnt. NEC
electronics is also developing a biodegradable laptop computer casing that utilizes
PLA, with fibers added to improve strength and heat resistance (Bio-Plastic 2009).

5.3 Recycling

Recycled polymeric materials can be reused, which saves production energy and
prevents the dumping of materials into the environment. During the last decade, the
mechanical recycling industries have showed an encouraging trend, i.e., a 7% annual
growth in western Europe (Thompson et al. 2009a). Unfortunately, the recycling rate
varies regionally and globally, and only a small percentage of total plastic waste is
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Table 3 Plastics production, recovery and disposal in the USA in 2005 (thousands of metric tons)
for polyethylene terephthalate (PET), high-density polyethylene (HDPE), polyvinyl chloride (PVC),
low-density polyethylene (LDPE), polypropylene (PP), polystyrene (PS), and other plastics

Generation of plastics

Plastic type in municipal solid waste Recovery Discards
PET 2,600 491 2,109
HDPE 53.55 473 4,882
PVC 1,491 0 1,491
LDPE 5,864 173 5,691
PP 3,636 9 3,681
PS 2,355 0 2,355
Other 4,982 355 4,981
Total 26,282 1,500 24,782

Data show that only a small proportion of plastics is being recycled. Plastic material from construc-
tion and agricultural sectors are not included (Reprinted with permission from Barnes et al. (2009))

currently being recycled (Table 3). In most countries, the form of plastic that are
recycled is largely limited to bottles and drink containers (Barnes et al. 2009). Most
consumers are keen to recycle, and support for recycling is often very high in most
western countries. However, the difference in symbols (SPI Resin Identification
Code) printed on different forms of plastic to describe recyclability of the object
vary considerably among countries or regions, and is often an obstacle to conve-
nient recycling. This is why, in most countries, all kinds of plastic waste is collected
together and is sorted at special stations before being recycled.

Plastic waste often consists of a mixture of different types of plastics, which
makes it difficult for recyclers to work with; this problem is caused, in part, because
manufacturers and recyclers neither communicate, nor make agreements. The recy-
cling of plastic items is therefore more difficult than the recycling of paper or glass
(i.e., three types only—transparent, green, or brown). For example, plastic drinking
bottles may consist of a HDPE body, fitted with a polypropylene cap and a steel
ring. The variation of forms or components that compose plastic items can be
limitless. Therefore, most recyclers collect all kinds of plastics together, melt it
down or grind it up and turn it into a new plastic product.

Tie-Tek LLC is a company that produces railroad ties from vehicle tires, plastic
bottles, and plastic bags. One mile of railroad made from these ties (3,300 ties) is
composed of the equivalent of nine million plastic bags, two million plastic bottles, and
10,000 vehicle tires. Agri-Plas is another recycling company that collects agricultural
plastics and turns them into new plastic items for use in agricultural; hence, the plastics
from this company form a circle of production and recycling that is continuous.

5.4 Clean-up

Efforts to render new plastics more environmentally friendly, or legislation to reduce
persistent polymer input into the environment do not address the burdens of plastic
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debris that are already present in our oceans. The clean-up of existing marine debris
often falls to local authorities, nongovernmental organizations, and to volunteers.
Clean-up costs can be very high, and great efforts are required to motivate a sufficient
number of people to assist in clean-up efforts. For example, the Korean government
recently removed derelict fishing gear from the deep seabed of the East Sea by bottom
trawling with heavy hooks (50-80 kg) and ropes. A total of 207.8 and 252.2 ton of
marine debris was removed from the seabed in 2009 and 2010, respectively; most of
the debris was comprised of derelict fishing gear. The total cost of this 2-year proj-
ect was $ US2.3 million. The use of bottom trawls is dangerous because they are
performed by fishing vessels during closed seasons, when the weather is often
stormy and typhoons occur. Such clean-up projects have already led to the loss of
one ship and five crew members in 2009 (Cho 2011).

There are many projects that aim to prevent, control, or clean-up marine debris.
In addition to debris clean-up, most projects also endeavor to educate the commu-
nity on the importance of reducing marine pollution. Such education includes
distributing brochures or giving lectures at local schools. The effort to educate
school age children is important because it instills good habits, and establishes a
basis for these children to spread their knowledge to others. In addition, there are some
projects that go further, by organizing local or general clean-up of marine debris.

One of the largest organizations in Europe that has an international scope, and
deals with marine pollution is Kommunenes Internasjonale Miljgorganisasjon
(KIMO). KIMO has the aim of contributing to a steady reduction of marine pollution
in Europe’s seas. One of their projects is called “Fishing for Litter.”” This project
provides fishing boats with large bags for use in the disposal of marine-sourced
debris. When full, these bags are collected for disposal. The Fishing for Litter project
has successfully removed debris from the sea and has reduced the volume of debris
that is washed ashore. Another environmental program is called Clean Up the World.
Clean Up the World is held in conjunction with UNEP, and mobilizes 35 million
volunteers from 120 countries to positively improve local environments. They organize
activities such as the clean-up of coastal areas, education campaigns for local popu-
lations and tree planting. The organization Provincetown Centre for Coastal Studies
(PCCS) monitors the abundance of whale entanglements in the Atlantic coastal
waters of the USA and Canada. In addition to monitoring programs, the organiza-
tion is also focused on the removal of entangling material from whales.

5.5 Conclusions

The most effective and efficient response to the plastic debris problem in the marine
environment is to ban the input of plastics into the oceans. Therefore, several differ-
ent prevention measures have been implemented. These include (1) legislation that
obligates consumers to pay attention to the waste they generate and (2) the introduc-
tion and use of alternatives such as biodegradable plastics. Recycling is another
option to reduce input of plastics to the marine environment. It not only prevents the
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discard of plastics, but also saves material and energy. Removal of the current bulk
of plastic debris that is present in the oceans is also needed. Many environmental
organizations contribute to this, or have produced action plans to clean beaches and
other coastal areas of plastic debris. These organizations also are capable of contrib-
uting to the education of communities by drawing inhabitant’s attention to the plight
marine species face as a result of plastic debris. Education is particularly important,
because it is the basis for teaching the next generation to be aware of and address the
consequences of discarding plastics and other debris into the world’s oceans.

6 Summary

Plastics are cheap, strong, and durable and offer considerable benefits to humanity.
They potentially can enhance the benefits that both medical and scientific technology
will bestow to humankind. However, it has now been several decades since the
use of plastics exploded, and we have evidence that our current approach to produc-
tion, use, transport, and disposal of plastic materials has caused, and is still causing
serious effects on wildlife, and is not sustainable.

Because of frequent inappropriate waste management practices, or irresponsible
human behavior, large masses of plastic items have been released into the environ-
ment, and thereby have entered the world’s oceans. Moreover, this process contin-
ues, and in some places is even increasing. Most plastic debris that now exists in the
marine environment originated from ocean-based sources such as the fishing industry.
Plastics accumulate in coastal areas, at the ocean surface and on the seabed. Because
70% of all plastics are known to eventually sink, it is suspected that ever increasing
amounts of plastic items are accumulating in seabed sediments. Plastics do not
biodegrade, although, under the influence of solar UV radiation, plastics do degrade
and fragment into small particles, termed microplastics. Our oceans eventually
serve as a sink for these small plastic particles and in one estimate, it is thought that
200,000 microplastics per km? of the ocean’s surface commonly exist.

The impact of plastic debris has been studied since the beginning of the 1960s.
To date, more than 267 species in the marine environment are known to have been
affected by plastic entanglement or ingestion. Marine mammals are among those
species that are most affected by entanglement in plastic debris. By contrast, marine
birds suffer the most from ingestion of plastics. Organisms can also be seriously
affected from contact with plastics-associated contaminants. Such contaminants are
absorbed by floating plastic debris, or the contaminants may derive from plastic
additives that are leached to the environment. Recent studies emphasize the
important role of microplastics as they are easily ingestible by small organisms,
such as plankton species, and form a pathway for contaminants to enter the food
web. Contaminants leached from plastics tend to bioaccumulate in those organ-
isms that absorb them, and chemical concentrations are often higher at higher
trophic levels. This causes a threat to the basis of every food web and can have
serious and far-reaching effects, even on nonmarine species such as polar bears
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and humans, who consume marine-grown food. Therefore, resolving the plastic
debris problem is important to human kind for two reasons: we are both creator, and
victim of the plastic pollution problem.

Solutions to the plastic debris problem can only be achieved through a combi-
nation of actions. Such actions include the following: Legislation against marine
pollution by plastics must be enforced, recycling must be accentuated, alternatives
(biodegradable) to current plastic products must be found, and clean-up of debris
must proceed, if the marine plastic pollution problem is to eventually be resolved.
Governments cannot accomplish this task on their own, and will need help and
initiative from the public. Moreover, resolving this long-standing problem will
require time, money, and energy from many individuals now living and those of
future generations, if a safer and cleaner marine environment is to be achieved.
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1 Introduction

Mercury is a hazardous pollutant; concern for its environmental presence arises
from the human health effects caused by methylmercury through consumption of
fresh water and marine fish (Clarkson 1995). Researchers first became concerned
about the harmful effects of mercury when anthropogenic sources were released
into the marine environment, and caused poisoning episodes (e.g., neurological
disorders) in Japan (Minamata and Niigata) (Keckes and Miettinen 1972). This first
known human poisoning by mercury from ingestion of seafood occurred in Japan
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between 1953 and 1961. During that period, more than 100 people were affected by
eating shellfish, crabs, and fish from Minamata Bay, Kyushu, Japan. The victims
developed many serious neurological disturbances, and severe cases produced
stupor, coma, exhibiting involuntary movements, tremors, agitation, and convulsions
(Deocadiz et al. 1999).

The World Health Organization (WHO 1976) cited three primary potential
sources of mercury exposure: mercury vapor in ambient air; mercury in drinking
water; and mercury in the diet. The first two sources of exposure are regarded to be
minor contributors to human mercury intake. The primary mode of intake of Hg by
the general population is by eating carnivorous fish (e.g., tuna, swordfish, halibut,
and shark) and marine mammals (e.g., whales, seals) that have Hg residues in their
bodies, or from the release of elemental mercury from dental amalgams that may
dissolve in saliva and be ingested (Sallsten et al. 1996; ATSDR 2003). People eating
locally contaminated fish, or those that have unusually high consumption rates of
large carnivorous fish, eventually develop blood levels of mercury that could trigger
poisoning symptoms similar to those that occurred in the Japanese outbreak.
The source of the mercury poisoning in Japan originated from the industrial release
of mercury into a sheltered ocean Bay (Minamata Bay) and into a river (Agano River)
(Deocadiz et al. 1999). Occupational exposure is the principal health hazard associ-
ated with mercury poisoning (Rowland et al. 1994). For example, most people who
become exposed to elemental mercury vapor are those who are employed in mining
and chloralkali plants, and in instruments manufacturing plants that use mercury
(e.g., laboratory instruments, accumulators, etc.) in their production processes.

Mercury is among the most important of heavy metals that contaminate the
environment (Slemr et al. 1985). Recent estimates (Mason et al. 1994) of the global
mercury budget indicate that ca. 6,000 and 10,800 ton of mercury are currently pres-
ent in the troposphere, and in the earth’s water bodies, respectively. Although
Malaysia has been one of the less polluted urban environments in Asia (ADB 1997),
its goal of achieving industrial country status by the year 2020, and its associated
rapid economic growth, have started to impose costs from industrial pollution and
urban environmental degradation. Among those recent environmental degradation
events have been depletion of fisheries, deforestation, pollution of inland and marine
waters, soil and coastal erosion, air and water pollution, and increased contamination
by industrial wastes (Afroz et al. 2003; WWF-M 2001). Increasing industrialization
and urbanization in the ASEAN (The Association of Southeast Asian Nations)
region has caused increased mercury inputs into the marine environment (Deocadiz
etal. 1999). Heavy metals are major pollutants in Malaysian waterways, and derive
predominantly from industrial point source outfalls and from mining activities
(Abdullah 1995). There have been numerous research papers published that address
the sources of release and contamination by mercury in the Malaysian environment
or in its commodities; such contamination, for example, has been found in water
bodies, in biota, and in the human body. In this chapter, it is our aim to review and
summarize the content of those studies, and to assess the significance of the amounts
of mercury found in different Malaysian environmental compartments, and finally,
to identify appropriate resolutions.
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2 Mercury: Uses and Source of Input into the Environment

Mercury is released into the atmosphere from a variety of natural (Fitzgerald 1986;
Xiaoetal. 1991; Mason et al. 1994; Lindberg et al. 1995) and anthropogenic sources
(Lindqvist et al. 1991; Ferrara et al. 1992; Pirrone et al. 1996; Carpi and Lindberg
1997; Lacerda 1997). Natural sources include volcanoes, soils, forests, lakes, and
open oceans (ca. 2,000 ton/year total; Mason et al. 1994). Anthropogenic sources
mainly result from combustion processes and waste incineration (ca. 4,000 ton/year
total; Porcella et al. 1997). Elevated levels of mercury exist in waters that are remote
from anthropogenic emission sources, which indicates that atmospheric deposition
is also an important source of contamination (Swain et al. 1992; Rasmussen 1994;
Sorensen et al. 1994). Although it is difficult to identify atmospheric deposition
sources in remote regions, it is generally accepted that anthropogenic-based
emissions have greatly increased relative to natural sources since the start of indus-
trialization (Fitzgerald et al. 1998; Hanisch 1998).

Malaysia is a coastal state whose shores are washed by the Straits of Malacca,
along the west coast of Peninsular Malaysia and the South China Sea, along the east
coast of the Peninsula and the coasts of Sabah and Sarawak. The Department of
Environment (DOE) of Malaysia regularly monitors water and air quality. Malaysian
coastal waters have frequently been observed to contain significant levels of mer-
cury. Based on DOE marine water quality monitoring results from 205 coastal-
water monitoring stations, mercury has exceeded the interim standard of 0.001 mg/L
every year since 1996 (DOE 1996, 1998, 1999, 2000, 2001, 2002, 2003, 2004,
2005, 2006, 2007, 2008). There was, however, fluctuation in the number of samples
that exceeded the interim standard for mercury from 1997 to 2008 (Fig. 1).
The highest exceedance rate was 18.2% of samples in 2006. Globally, 70% of
pollution in the seas is estimated to originate from land-based sources (UNEP 1990).
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Fig. 1 The annual incidence of mercury residue exceedances in the marine environment of the
Malaysian standard (1996-2008) Source: (DOE 1996-2008)
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Urbanization, increases in population density, and the intensification of agricultural
activities are among the main causes of increasing water pollution (DOE 2008).
Significant land-based sources of pollution in Malaysia include agricultural and
industrial activities, as well as urbanization concomitant with the rapid pace of
industrialization, and the associated increasing amounts of toxic and hazardous
wastes generated by a wide range of industrial activities (DOE 2008).

The Straits of Malacca is subjected to a great variety of pollutants due to its strate-
gic location as a major international shipping lane, and the concentration of its
agriculture, industry, and urbanization, which predominate on the west Peninsular
Malaysian coast. Therefore, the Straits has been a main repository for agricultural,
industrial, and domestic wastes originating from land-based activities, whereas
shipping activities from operational or accidental discharges have contributed to the
pollution of the Straits (Abdullah et al. 1999). The primary concern for the pollution
status of the west Peninsular Malaysian coast stems from the fact that discharges
reach it from rivers that drain highly the industrialized, heavily tilled, and densely
populated areas of the country (Impak 1998). Therefore, the impact of marine
pollution in Malaysia, especially mercury, is felt most in the estuarine and inshore
coastal areas of the Straits of Malacca. This partially results from the enclosed
character of the narrow sea that forms the Straits, and which drain the effluents of
several rivers. Land-based developments settled earlier also exist along the west
Peninsular Malaysian coast, and the population density of this area is concurrently
grown (USM 1976).

The waters of the South China Sea that borders the Malaysian coastline have
been relatively free of marine pollution, because development pressures in the
coastal states of this region have been rather slack prior to 1970 (USM 1976).
Nevertheless, consistent with the economic policies adopted by the Malaysian
government to redress poverty, particularly in the less developed coastal states
bordering the South China Sea, a concomitant increase in coastal marine pollution
has been observed (Hajeb et al. 2009).

Non-natural pollutant sources in the marine environment are derived mainly
from manifold human activities, and such activities are not confined to the Malaysian
territorial limits. Some pollutants are introduced to these marine waters through
atmospheric and aquatic drift inputs that result from activities that occur elsewhere
on the earth. Although there has been no significant source of industrial mercury
release into the coastal Malaysian environment, such as a chloralkali plant, aware-
ness of the danger posed by mercury pollution has been growing because of the
recent rapid pace of industrialization along the west coast of Peninsular Malaysia.
According to the Malaysian Industrial Developmental Agency (2007), more metal-
related industries have begun operations in the region since the year 2005. Such
manufacturing industries include the following: electrical appliances (lamps),
control instruments (thermometers), laboratory apparatus, dental amalgams, and raw
materials for various mercury compounds such as fungicides, antiseptics, preserva-
tives, pharmaceuticals, electrodes, and reagents. From the environmental point of
view, this industrial growth could lead to an undesirable release of metals like mercury
into our coastal environment. Metallurgical industries, particularly those involved
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in metal plating and galvanizing, are known to release heavy metals such as mercury
into their effluents. Mercury has also been found in the effluents of electrical
industries (Turney 1971). The pulp and paper industry is known to produce wastes
such as sulfites from wood digestion, and chlorinated phenolic compounds from
pulp and paper bleaching activities. Mercury, which was formerly used as a slimi-
cide in the paper-making industry, has also been found to exist in paper mill waste
effluents (Landner 1978).

The research conducted by Kathirvale et al (2003) on municipal solid waste
(MSW) characteristics for the city of Kuala Lumpur showed that the mercury
content of MSW was 0.27 mg/kg. Based on this study, the average amount of MSW
generated in Malaysia was calculated to be 0.5-0.8 kg/person/day, and in major
cities 1.7 kg/person/day. Based on the Environmental Quality Report, a total of
1,302,898.77 metric tons of scheduled wastes were generated in 2008, as compared
to 1,138,839.49 metric tons in the year 2007. The mercury content in the wastes
produced in 2007 and 2008 was 0.3% and 0.04%, respectively. The main categories
of waste produced in Malaysia were gypsum, dross/slag/clinker, oil and hydrocarbon,
heavy metal sludge, mineral sludge, and e-waste (DOE 2007, 2008).

3 Mercury Pollution in the Aquatic System

3.1 Rivers and Sea Water

Mercury pollution has occurred in the major rivers of different states of Peninsular
Malaysia since 1985. Significant levels have particularly been found in rivers of the
more urbanized and industrialized western regions (Table 1). The DOE uses a
standard method to analyze for mercury residues annually in river water. Following
is an accounting of the Hg residues detected in some of the more urbanized regions
of Malaysia:

e In the Merbok river, Kedah, the residues levels reported were, respectively,
0.002-0.46, 0.001-0.005, <0.001, and 0.020 mg/L for the years 1985, 1987,
1989, and 1991 (DOE 1986, 1987, 1989, 1991a, b).

* In the Perai River, Penang, the reported residues were 0.001-0.03, 0.001-0.004,
0.001, and 0.006-0.015 mg/L, respectively, for the years 1985, 1987, 1989. and
1991 (DOE 1986, 1987, 1989, 1991a, b).

e In the Perak River, Perak, the reported residues were 0.001-0.02, 0.001, 0.001,
and 0.001-0.05 mg/L, respectively. for the years 1985, 1987, 1989, and 1991
(DOE 1986, 1987, 1989, 1991a, b).

* In the Kelang River, Selangor, the residues reported were 0.001-0.005, 0.001—
0.005, 0.001-0.005, 0.001-0.007 mg/L, respectively, for the years 1985, 1987,
1989, and 1991 (DOE 1986, 1987, 1989, 1991a, b).

* Finally, the mercury residues in the Batu Pahat River, Johor, were reported as
being <0.001 mg/L in both 1987 and again in 1991 (DOE 1987, 1991a, b).
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Table 1 Mercury levels (mg/L) found in water samples from the major rivers

of Peninsular Malaysia
Location Year Mercury level (mg/L) Reference
Merbok River 1986 0.002-0.46 DOE (1986)
Kedah 1987 <0.001-0.005 DOE (1987)
1989 <0.001 DOE (1989)
1991 0.02 DOE (1991a, b)
Perai River 1985 0.001-0.03 DOE (1985)
Penang 1987 <0.001-0.004 DOE (1987)
1989 <0.001 DOE (1989)
1991 0.006-0.015 DOE (1991a, b)
Perak River 1985 0.001-0.02 DOE (1985)
Perak 1987 <0.001 DOE (1987)
1989 <0.001 DOE (1989)
1991 0.001-0.05 DOE (1991a, b)
Kelang River 1985 <0.001-0.005 DOE (1985)
Selangor 1987 <0.001-0.005 DOE (1987)
1989 <0.001-0.002 DOE (1989)
1991 0.001-0.007 DOE (1991a, b)
Batu Pahat River 1985 - DOE (1985)
Johor 1987 <0.001 DOE (1987)
1989 - DOE (1989)
1991 0.001 DOE (1991a, b)

DOE’s water quality monitoring program for rivers in 1996 resulted in collecting
909 samples in 116 rivers (DOE 1996). Analyses of these samples resulted in
classifying thirteen rivers as being polluted; eight of these rivers are located on the
west Peninsular Malaysian coast. The mercury levels found in some rivers
exceeded the guideline limit (0.001 mg/L), established in the National Guidelines
for Raw Drinking Water Quality (2000). Unfortunately, there are no currently
published data on the extent of mercury pollution in the sources of those waters.

Mercury levels from samples taken in the Langat River during a 6-month sam-
pling period (September 1984 to February 1985) were in the range of 0.002-
0.004 mg/L (Sarmani 1985). The Langat River basin, located south of Kuala
Lumpur, is the major source of drinking water for the Kuala Lumpur area, and the
water quality from this resource is threatened by the advancing development taking
place in the basin. The monitoring of physical, chemical, and biological indicators
of water quality commenced for this river approximately 25 years ago (Sarmani
1985). In the late 1980s, Sarmani (1989) demonstrated very low mercury levels
(0.002-0.004 mg/L) in the river water of this basin. Total mercury levels in samples
collected from the Kelang estuarine waters were in a range of 0.10-6.50 pg/L; these
levels were much higher than those detected in the Straits of Malacca and in the
South China Sea (Law and Singh 1987).

The levels of inorganic and total mercury were also determined in various river
and sea water samples collected from Malaysia by Sakamoto et al. (2004). These
authors reported 1.4—41.0 and 1.6-52.0 ng/L of inorganic and total mercury levels
in river water samples from the Straits of Malacca and the South China Sea, and
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1.0-2.6 and 1.4-2.9 ng/L of inorganic and total mercury in sea water samples from
the East China Sea, respectively. The level of mercury in river water was far higher
than in sea water, probably because of the contributions from human activities,
industry, and agricultural inputs to the rivers. Based on the studies that have been
published on mercury pollution in rivers and sea water, most pollution appeared in
west coastal waters, and the major chemical form of mercury found in these coastal
sea water samples was inorganic mercury.

3.2 Sediments

Among the heavy metals, mercury deserves particular attention because of its highly
toxic nature and tendency to biomagnify through the food chain (Zhou and Wong
2000). Sediments were shown to be not only a sink for heavy metals (Salomons
et al. 1987), but also to act as a secondary source of metals in the marine environ-
ment (Sin et al. 2001). Many studies on mercury in sediments (Chongrak 1982;
Krishnakumar and Pillai 1990; Larcerda et al. 1993) have shown that anthropogenic
activities are linked to mercury contamination. The high level of mercury found in
sediment samples may directly or indirectly reflect the input from anthropogenic
activities, such as industrialization, urbanization, and mining (Larcerda et al. 1993).

The total mercury residue levels in wet sediment samples from the Kelang estuary
were 0.03-0.40 mg/kg (Law and Singh 1987). Those results suggest that the Kelang
estuary carries some degree of mercury pollution. The mercury content in sediment
taken from the coastal areas of Kuala Terengganu showed levels of 61+47,
0.038+0.02, and 4.81+5.73 ng/g total mercury, methylmercury, and inorganic
mercury, respectively. The proportion of methylmercury that existed as part of the
total mercury content was 0.02-0.7%, which is rather low for this area (Kannan and
Falandysz 1998).

In a comprehensive study performed between 1999 and 2000, total mercury levels
in surface sediments of the intertidal area along the west coast of Peninsular Malaysia
were determined (Yap et al. 2003). Total mercury levels in these sediments ranged
from 3 to 201 pg/kg dry wt. Compared to the regional data and sediment quality
guidelines, the mercury contamination that existed in the intertidal area along the
west coast was not serious, except for a few sites that contained anthropogenic-
sourced mercury in the collected samples. Low mercury residues were also recorded
in sediments collected from recreational sandy beaches, such as Pantai Telok Batek
(2.90 pg/kg), Pantai Pasir Bogak (3.84 ng/kg), Pantai Telok Kemang (3.46 ng/kg),
Pulau Indah (9.16 pg/kg), Pantai Remis (7.75 pg/kg), and from a remote site at
Kuala Muda (6.00 pg/kg). The highest mercury level was recorded in the intertidal
sediment from Kuala Juru (201 pg/kg), followed by Jelutong (135 pg/kg) and Bukit
Tambun (103 pg/kg) in the state of Penang. The mercury levels in these samples
were 35-70 times higher than those found in samples from the recreational sandy
beaches. The high mercury contamination from these areas may be due to their
proximity to the Prai Industrial Estate, which is an industrial area (Yap et al. 2003).
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Mercury in sediment samples from four locations near the Straits of Johore (Pantai
Lido, Gelang Patah, Kg. Pasir Puteh, and Tg. Kupang) had levels that ranged from
49.0 to108 pg/kg.

Studies on mercury residues in sediments were also reported from sites along
different coastlines and rivers in Malaysia (Tan 2007; Sakamoto et al. 1999, 2004;
Law and Singh 1987). The sediment quality of the Sungai Linggi River basin at
Negeri Sembilan and its tributaries (rivers of Linggi, Batang Penar, Paroi, Temiang,
Senawang, Kepayong, Kayu Ara, upper Pedas, lower Pedas, Chebong, Siput,
Rembau, upper Simin) displayed a wide range of mercury concentrations, 0.31—
14.27 pg/g (Tan 2007). This river drains into the Straits of Malacca at the west
Peninsular Malaysian coast, and flows to areas that are near a popular recreational
beach (Port Dickson). The study by Tan (2007) indicated that mercury was a major
contaminant in the analyzed samples, because 80% of them exceeded the severe
effect level (SEL). The Sungai Linggi river basin is representative of a typical
Malaysian river basin. The main river and its tributaries flow through lands that are
quite diverse. Upstream is the Seremban township and Senawang industrial areas,
whereas, downstream are oil palm plantations and poultry farming operations are
more prominent. In addition, this river, being on an estuary, is very significant to
aquaculture activities, and is important to aquatic and coastal wildlife. The total
mercury concentration found in sediment samples taken from the coastal areas of
Malaysia (Straits of Malacca and South China Sea) was between 4.2 and 163 ng/g
(Sakamoto et al. 2004).

Levels of mercury are expected to be high in sediment samples collected from
the west Peninsular Malaysian coast, because of the hydrocarbon contamination
that exists in this area (Zakaria et al. 2000). Such hydrocarbons have S- and O-active
sites that bind mercury, and may result in a build-up of mercury levels (CCME
1997). Another source of elemental mercury in sediments and elsewhere is its
presence in manometers (commonly used at gas metering sites and at refining and
gas plants) (Wilhelm and McArthur 1995).

3.3 Biological Samples

The presence of mercury residues in Malaysia has been monitored in a variety of
biological organisms and media, including the following: algal and corals species
(Sivalingam 1980; Mokhtar et al. 2002), fish and seafood (Babji et al. 1979, 1986;
Zahari and Shafie 1987; Law and Singh 1991; Rahman et al. 1997; Yap et al. 2003;
Sakamoto et al. 2004; Agusa et al. 2005; Agusa et al. 2007; Kamaruzzaman et al.
2007; Alkarkhi et al. 2008; Hajeb et al. 2009, 2010a, b), food and medical herbs
(Wong and Koh 1985; Ang 2004; Ang et al. 2004; Ang and Lee 2005, 2006, 2007,
Sharif et al. 2008), and human hair (Sivalingam and Sani 1980; Sarmani et al.
1994; Sarmani and Alakili 2004; Tan et al. 2006; Hajeb et al. 2008; Tengku Hanidza
et al. 2008).
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3.4 Algae and Corals

Few studies exist on mercury residues in algae and corals from Malaysian waters.
Coral samples (Porites and Favia sp.), taken along the shorelines of Tioman and
Labuan Island, Teluk Sepangar and Tanjung Aru, were analyzed for mercury residues
(Mokhtar et al. 2002). The mercury residues in samples from Portites and Favia that
were collected from marine waters of Tioman Island had levels that ranged from
0.01 to 0.24, and 0.03-0.26 pg/g, respectively. Mercury levels in coral samples
from other locations were below the detection limit (<0.01 pg/g). Mercury contami-
nation levels were investigated in one species of Cyanophyta, fourteen species of
the Rhodophyta, five species of the Phaeophyta, and six species of the Chiorophyta
from Penang waters (Sivalingam 1980). The total mercury levels detected in algae
were <1.025 pg/g, indicating that the waters around the island of Penang contained
low levels of mercury contamination.

3.5 Fish and Seafood

In Table 2, the levels of mercury residues that were identified in several fish species
and in seafood samples from Malaysia are presented. The most recent analyses were
performed by Hajeb et al. (2009, 2010a, b) and Agusa et al. (2007, 2005), who
reported mercury concentrations in marine fish bought from local markets, and
which were taken from the west and east coasts of Peninsular Malaysia. Some of
these sampled fish species (e.g., tuna, mackerel) contained elevated mercury levels
in muscle and liver tissues (Hajeb et al. 2009, 2010a, b). Agusa et al. (2007, 2005)
showed that fish samples collected from the west coast retained high mercury levels
(0.35-0.37 pg/g); similar results (0.778-0.914 pg/g) for samples taken from the
east coastline were reported in studies performed by Hajeb et al. (2009, 2010a, b).
It is therefore apparent that sources of mercury contamination do exist along both
coastlines.

Yap et al. (2003) reported mercury levels in the green-lipped mussel (Perna
viridis) that were collected from the west Peninsular Malaysian coast (viz., 3.89—
50.00 pg/g wet wt). Three of the earliest reports on mercury concentration of sea-
food in Malaysia (Suan and Loong 1981; Babji et al. 1979; Noramly and Marof
1973) also showed that the mercury concentrations that existed in several species of
marine fish, prawns, cuttlefish, crab, and molluscs were <0.5 ng/g. However,
Sivalingam and Sani (1980) reported higher mercury content in several different
marine fish species and in cockles (1.34-8.91 ng/g) collected in the State of Penang.
Rahman et al. (1997) reported that the total mercury levels in seafood samples
collected along the west coast (Mersing, Kuala Perils, Batang Tiga, Benut, Kuala
Kedah, Kuala Selangor, Sg. Buluh, Morib, and Kuala Juru) were in the range of
0.28-0.61 pg/g (dry wt), whereas samples collected along the east coast (Bachok,
Kuala Trengganu, Paka, Marang, Kuantan, Rompin, and Pekan) were in the range
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of 0.21-0.43 pg/g. Most study results have revealed that higher mercury residues
exist in seafood taken from the west coast than from the east coast of Peninsular
Malaysia. The fact that the west coast is more industrialized probably accounts for
this difference, as does the fact that industrial sources and agricultural activities
along the west coast are near fishing areas, wherein mercury may exist in marine
sediment and be available for transfer to fish (Rahman et al. 1997).

Only a few studies have been performed on the methylmercury content in fish
and seafood in Malaysia (Hajeb et al. 2010a, b; Rahman et al. 1997). These authors
found that in a variety of samples studied, methylmercury residues were in the range
of 45-94% of total mercury residues. Tuna and mackerel were reported to have a
higher level of the organic mercury as compared to other species. The highest ratio
of organic mercury (94%) was found in Spanish mackerel collected from Kuala
Perlis (Rahman et al. 1997), short bodied mackerel (89%) and long tail tuna (91.5%)
collected from Terengganu and Pahang. This may suggest the presence of some
point sources of mercury contamination in Peninsular Malaysia, or in relevant open
water areas where the fish were caught.

4 Mercury Contamination of Food, Herbs, and Medicines

Heavy metal poisoning such as with mercury has long been associated with tradi-
tional medicines (Ang and Lee 2007). Malaysia has established a maximum level of
<0.5 pg/g for the presence of heavy metals in traditional medicinal preparations,
with particular reference to the presence of mercury (Jaafar 1995). Because mercury
is recognized as a reproductive toxicant, its concentration in some traditional medi-
cines and herbal products has been evaluated in Malaysia. Wong and Koh (1985)
studied the amounts of mercury in 99 common Chinese medicines that are available
in Malaysian markets. These authors showed that about 7% of analyzed samples
contained mercury residues of more than 1,000 pg/g, 6% had 0.5-20 pg/g, and 85%
had less than 0.5 pg/g of mercury. However, they stated that the source of mercury
was probably HgS, which is less toxic than other mercury compounds; HgS is also
highly insoluble and is thus more likely to be excreted after ingestion.

In a survey of the mercury content of herbal preparations that contained Tongkat
Ali hitam (Eurycoma longifolia) in the Malaysian market, 15% of the tested products
contained 0.62-2.32 ng/g of mercury. The results of this study showed that 85% of
the products tested complied with the Malaysian quality requirement (<0.5 png/g)
for the presence of mercury in traditional medicines; however, such preparations
could not be assumed to be safe from mercury contamination because of batch-to-
batch inconsistency (Ang et al. 2004).

The mercury content of 100 pharmaceutical dosage forms of Smilax luzonensis
(greenbriers), which is eaten as an aphrodisiac in the Malaysian community, was
tested. The results showed that 86% of the products complied with the quality
requirement for traditional medicinal preparations in Malaysia, in which mercury
content was of particular concern. However, mercury was detected in 14% of the
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products, which resulted in a call for urgent action by the Malaysian government to
rectify the abnormal amounts of contamination found (Ang and Lee 2005).

Ang and Lee (2006) determined the level of mercury in 100 products from
Malaysia of a black variety of Tongkat Ali that had been prepared into various
pharmaceutical dosage forms of the herbal preparation. The results showed that
26% of the products contained 0.53-2.35 pg/g of mercury. Therefore, the authors
concluded that those products do not comply with the quality requirement for tradi-
tional medicines in Malaysia (i.e., <0.5 pg/g) (Jaafar 1995). In another survey of
mercury content of 100 herbal products containing Smilax myosotiflora from the
Malaysian market, 11% of the examined products exceeded 0.5 pg/g of mercury
(Ang and Lee 2007). The presence of mercury in traditional medicines may derive
from growing the medicinal plants from which the medicines come in seriously
polluted soil; alternatively, these products may contain animal and/or mineral material
that are contaminated with heavy metals (Chuang et al. 2000). Samples of locally
processed raw Malaysian food products (e.g., salted fish, shrimp paste, and dried
shrimps) that are widely used as main ingredients in local cooking were collected
from Malacca (main production and distribution center for these foods) and were
then analyzed for mercury contamination. Results indicated that these samples did
not contain detectable mercury (Sharif et al. 2008).

5 Human Health Indicators

Few studies have addressed that mercury levels may exist in human tissues and
fluids (hair and urine) in the Malaysian population. Having such information would
help assess the human exposure levels to mercury. The mercury levels that exists in
urine taken from dentists and dental auxiliaries, and the relationship that the Hg
levels have to the number of amalgam fillings, type of amalgam used, the work load,
and mercury exposures from seafood and other activities were studied by Tan et al.
(2006). Information about the potential degree of exposures to mercury (i.e., from
work, seafood consumption, and other exposures) was obtained from a questionnaire
survey. The urinary mercury level found by Tan et al. (2006) was 3.19+6.61 pg/L,
with no significant differences among different staff categories. Less than 0.5% of
respondents had higher urinary mercury levels than the guidance value of 20 pg/L,
and only 0.21% of respondents had urine that exceeded 50 pg/L. The levels in urine
of oral healthcare personnel did not show any significant association with the fre-
quency of intake of seafood, or with amalgam status (number of amalgam fillings),
type of alloy used, or amalgam workload. However, Hg urine levels were associated
with increased reports of personnel medical symptoms.

In an earlier study (Sivalingam and Sani 1980), the total mercury level in hair
samples from residents of a few fishing communities in the state of Penang was
reported as being between 7.36 and 16.10 pg/g. There was no correlation between
mercury levels in hair of the studied populations and mercury concentrations in
local fish samples. Later, Sarmani et al. (1994) analyzed for mercury in hair samples
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collected from fishermen and their families residing in an industrialized area in
Penang, and in a nonindustrialized area in Terengganu. The mercury levels in the
hair samples of residents from Penang and ranged from 0.45 to 16.68 pg/g, and
those of Terengganu from 6.79 to18.31 pg/g. These study results demonstrated that
mercury levels in human hair do depend on the pattern of fish consumption. Sarmani
and Alakili (2004) found that the contamination levels in hair samples of Malaysian
citizens of Kuala Lumpur were 3.38 and 1.13 pg/g for total mercury, and methyl-
mercury, respectively. The authors of this study identified fish consumption as a
significant route of mercury exposure.

Hajeb et al. (2008), in a more extensive study, surveyed hair mercury levels in
the rural and urban communities of four coastal states of Malaysia: Kedah,
Terengganu, Johor, and Selangor. The mercury levels found ranged from 0.01 to
21.00 pg/g dry wt. The authors reported a significant positive correlation between
hair mercury concentration and fish consumption in the residents of all four com-
munities studied. The mercury exposure to residents of rural communities was
higher than those in urban areas. However, the mercury levels found in residents of
all the studied communities was much lower than the WHO’s no observable adverse
effect level (NOAEL) (50 pg/g dry wt). Tengku Hanidza et al. (2008) studied the
concentration of mercury in hair samples collected from residents of two rural, and
two urban coastal communities, Yan and Alor Setar in the state of Kedah, and
Bachok and Kota Bharu in the state of Kelantan, respectively. The geometric means
for total mercury levels found in those communities were as follows: 1.38 pg/g dry
wt (Yan), 1.20 pg/g dry wt (Alor Setar), 1.24 ng/g dry wt (Bachok), and 1.07 pg/g
dry wt (Kota Bharu). Two persons, each from Alor Setar and Kota Bharu, had a high
total mercury level in hair (223.58 and 803.16 pg/g dry wt, respectively). Their
analysis for methyl mercury showed that the levels were within 1.36 and 1.91 pg/g
dry wt, respectively. Age and fish consumption appeared to have a significant effect
on levels of hair mercury levels in those populations.

6 Summary

Although several studies have been published on levels of mercury contamination
of the environment, and of food and human tissues in Peninsular Malaysia, there is
a serious dearth of research that has been performed in East Malaysia (Sabah and
Sarawak). Industry is rapidly developing in East Malaysia, and, hence, there is a
need for establishing baseline levels of mercury contamination in environmental
media in that part of the country by performing monitoring studies. Residues of
total mercury and inorganic mercury in food samples have been determined in
nearly all previous studies that have been conducted; however, few researchers have
analyzed samples for the presence of methylmercury residues. Because methylmer-
cury is the most toxic form of mercury, and because there is a growing public aware-
ness of the risk posed by methylmercury exposure that is associated with fish and
seafood consumption, further monitoring studies on methylmercury in food are also
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essential. From the results of previous studies, it is obvious that the economic
development in Malaysia, in recent years, has affected the aquatic environment of
the country. Primary areas of environmental concern are centered on the rivers
of the west Peninsular Malaysian coast, and the coastal waters of the Straits of
Malacca, wherein industrial activities are rapidly expanding. The sources of existing
mercury input to both of these areas of Malaysia should be studied and identified.

Considering the high levels of mercury that now exists in human tissues, efforts
should be continued, and accelerated in the future, if possible, to monitor mercury
contamination levels in the coastal states, and particularly along the west Peninsular
Malaysian coast. Most studies that have been carried out on mercury residues in
environmental samples are dated, having been conducted 20-30 years ago; therefore,
the need to collect much more and more current data is urgent. Furthermore, estab-
lishing baseline levels of mercury exposure to humans in Malaysia will be useful in
establishing the levels at which detrimental effects in both humans and marine life
may occur, and therefore the levels at which warnings should be raised or limits
established. In particular, we believe that two or three monitoring centers should be
established in Peninsular Malaysia, and one in East Malaysia for the specific purpose
of monitoring for the presence of hazardous environmental chemicals, and particu-
larly monitoring for heavy metals such as mercury that reach food that is subject to
consistent human consumption.
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1 Introduction

Aquatic systems are inhabited by a large variety of species, several of which comprise
important components in human diets. Aquatic systems are also the final receptors
of a whole range of pollutants, including radioactive ones, because the majority of
nuclear facilities are connected to either rivers or to the marine environment.

The main radionuclides routinely released from nuclear power plants and nuclear
fuel reprocessing plants are gamma (y) emitters (e.g., *’Cs, ©°Co, **Mn) and tritium.
The latter is the most abundantly released radionuclide from the nuclear industry
(around 10'¢ Bg/year; Adam-Guillermin et al. 2010). In the near future, the release
of tritium is expected to increase with the implementation of new reactors (e.g.,
European Pressurized Reactor or EPR) and the development of the ITER
(International Thermonuclear Experimental Reactor) nuclear fusion facility, which
will enhance public concerns about this radionuclide. Tritium is a radioactive isotope
of hydrogen. It behaves chemically like hydrogen, forming water molecules, dihy-
drogen gas, or biomolecules. It is a very low-energy beta emitter (average energy of
5.7 keV) of short range (average track length of 0.56 um in water). As a result, the
average ionization density (and linear energy transfer) produced by the emitted beta
particle is significantly higher than that produced by higher energy particles or
photons, such as °Co (HPA 2007). In addition, in situ transmutation of tritium into
helium and enrichment of water in the DNA hydration shell contribute to the
enhancement of tritium effects on DNA (HPA 2007).

Radionuclide exposure may cause major alterations to the structure and function
of biological macromolecules, such as lipids, carbohydrates, proteins, and nucleic
acids. Assessing DNA damage is important because such damage may produce irre-
versible effects such as carcinogenesis (Stein et al. 1994; Wirgin et al. 1994) and
teratogenesis (Theodorakis et al. 1997). It can also affect fecundity (Anderson and
Wild 1994; Theodorakis et al. 1997), immune function (Hurks et al. 1995), or
deplete cellular energy stores (Pieper et al. 1999). Another important aspect of DNA
damage is that it can also contribute to evolutionary effects by transmitting
mutations to subsequent generations (Frankham 2005), partially through epigenetic
mechanisms (Aypar et al. 2011). Consequently, effects on DNA, measured at the
subcellular level, should theoretically be correlated to effects on individuals, popu-
lations, or communities.

Although some literature reviews have focused on the genotoxicity of pollutants
in aquatic organisms (Mitchelmore and Chipman 1998; Jha 2004), none have
specifically addressed the genotoxicity of radionuclides, and the associated effects
they have at higher organizational levels. Importantly, our review provides an addi-
tional analysis of the data by fitting nonlinear curves (described below) to the dose—
response data provided in the reviewed manuscripts. The additional analyses
allowed us to calculate several endpoints that are commonly associated with
ecotoxicological studies, such as the 10% effect dose rate (EDR,), and to use such
endpoints as a common metric for comparing the data published in the literature.
Such a review is important because of the routine releases into aquatic environments
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that occur from nuclear power plants, the large releases into the marine environment
from the Fukushima accident (Garnier-Laplace et al. 2011), and because of the
renewed debate on the pros and cons of nuclear energy production (e.g., Ferguson
2011). In this review, we examine the current state-of-knowledge concerning the
effects of radionuclides on DNA integrity, reproductive ability, teratogenesis, and
the early life-stage survival of aquatic organisms.

2 Methods Used

We limited the scope of this review to studies of animals whose primary or critical
life stage is aquatic, and to animals which were exposed to y irradiation or tritium in
the laboratory or in the field. We tried to take into account the papers published to
date in French or in English, including the “grey literature,” such as reports that
utilize data extracted from the Frederica database (Copplestone et al. 2008). Special
attention was given to dose assessment, as it is generally the weakest point of such
studies. Dose, as used in radiological studies, does not have the same units as that
used for nonradioactive contaminants (e.g., mg stable Hg/kg fish mass). Instead,
dose (in Gray, Gy) from a radioactive contaminant perspective refers to the energy
(Joules) absorbed per mass (kg) of tissue when a radionuclide undergoes radioac-
tive decay (i.e., 1 J/kg=1 Gy). When dealing with dose rate, the international
system of unit is Gy per unit time. The background dose rate from natural radioac-
tivity is a few nGy/day, but can be enhanced by naturally occurring radionuclides in
soil or by cosmic radiation as the elevation above the earth’s surface increases
(Goémez-Ros et al. 2004). Dose rates may be increased due to the nuclear fuel cycle.
For example, the maximal absorbed dose rate in aquatic organisms (macrophytes)
from the Cumbrian coast in the UK was estimated to be 96 nGy/day (Copplestone
et al. 2001).

In the reviewed papers, radiological doses were sometimes calculated by the
original authors; if not, we estimated dose rate according to the following equation
(modified from Hagger et al. 2005):

Dy =5.76x107 x g, xC, (1)

where D, is the dose rate in Gy/h; 5.76 x 107" is a conversion factor; €, is the average
beta-ray energy *H=0.00569 MeV), and C is the concentration of tritium (Bg/mL).
These calculations were based on the assumptions that: (a) *H was uniformly
distributed within the organism over the exposure period and (b) no concentration
of *H above a water equilibrium level occurred (concentration factor of 1).

The biological endpoints we examined were genotoxicity, reproduction, and
development. When dose-response relationships were studied, we attempted to
synthesize the results by using standardized critical indices of ecotoxicity such as:

— HNEDR (highest no effect dose rate): highest dose rate for which no statistically
significant effect was observed as compared to the control group.



70 C. Adam-Guillermin et al.

— LOEDR (lowest observed effect dose rate): lowest dose rate for which a statistically
significant effect was observed as compared to the biological response in the
control group.

— EDRKX, or effective dose rate x% corresponding to the dose rate giving an x%
effect as compared to the control group. In the same manner, LDRx or lethal dose
rate x% corresponds to the dose rate to give an x% mortality as compared to the
control group. EDRx values were estimated by fitting a log-logistic nonlinear
regression to quality-assessed data sets from the Frederica database and from the
available literature. To be acceptable for modeling, datasets had, at first, to satisfy
several criteria (described in Garnier-Laplace et al. 2010). Then, the estimated
EDRx had to be bracketed by experimental points. Nonlinear regressions were
calculated using a log-logistic model (Ritz and Streibig 2005) with the R soft-
ware (R Development Core Team 2009) and the “drc” add-on package. Because
EDR , values were obtained using more robust methods, it was the preferred
endpoint to LOEDR, when both values were available.

Some reported research was specifically performed to compare the different
efficiencies of tritium and y rays, and the resulting values were described by using
the relative biological effectiveness (RBE) index. RBE quantifies the different
efficiencies of radiation types to produce a biological effect. It is defined as the ratio
of the absorbed dose of the reference radiation to the absorbed dose of the test
radiation that is required under similar conditions to produce an identical level of
biological response in a particular animal or cellular study. Thus, in human radiobi-
ology, RBEs are used as quality factors to normalize the dose among different forms
of radiation that possess different efficiencies. In this chapter, some RBEs could be
calculated using ratios of either LOEDR or EDR  for HTO (tritiated water) and y
rays. Some values were also calculated by the original authors.

3 Review of Tritium Effects

3.1 Agquatic Invertebrates

Most research performed on tritium effects to aquatic organisms used HTO (one
study was also performed with organic tritium) and studied effects in marine species
(Pacific oyster, brine shrimp, blue mussel, polychaete worms, goose barnacle). Only
one study has been performed on freshwater organisms, which used daphnids as a
biological model (Table 1).

3.1.1 Effects on DNA

As could be expected from the characteristics of beta particles emitted by tritium,
DNA alterations were observed in organisms (blue mussels) exposed to tritiated
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water or to organic tritium, either at the egg stage (Hagger et al. 2005) or as adults
(Jha et al. 2005; Jaeschke et al. 2011). DNA alterations, determined by using RAPD
(randomly amplified polymorphic DNA) profiles and the comet assay, occurred at a
low dose rate of 0.3 mGy/day, and progressively increased in a dose-dependent
manner at higher rates, notwithstanding the studied life-stage. From the same low
dose rate (i.e., 0.3 mGy/day), cytogenetic alterations were also observed, in terms of
sister chromatid exchanges (SCEs) and chromosomal aberrations (Hagger et al. 2005).
The increase in chromosomal aberrations was not a function of dose, probably
because apoptosis mechanisms dominated at the highest doses. The main aberrations
observed were acentric fragments that resulted from chromosome or chromatide
breaks. The increase in SCE, dependent on the S phase of the cell cycle, suggests
that tritium may interfere with the replication processes. DNA alterations were
correlated with a significant decrease of normal embryo-larvae (and correspond-
ingly, an increase in mortality; Hagger et al. 2005). Similar results were obtained for
adult mussels, in which a significant genotoxicity occurred at even the lowest dose
tested (0.3 mGy/day), using micronuclei (MN) frequency and the comet assay (Jha
et al. 2005). Interestingly, this genotoxicity was enhanced for organic tritium
(Jaeschke et al. 2011). Hence, tritiated glycine was found to be 15 times more genotoxic
than tritiated water in adult blue mussels, exposed at dose rates from 0.12 mGy/day
(glycine form) to 3 mGy/day (tritiated water).

3.1.2 Effects on Survival of Early Life Stages and Reproduction

Invertebrate survival was affected at low dose rates, but only following long expo-
sure periods. Hence, chronic exposure of daphnids up to a dose rate of 39 mGy/day
did not induce any mortality following 72 h of exposure (Gudkov and Kipnis 1996),
whereas exposure for five generations (71 days) led to mortality in all generations
for dose rates of 39 uGy/day and 39 mGy/day. A dose rate-dependent reduction of
life span was observed, with a decrease of 50% at the highest dose rate (39 mGy/
day) for the first generation.

The sensitivity of marine organisms to tritium varies by species and endpoints
considered. Survival of 48-h-old Pacific oyster larvae was not altered following their
exposure during the egg stage to low dose rates of HTO (from 0.003 to 30 mGy/day)
(Nelson 1971). Brine shrimp, known as a radioresistant animal, was exposed to
HTO at dose rates from 291 mGy/day to 21.8 Gy/day to study their growth, survival,
and fecundity (Higuchi et al. 1980). Their life span was significantly reduced (30%)
at dose rates greater than 1.46 Gy/day. At the highest dose rate of 21.8 Gy/day, no
nauplii could mature, and died within 24 days. In blue mussel eggs, mortality
reached 100% at 23-h postfertilization (h.p.f.) at a dose rate of 22 mGy/day (Hagger
et al. 2005). This high mortality did not allow the determination of LDR_ at 72 h or
later, but the authors give a 48-h LDR,, of 0.94 mGy/day. The EDR  value
estimated from their data is very low, i.e., 10™* mGy/day. Chronic exposure of
the polychaete Ophryotrocha diadema, from the egg to adult stage (11 weeks) ata
single dose rate of 175 mGy/day, also led to a decrease in survival (18%) of organ-
isms at the egg to larvae stage (Knowles and Greenwood 1997).
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Tritium effects on invertebrate reproduction were studied in daphnids, polychaete
worms, and brine shrimps. The resistant brine shrimp crustacean was the least sensi-
tive among these organisms. However, reductions in the total number of nauplii,
duration of breeding, broods and nauplii per brood, were observed from the lowest
dose rates tested in these experiments, 290 mGy/day (Higuchi et al. 1980).

In the polychaete O. diadema, a 30% decrease in the mean number of larvae per
worm was noted at a dose rate of 175 mGy/day from HTO, explained by a decrease
in egg production and egg survival (Knowles and Greenwood 1997). Reproduction
of worms was also studied for the same dose rate of y rays. There was no significant
difference between the 3- or y-irradiated groups for any endpoint, but results implied
that the two groups may have affected different biological targets. The reason is that
the reduced number of larvae resulted from a reduction in egg survival for tritium,
whereas for y-rays, reduced egg production was a more important effect.

The largest effects were observed in daphnids, whose fecundity was monitored
over a five-generation exposure to HTO (Gudkov and Kipnis 1996). A decrease in
several reproduction parameters was observed, such as the total number of young
produced per female, the mean number of young in broods, and the number of
broods during the life. At the maximum dose rate (39 mGy/day), there was no off-
spring produced in the entire experiment. The EDR, values, estimated from these
fecundity parameters, were 0.08 mGy/day (number of young in broods, number of
broods in life) and 0.04 mGy/day (number of young produced during the life); the
EDR value was 0.007 mGy/day.

3.1.3 Effects on Development

An effect of HTO exposure on the development of invertebrates was observed for
low dose rates in four different studies, using brine shrimp, blue mussels, Pacific
oysters, goose barnacles, and daphnids. The most resistant species to radiation was
again the brine shrimp, which displayed a HNEDR as high as 21.8 Gy/day for hatch-
ability of encysted dry eggs and for growth of nauplii. In Pacific oyster larvae,
abnormalities were observed in larvae exposed for 48 h to a dose rate of 3 mGy/day
(Nelson 1971). Although the effects seen were significant, the percentage of abnor-
malities remained low (11.4% vs. 5.1% in the control).

The freshwater microcrustacean, Daphnia magna, experienced the following
several abnormalities during embryogenesis at a surprisingly low dose rate of
39 nGy/day: production of various sized eggs, uneven development of eggs, and
dissolution of brooded eggs (Gudkov and Kipnis 1996). For example, at this dose,
the maximum number of abnormalities (19.6% over all the generations) was
observed and the proportion of abnormal developmental effects increased with each
generation, reaching 37.5% at the fifth generation. It must be emphasized that a
dose rate of 39 nGy/day is about two orders of magnitude lower than the normal
background gamma dose rate (i.e., a few nGy/day), calling into question the validity
of these data. The same trend was observed for the second dose rate of 39 nGy/day
(mean of 19.1% abnormalities over all generations). This decrease was explained by
a higher mortality of the weakened individuals and survival of more viable offspring.
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Results expressed in terms of developmental abnormalities (all generations together)
allowed the determination of an EDR of 0.04 mGy/day, and an EDR_ of 0.08 mGy/day.
The blue mussel sensitivity appears comparable, since Hagger et al. (2005) observed
only a few normal larvae after a 72-h exposure to a dose rate of 0.03 mGy/day (18%
vs. 65% in controls), whereas for the other dose rates, no normal larvae were found
(EDR  of 0.017 mGy/day). Finally, one of the smallest LOEDR values recorded for
the development of invertebrates exposed to tritium was in the goose barnacle in
which negative effects on the molting index of poststage I larvae were observed at

a LOEDR value of 15 nGy/day (Abbott and Mix 1979).

3.2 Agquatic Vertebrates

Most data on tritium effects in aquatic vertebrates were obtained on the fish medaka,
in a series of experiments addressing the sensitivity of germ cells and early life stages.
Data, albeit much less, were also acquired on rainbow trout and guppy (Table 2).

3.2.1 Effects on DNA

Despite the comprehensive studies performed on tritium effects to fish reproduction,
there are few data on effects to DNA, and moreover, the latter were obtained at very
high dose rates. A comparison was made of the cytogenetic effects to medaka eggs
from fertilization (one-stage cell) to the blastula stage that was produced from
exposure to tritium, *°Sr-""Y, y or X-rays (8 h.p.f.; Suyama et al. 1981). A dose-
dependent increase of aberrant mitoses (i.e., frequency of cells with chromosomal
bridges) was observed from the second studied dose rate (LOEDR of 555 mGy/day),
at which the percentage of cells with chromosome bridges was twice that of the
controls. The dose rate needed to obtain the same effect using y rays was higher
(LOEDR of 2340 mGy/day). From these the RBE can be estimated, viz., 4.2. Over
the same range of dose rates, no effects were observed on hatchability and larval
development.

Chromosome aberrations were also observed in microcultures of lymphocytes of
the central mudminnow that was exposed to HTO or to vy irradiation (Suyama and
Etoh 1985). Chromosome aberrations and SCE were observed from 23 mGy/day
for HTO and from 64 mGy/day for y rays. The RBE value was estimated by the
authors to be 1.9, using the dose-response relationships for the HTO- and
37Cs-induced aberration yields.

3.2.2 Effects on Reproduction and Survival of Early Life Stages

Mortality of fish eggs from exposure to low dose rates of tritium has been observed
(Strand et al. 1972a). A significant increase in mortality (8.5%) was documented in
rainbow trout eggs exposed for 3 weeks to HTO at a dose rate of 0.29 mGy/day.
Similar sensitivity was seen for medaka embryos of the HOS strain, viz., an EDR
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of 0.87 mGy/day for survival at 1 month, when exposed from the morula stage to
hatching (Hyodo-Taguchi and Etoh 1993).

Early exposure of medaka embryos (for 10 days) to HTO or to y rays led to
significant effects on subsequent fecundity and fertility as adults, after cross repro-
duction, i.e., exposed males or females were paired with control partners (Hyodo-
Taguchi and Etoh 1986). No difference in sensitivity was observed between sexes,
because fecundity was similar whether males or females were exposed. Hence, the
EDR  for oviposition frequency was 68 +62 mGy/day (mean +standard deviation)
and 125 + 86 (mean +standard deviation) mGy/day, respectively, for exposed females
and males. However, differences appeared in terms of hatchability. For exposed
females, eggs that were fertilized hatched normally in all groups, whereas for
exposed males, the hatchability of eggs was affected at a dose rate as low as
340 mGy/day. This difference may derive from the lower repair ability of DNA
damage in male germ cells than in female ones, and from residual tritium concentra-
tions in important components of germ cells, from which regeneration of the surviv-
ing cells may be precluded. The fact that oviposition was also highly affected when
only males were exposed indicates that an effect may have occurred on reproductive/
courtship behavior, leading to a decrease of female egg laying. Several EDR
values could be calculated for different endpoints, therefore allowing RBE values to
be compared; these values ranged from 0.06 to 14.9 (Table 2).

Complementarily to the foregoing results, these authors studied the sensitivity of
germ cells in medaka embryos that were exposed to tritium or to y-rays until
hatching, i.e., for 10-11 days (Etoh and Hyodo-Taguchi 1983). It seems that two
populations of germ cells existed in the fry, a radiosensitive one and another that
was radioresistant, since a decrease of germ cell number was observed until the
third dose rate (340 mGy/day) was reached, whereupon the number of germ cells
remained constant up to the highest dose rate studied (1.7 Gy/day). For radiosensitive
germ cells, it was possible to calculate an EDR  for germ cell survival of 18 mGy/
day (EDR, of 183 mGy/day). The EDR  value estimated for y irradiation was
48 mGy/day, which gave a RBE value of 2.7. For these radiosensitive cells, a 10-day
LC,, of 195 mGy/day was reported for tritium (vs. 350 mGy/day for y irradiation,
the corresponding RBE value for which was 1.8).

Important effects were also observed on the fertility of adult medaka exposed
to HTO for 30 days. Survival of primary spermatogonia Ib (the first stage after
the stem cells) was affected by relatively low tritium concentrations, i.e., 29 mGy/
day (Hyodo-Taguchi and Egami 1977). The corresponding EDR,  value was
50 mGy/day, at 10 and 30 days of exposure. Spermatogenesis was completely
inhibited at the two highest dose rates, i.e., from 145 mGy/day. As a consequence,
a decrease of testes weight was also observed from the same dose rate, reaching
40% after 30 days.

3.2.3 Effects on Development

Several malformations have been observed in fish exposed to tritium. In rainbow
trout eggs, major malformations of the eyes and the body were observed
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(Strand et al. 1972a). Oddly, significant effects on larvae were observed at the
lowest dose (0.29 mGy/day), then decreased at higher dose rates, probably because
the induced abnormalities resulted in death. Smaller eye size was also observed by
Walden (1971) at high dose rates for the hatched fry of the freshwater fish, three-
spine stickleback, and English sole (sea fish) exposed to HTO during their embryonic
development. A 10% reduction in eye diameter was observed at the relatively high
dose rates of 2.9 Gy/day, and a 20% reduction occurred at 29 Gy/day for both
species. No effect was observed at the lowest dose rate tested (1.4 Gy/day). At high
dose rates, Ichikawa and Suyama (1974) reported a 40% reduction in eye diameter
for the puffer (Fugu niphobles), which had been exposed up to hatching to a single
dose rate (29 Gy/day) of HTO. This reduced eye size and an observed swollen abdo-
men indicated that morphological development of those embryos had been retarded,
resulting in smaller body size and a larger amount of remaining yolk. Vertebral malfor-
mations, such as fusion of three vertebrae, incomplete formation of vertebra or lack
of a vertebral process, were also observed in medaka embryos that were exposed
from the morula to hatching stages; the EDR  for this effect was 798 mGy/day
(Hyodo-Taguchi and Etoh 1993). The effects on development of the primary immune
response were studied in rainbow trout exposed as embryo-larvae for 20 days to tri-
tium (Strand et al. 1977). A 50% decrease of agglutinine synthesis, an antibody
induced in response to vaccination, was reported as an effect at the highest dose rate
(20 mGy/day) 9 weeks after exposure, and at 2 mGy/day 11 weeks after exposure.

Using a hatchability endpoint, Blaylock et al. (1971) found no significant differ-
ences between control carp eggs and those that had been exposed to 204 and
1,450 mGy/day of HTO. Ichikawa and Suyama (1974) also found no effect of
tritium dose rates up to 29 mGy/day on the hatching of flounder eggs, but a
small reduction of hatching occurred for puffer (Fugu niphobles) eggs at a dose rate
of 2910 mGy/day.

In guppies, tritiated water produced a significant effect on the sex ratio, with an
increased proportion of males occurring at 73 mGy/day. A dose-dependent decrease
of courtship behavior was also observed, together with a decrease in the rate of
development of male characteristics (Erickson 1971).

4 Review of Effects from External Gamma Irradiation

4.1 Aquatic Invertebrates

4.1.1 Effects on DNA

As occurred with studies on tritium, although DNA is known to be the primary
target for ionizing radiation, few studies have addressed the genotoxicity in inverte-
brates induced by 7 irradiation (Table 3). A few studies have been conducted using
the polychaete worm, Neanthes arenaceodentata, in which a doubling in the number
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of SCEs was observed in larvae, following exposure to 9.6 mGy/day (Harrison and
Rice 1981). Worms exposed to higher dose rates (1,680 and 3,120 mGy/day) had
lower SCEs than did the controls, probably indicating that apoptosis had occurred.
There were no exposure effects at the individual level, since no difference in the
number of abnormal larvae or survival rates was observed in larvae 6 and 17 days
after irradiation at dose rates of 528 and 2,760 mGy/day, or in another study, at
408 mGy/day (Harrison and Anderson 1988). However, a substantial increase of
larvae mortality and egg number was observed when parents were exposed, which
may derive from chromosomal aberrations having caused cell death and mutations
in gametes. Comparing embryonic survivorship data obtained from chronic vs.
acute exposure reveals that DNA repair may not be efficient in gametes of this
species. As a result of N. arenaceodentata having long synchronous periods of
gametogenesis, this organism may be more vulnerable to cumulative effects of expo-
sure to y rays.

4.1.2 Effects on Survival of Early Life Stages and Reproduction

Reproductive effects from v irradiation were documented to occur for the poly-
chaete O. diadema, when exposed for seven generations (over 1 year of exposure)
to low dose rates (Knowles and Greenwood 1994). In generation 1, several repro-
ductive parameters were decreased (number of egg sacs, eggs and larvae produced),
but only at the highest dose rate (329 mGy/day); in generations 2 and 3, all param-
eters (number of egg sacs, eggs and larvae produced, survival of egg to larvae) were
decreased in a dose-dependent manner for all dose rates. The EDR | value for larvae
production in the second generation was estimated to be 18 mGy/day. In the seventh
generation, a clear recovery was seen. Survival of eggs to larval stages was affected
slightly in the first generation at the highest dose rate, and in a dose-dependent manner
for generations 2 and 3. No effect was observed for generation 7. Mortality also
increased for older worms (62 days) in the second generation (EDR | =0.86 mGy/day)
and in the third one (EDR ;=56.6 mGy/day) to a lesser extent, whereas a recovery
was seen in the seventh generation. The reasons for these differences must lie in the
fact that worms in generation 1 were exposed first as free living larvae, whereas in
generations 2 and 3, the organisms had been subjected to radiation from the fertil-
ization stage, when irradiated gametes came together. The question as to whether a
selection of the more resistant individuals occurred at generation 7 must still be
addressed. No radiation effect on growth rate or time to reach sexual maturity was
observed at the dose rates studied (from 41 to 329 mGy/day).

The same trend (reduction in egg sacs, eggs, and larvae) was observed in a similar
study (Knowles and Greenwood 1997), in which organisms of O. diadema were
exposed to a single dose rate of 175 mGy/day for 11 weeks (from the egg prior to its
being laid to when the worms were approaching the end of their lives).

The influence of the exposure period on the reproductive performance of another
polychaete worm, N. arenaceodentata, was studied at similar dose rates (Harrison
and Anderson 1988). Irradiation carried out during embryogenesis only (from
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spawning to hatching of larvae, i.e., 12 days) did not affect embryo survival, even at
a dose of 408 mGy/day. However, life-time irradiation of parent worms from their
first being spawned, caused a significant reduction in the survival of embryo off-
spring, even at a dose rate of only 4.6 mGy/day. A significant reduction in egg num-
ber was observed, but only at the highest dose rate.

These results show that N. arenaceodentata and O. diadema exhibited different
sensitivities that were dependent on the endpoint being measured. Hence, embryonic
survival may be more radiosensitive than egg production in N. arenaceodentata,
and the reverse for O. diadema.

The life history strategy of an organism can also strongly influence results. N.
arenaceodentata, which has long and synchronous periods of gametogenesis, may
be more vulnerable to the cumulative effects of chronic exposure to genotoxic
substances.

Species sensitivity was also drastically different in two other marine species,
Mercenaria mercenaria and Argopecten irradians, that were exposed to increasing
dose rates for 3—14 months (Baptist et al. 1976). Although M. mercenaria survival
was affected after 159 days of exposure (EDR ; of 1188 mGy/day), no significant
effect was observed on juvenile scallops after 84 days of exposure up to doses of ca.
9,000 mGy/day.

For the freshwater crustacean D. magna, reproduction was also affected by
exposure to y irradiation at levels of <24 h.p.f. for 23 days (Gilbin et al. 2008).
The fecundity rate was significantly affected at 650 mGy/day, with early release and
reduced size of broods. As a result, the intrinsic rate of natural population increase
(“r”), defined as a function of survival and fecundity, decreased by 21% for the first
generation exposed to the highest dose rate. Furthermore, the neonates produced
were less resistant to starvation (EDR; of 403 mGy/day). In another daphnid
species, Daphnia pulex, that was also exposed for one generation (35 days), but to
much higher dose rates, Marshall (1962) showed that there was a negative correla-
tion between fertility and dose rate; the corresponding EDR, | was 6663 mGy/day.
As for D. magna, this reduction in fertility resulted from reduced fecundity rather
than from increased prenatal mortality of embryos. The intrinsic growth rate of
natural population increase was reduced as a linear function of the square of dose
rate, and equaled zero at a dose rate of 16,300 mGy/day. This almost entirely resulted
from a decline in birth rate at doses exceeding 7,000 mGy/day, whereas mortality
increased only at dose rates exceeding 14,000 mGy/day. A 20% decrease of “r” was
observed at 7,000 mGy/day vs. 648 mGy/day in the Gilbin et al. (2008) study.
D. pulex and D. magna may have different sensitivities to irradiation, but these
differences may also derive from different experimental conditions, e.g., such as
food or experimental conditions.

The effect of y-rays on population dynamics of D. pulex was also studied over
several generations (for 55 weeks), under conditions of intraspecific competition for
food (Marshall 1966). These exposure conditions led to population extinction at a
dose rate of 4,360 mGy/day, which was lower than the value of 16,300 mGy/day
found in the previous study (Marshall 1962). In contrast to the 1962 study, brood
size increased with increasing dose rate, because the reduction of fecundity was
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indirectly compensated for by the increase in food supply per individual. Finally,
because the individuals in the Marshall (1966) study were continuously exposed
from the earliest embryonic development, their life-span shortening was much more
significant than in the first study, in which exposure started at birth.

A freshwater snail species, Physa heterostropha, was studied by being exposed
from the age of 45 days for their entire life span; results were a significant decrease
in snail survival and reproductive performance at a dose rate as low as 1.34 Gy/day
(EDR ) (Cooley and Miller 1971). The highest dose rate (6,000 mGy/day) pro-
duced extinction of the population in one generation. Adaptation of this species to a
low level chronic contamination (6.5 mGy/day) was studied by comparing fecundity
levels of the irradiated population with a control population in both field and labora-
tory (Cooley 1973). When the frequency of egg capsule production was reduced in
the irradiated population, the eggs per capsule increased, resulting in a compensa-
tion mechanism. The same tendency was seen for the fish species Gambusia affinis
(increased brood size in exposed field populations; Blaylock 1969).

4.2 Aquatic Vertebrates

4.2.1 Effects on DNA

There are more data on DNA damage induced by v irradiation in aquatic vertebrates
(Table 4) than for invertebrates. Primary lesions of DNA, such as strand breaks
(determined using the Comet assay), were measured in zebrafish cells exposed in vitro
(primary cultures) for 24 h to external '¥’Cs y rays. An increased sensitivity of male
germ cells was seen as compared to hepatocytes (Adam et al. 2006), with a LOEDR
for DNA alterations in sperm cells of 1 mGy/day vs. 750 mGy/day for hepatocytes.
A dose-dependent increase of DNA double strand breaks (DBSs) and micronuclei was
also observed from 10 mGy/day in ZF4 cells (embryonic fibroblasts; Pereira et al.
2011). The same sensitivity was observed in vivo on fertilized eggs exposed to exter-
nal y irradiation for 1 and 2 days, with an increase of DNA damage observed from a
dose of 1 mGy/day (Bourrachot 2009). For 2-day-old larvae of the same species (i.e.,
5-6 days postfecundation) that were exposed to external '’Cs v irradiation at dose
rates ranging from 9.6 to 178 mGy/day, genotoxic effects also occurred at doses as
low as 29 mGy/day (measured by using the Comet assay; Jarvis and Knowles 2003).

For comparable dose rates, no genotoxicity was observed in a marine fish species,
the plaice, that were exposed to 6 to 24 mGy/day, for 64 and 167 days (Knowles
1999). As suggested by the authors, it is probable that the methods used (micronuclei
counts and flow cytometry) may not have been sensitive enough to detect an effect.
The chosen life stage (adults) and cell type (erythrocytes) may also have been less
sensitive than early life stages and germ cells.

In another freshwater fish species, the medaka, whose eggs were exposed for 8 h
to a range of high dose rates, chromosome bridges were observed at the lowest dose
rate studied (2340 mGy/day) (Suyama et al. 1981).



(panunuod)

(esuodsax
sunuIwr [eIowny) Kep/ADw 11 (1nox moqurey) (z661)
(£99°p) T11 ann Apoqnuy Juowdoraaag skep 94 ‘Op ‘b0 ssuyku smyoudy10oup SA[MOU]
ATT1I9)S Qrew pue Kep/AOw 684691 (uowres yoouryD)
uInjar Je oSe ‘Ayfeiowt | ‘Yimoid Y61 ‘L6 ‘S'SH pyosikmoysy  (8L61) Te 19
Zr0'?) L6 ‘S)INpe SB JJeMUSIIJ 0] UINJY juowdorere SKep 98—L9  ‘1'LT‘9TI ‘4TS 0 smyouy10ou)  10510qUSIOH
s&ep 01 18 q[
SNNH: 6T eruogojeurtads Arewnd jo JoqunN (Z861) T8 10
01z'D 6c sKep (g1 1oe ISD Kep/ADw ¢4 (synpe ‘exepour) ryonge],
0+0'9) 9S1 amsodxa Kep-(¢ 19)ye 1YS1om snsaL, uononpoidoy SKep 0z “THT ‘9ST ‘89 ‘6T 0 saduyvy sv1z€iQ -0pokH
skep 01 01 ydy g (€861)
woij pasodxd Kep/ADw (71T (oeAIR] yonge],
SOAIQUI UT [[2d 080°T ‘OL¥ -soAIquio ‘eyepaw)  -OpoAH pue
(€100 €8y [BAIAINS [[90 WSD  WLISF JO 12qUINN sKep 01 $9€ "8€T Y11 0 sadup] sv1zé1Q yoid
A1owo01A5 MOJJ ‘TO[ONUOIIIA
1SD 2
S[[00 [euruIa3 uou Aq
(26202 66v pardnooo says9) Jo uontodord uedjy K1o1X0)0URD) (soykoo1pA
(9°0) ¥10°0 s[[eo wrads Aq pardnooo  (A30[03s1y $9159)) Kep orew ynpe ‘oored) (6661)
000D ¥T P ETT $9)59) Jo uonzodoid ueay uononpoidoy skep 161 /KDW 7 71 ‘90 vssavpd s2100u04m2]J So[mouy|
(s0z°zD) S0€ OTJRI XS ‘[RAIAINS ]
W(919) Tl Apunday swmnoyry
Anaagur jo 1asuo ‘A30103s1y peuo3  A3ojoisiy ‘ndino Kep/Aowr O¢ (Addn3) (LL61)
(£99°D) oy ($7601) ST ‘s1u0Ad Sutumeds ‘pref s357 aanonporday sKep 06 ‘96 ‘0% ‘0 DIDINONAL Dj1020]  PEOUPOOAY
so[ew 10§y €6
1007 Jeadar Ayiqessur So[eWRY (syuared ‘exepawr)  (L007) T8 1R
(£€8°7) 89 wopue) Je sarouanbaly uoneiniy JIWOUAD) 10J sKep Gy Kep/ADut g9 0 saduv) sv1z10 oysnAs],
(y/Com) (y/Kom) (y/£om) (y/£on) jutodpug 199132 parpni§ uonernp S9JBI S0 saroadg QIURIAY
(Kep/Apur) (Kep/Apyur) (Kep/Apyur) (Kep/Apyur) amsodxyg
MAANH AAFOT *aad ‘aaa

(y/€on) Aep/AOwr ur a1el ASOP 19919

2Insodx uoneIpeLI-BleS [BUI)XS JIUOIYD AqQ $9)8IqaIIoA dnenbe ur paonpur s100)jq  § IqeL



W(19€°€€) 008 INOR
(PSS HT) 068 ISO P
(09628 111°C £13 jo Knperoy (186D)
(00529 09T'T SOUSSqE pEUOD ([eATAINS Kep/kD) +7°S (synpe 03 BABYNIN]
LIF'TO 1S Toquunu [[2d wieg & ‘K301031S1Y $9)$91) ‘€€'T 97’1 ‘Aep SOAIQUID ‘BYepaw) -ewey
(sscrn zLe qunu 20 weg P uononpoidoy skep 0§ /ADW 16 TLT ‘0 saduyvy svi2€4)  pue rwesg
Suneroua3op #861)
$339 jo asearour ‘eruogojeurrads PpeaypoOA
Arewrnad oy 3dooxo s[[eo widg Jo  (A30[0Is1y $93s93) (eoowy) pue
0€°L) SLT sa3e)s [[e ur uononpar aduwo) uononpoidoy skep 66 Kep/ADw G/ 1 “0 suapua)ds voaury weyyory
Aiqegorey pue (sympe ‘exepaur) (¥002)
(€8S#1) 0S€ Apiqeia 835 ‘prey 839 uononpordey skep gz Kep/ADw (G¢ ‘0 sadyp) svi2d1Q  “Te 10 UONIH
A3o10381Y 591591 “‘AyI[Iqera  A3ojoisiy ‘ndino Kep/ADw 8/ [ (P[0 SYeam 7T ‘sinpe (2002)
LIt,) SL1 330 ‘sjuond Sutumeds ‘pref s337 aanonporday  syoom (€ 8D YTTUL0  USYRIQOZ) oLl O] So[mouy|
soK1quio
or1 ¥d'y 8 pue g ut 9Sewep YNA Aporxojousn C(rdye-1
(000'#) 001 Jdp g1 16 Aieroy [eAIAIDG Kep/Aow G/ $339 ‘ysyriqaz) (6002)
or) 01 SuryoreHq juowdoferaq skep 61 ‘00T ‘0T ‘T ‘0 OLI24 01D JOYdBLINOG
(Suryorerpsod skep ¢ (€002)
Kep/Aow ¢/ 1 QeAIe] ‘YSYRIQIZ) SI[MOUY] puB
(0oz'D) 6T P T Jo deare] ur ofewep YN fiorxojouan yycpue| ‘6T 96 0 oL o Stalef
Kep/ADW OGL (1199 pZ YsyeIqaz) (1100)
(0or) 01 TopnuoT NAYNJ “XVIH Kiorxojouan yvc ‘00T ‘0T ‘0 OLiaL oD "Te )9 ellaldd
(0sz'1€) 0SL saikdoredopy fep/Aow g5, (mymo 00 Arewnd (9002)
or) 1 S[[0o wirad ofewr ur dewep YNJ K)101x0)0U9D) iR 001 ‘01 ‘T ‘0 ‘Ysyeiqoaz) ouad oup(  “[B 12 Wepy
Kep (zLel)
JRDW Gep “pLT “L8 pyosimpys)  uospreuo
(9#0°7) 61+ Juowdo[oAdp [epeuon) juowdojoadq SKep 08 ‘St ‘YT 11 V¥ ‘0 snyouy.L0ou() Ppue weyuog
(y/Com) (y/Com) (y/Com) (y/£om) jutodpug 199139 parpn§ uonenp sajer aso saroadg QOUAINJOY
(Kep/Aour) (Kep/Aour) (Kep/Aou) (Kep/Aour) amsodxg
JAENH AHOT "yad ‘yad

(Ponunuod)  § AqeL,



(0102) 'T® 32 2oe[de-191UIRD) UI PIJR[NO[ED An[eA

9s0p 109JJ° ou IsaYSTY ANH>
QS0P 109J0 PAAIISGO 189MOT (T Tq

o1

Adde

K01 XCLY

a(Kep/AD 66°0
1o Aep/Aow ¢°()
Jo sajex

asop 1v) D 6°[

0T X¥'C

(00S°26) 0¥€C
(S£EP) SO1

(52£%) S01
(00£°8$) 00¥'1
(00£°85) 0011

(0000 ovT
(0oo'on) ovT

(00£°8S) 0011

(OIXD) O1XST
(OIX1) 0IXST

(00001 0vC
(OIXD) 01XST
(OIX1) 0IXST

005°2) 091
00L2) Y201
(0s£'96) TIET

(008°£S) 98€°T

(005°'89) €91

(0oL'zp) vzo'l
001°68) £70°C
(00£°689) L¥0O'T

(008°98) 080°C

00z'#I) THeE

(999) 6
(00S'0€) €€L
(002'02) S8¥

(050°9) €61

(00£°€) 88

(S60) L
(008v¥) ¥LO'T
00228 TLL

(0SZT°TH) ¥10°1

100[ uoneyudwsid

QAT J& suoneIN SNO0[ dY10adg

T Snoo Jam Ut

suoneinwr Kpogq-o[oym Pue JIeSO

T SnoO[ Jm ur

suoneInw Apoq-o[oyMm pue dTESOIA

$93pLIq QWIOSOWOIY))
(%) Annaog
uonisodiro

10d s330 pazimiey Jo roqunN
Kouonbaiy uonisodiao Te10],

$ onuojur o3o[dwos jo requinN

qrel Suryojey

Kouanbaiy uonisodiao [euLION

P pasodxa ‘& jo4u0)
(%) Kmmiog
uonisodiao

19d 330 paziniay Jo RqunN
Kouenbaiy uonisodiro [ejo],
& 9maajur 991dwiod jo requinN

qre1 Suryojey

Kouonbaiy uonisodiao [ewrIoN

P jo43u00 ‘& pasodxzg

Anpiqersur
JIWOUAN)

Aiqessur
JIWOUAD)

Anpqessut
JIWOUAD)
(suonerrqe
[PWIOSOWOIYD)
K)101X0)0URD)

(o3e3s oA1quio
a3 Je pasodxa
sInpe jo Kniof
pue K)1punody)
uononpoidaoy

umu ¢
YETO
SAep 1|
YLYYO

urw ¢ o

ur of
‘SLSCTO

L8

sAep O

(Kep/£D 560
pue Kep/ADu ¢°0
JO saje1asop)

KO SLYTE6T0
(Kep/AD 66°0

JO QeI 3S0P)
kD GSL Y0
(Kep/AD 66°0 JO
Q)eIJSOP ® IB)
£D 056 01'L
‘SLY 0P'T 0

Kep/KD LL1 €11
LYY IETO

Kep/AD 6T b1
‘Kep/AOW 016
0¥T “S01 ‘19 ‘0

(1100 WS [eru
-o30jewrads ‘exepawr)
saduv) sv1z10
(S[[90 wdys [e1u
-o30jewirads ‘eyepaur)
saduv) sv1z10

(spneutads pue
wads ‘eyepour)
saduyvy sv1210

(s332 ‘exepour)
saduv) sv1z10

(14 pue synpe 0y
SOAIQUID ‘BYepaur)
saduv) sv1z10

(S002) e 1
epEWIYS
(#002)
ewiryg pue
epEWIYS

(1002)
ewirys pue

eprwIyS

(1861) T2 39
ewreAng

(9861) 4o
pue yon3e],

-0poAH



88 C. Adam-Guillermin et al.

Mutations were also detected in fish exposed to acute doses of gamma rays (from
2.4 10 9.5 Gy at 0.95 Gy/min) (Shimada and Shima 2001). These genetic alterations
appeared either as whole-body mutants or mosaic mutants (i.e., only some cells
mutated), the frequency of the latter being ca. four times higher than the first.
Moreover, most of the mosaic mutants arising from paternal irradiation appeared to
die from developmental abnormalities (e.g., small body, weak heartbeat, or slow
blood circulation). Using different crosses of wild-type medaka and wl mutants, it
was shown that whole-body mutants were produced from genetic alterations that
occurred at the gamete stage, whereas mosaic mutants were produced from genetic
instability at or after the two-cell stage. No increase of mutations was observed
when stem spermatogonia were irradiated (Shimada and Shima 2004). This specific-
locus test was also applied to compare the same dose, delivered at a “low” dose
(432 mGy/day) or at the same high dose as described above (0.95 Gy/min). Both
dose rates induced a significant increase of mutation frequencies, which resulted in
the major portion of mutant embryos being not viable. The mutation frequency was
twice to four fold higher at the highest dose rate.

Radiation-induced untargeted germline mutations were also observed in medaka
following chronic exposure (dose rate of 68 mGy/day for 45-153 days) (Tsyusko
et al. 2007). The microsatellite mutation rate was higher in the offspring from
exposed parents than from the control parents. Furthermore, the magnitude of the
mutational response was greater than expected by direct DNA damage, suggesting
that indirect mechanisms, remote in time and space, contributed to the mutations.

4.2.2 Effects on Reproduction and Survival of Early Life Stages

The effects of chronic gamma exposure at a range of low dose rates (from 7.2 to
178 mGy/day) were studied in zebrafish over a period of more than 30 weeks
(Knowles 2002). A significant decrease in the mean number of eggs per spawning
opportunity was reported at the highest dose rate (41 eggs in control vs. 5.8 in the
178 mGy/day group, i.e., a decrease of 86%). This decrease primarily resulted from
reduced spawning events, since nearly all pairs had ceased laying eggs from week
20 (i.e., a decreased spawning events). Though smaller, a decrease in the number of
eggs per spawning event was also observed (61.8 in control vs. 41.3 in the 178 mGy/
day group, i.e., decrease of 33%). The viability of these eggs was also affected (81%
in the control vs. 41% in the 178 mGy/day group). A small, but not significant
decrease in the mean number of eggs hatched was also observed. In addition, fish
from the group exposed to the highest dose rate (which had ceased producing eggs)
were paired with unirradiated partners for 5-6 weeks. A few irradiated females pro-
duced eggs, but none were fertile. However, many of the irradiated males did couple
with unirradiated females to produce viable eggs; fertility varied between 21% and
75%. The fact that eggs were laid from irradiated females that had not laid eggs for
20 weeks suggests that some stimulation to lay eggs was provided by the presence
of unirradiated fish, but not irradiated ones. These findings on reproductive output
were supported by histological effects in the highest exposure group (178 mGy/day).
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Indeed, several testes contained no spermatogenic tissue, and retained only the
outer lining and cyst wall structures. In contrast, only moderate changes were
observed in the ovaries in the fish of this group; the changes noted were small areas
of atresia associated with a mass of stromal tissue.

These results are in agreement with those obtained in another tropical fish
species, the medaka, in which a reduction in egg number, egg viability, and hatch-
ability was observed at a dose rate of 350 mGy/day, following 28 days of irradiation
(Hinton et al. 2004). A third study in tropical fish, the guppy, was also performed.
The total life-time breeding performance was studied for 920 days in guppies
exposed to dose rates of 40, 96 and 305 mGy/day (Woodhead 1977). The mean life-
time fecundity was affected at doses as low as 12.4 mGy/day (EDR ), and occurred
because of a reduction both in the number of broods and of brood size, the former
being the probable main factor. Additionally, the mean time to the initial onset of
infertility became shorter with increasing dose rates (660 days for the control vs.
~300 days for 40 and 96 mGy/day, and 100 days for 305 mGy/day). This apparent
sterility was often linked with abnormalities in gonad histology. For 2-3 individuals
exposed to the lower dose rate, and all fish exposed to the highest dose rate, both
male and female gonads were devoid of germ cells. The mean survival of neonates,
survival to maturity, and sex ratio were not affected.

These results are supported by other studies at the tissue or cell level. In medaka
fry exposed from fertilization until 50 days of age, a reduction in germ cells was
observed to occur in a dose-dependent manner (Egami and Hama-Furukawa 1981).
The degeneration of male germ cells occurred at dose rates as low as 272 mGy/day
(~50% of reduction after 30 days), and was complete following exposure to 1.26 Gy/
day. In females, the entrance of oocytes into meiotic prophase was retarded at a dose
rate of 514 mGy/day. Fish exposed to 1.26 and 2.33 Gy/day during the embryonic
phase developed into adults having normal secondary sexual characteristics, but
their germ cells were completely destroyed. Hence, it seems that a regeneration of
germ cells is possible for dose rates lower or equal to 514 mGy/day. The gonad
weight was normal up to 514 mGy/day, whereas it was null at higher dose rates.

In male medaka exposed as adults, a transient reduction in the gonadosomatic
index (GSI) was observed at a dose rate of 29 mGy/day, whereas a dose-dependent
reduction was seen at dose rates of 68—843 mGy/day for 30 days, which was main-
tained for 120 days (Hyodo-Taguchi et al. 1982). Spermatogenesis was almost com-
pletely inhibited following 30 days of exposure to 843 mGy/day (decreased number
of primary spermatogonia Ib). At 10 days of exposure, primary spermatogonia Ib
survival was affected from the lowest studied dose rate (29 mGy/day).

At a similar dose rate (175 mGy/day), spermatogenesis of adult Ameca splen-
dens was disrupted after 5 days and completely inhibited after 52 days, at which
time there was a complete loss of primary and secondary spermatocytes and
spermatids and no sperm production. The effect of radiation was more pronounced
on the production of secondary spermatogonia, i.e., on the mitosis of the stem cells,
which themselves did not completely disappear until day 95. The time needed for
recovery of these effects increased as the exposure duration lengthened (i.e., a
recovery of 85-90% after 125 days for fish exposed for 21 days, and 5-10% for
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those exposed for 40 days). As regards ovaries, the primordial oocytes had
completely disappeared by day 105, and many of the eggs obtained showed signs
of degeneration.

A higher radiosensitivity was observed for plaice, whose testis weight and sperm
content were reduced by approximately 50% from those of controls after 197 days
of exposure at only 5.8 mGy/day (Knowles 1999). In this experiment, the existence
of a high spermatocyte to sperm ratio suggested that the effect responsible for sperm
reduction occurred at the spermatocyte to sperm transition, rather than from damage
to spermatogonia. As described above in Sect. 3, Etoh and Hyodo-Taguchi (1983)
studied the sensitivity of germ cells in medaka embryos exposed to y-rays or to tri-
tium, or until hatching, i.e., for 10-11 days. The EDR  value for germ cell survival
was 48.3 mGy/day, although apparently two populations of cells of different
radiosensitivity existed. For the more radiosensitive germ cell type, it was possible
to calculate a 10-day LC,, of 350 mGy/day for y irradiation.

In a second study, the effects of these early radiation-induced germ cell losses on
lifetime reproduction were studied (Hyodo-Taguchi and Etoh 1986). As in the first
experiment described above, embryos were exposed from the morula stage until
hatching (10 days) to a range of doses of tritium or y-rays. Fecundity and fertility
were then determined after 4-8 months. Mating pairs consisted of irradiated males
and control females, or the reverse as described in Sect. 3. For y-ray-exposed fish,
the number of eggs per oviposition were affected only at high dose rates (EDR  of
1,074 and 733 mGy/day, respectively, for irradiated females and males). The number
of fertilized eggs was impacted at lower dose rates (EDR  of 33 and 45 mGy/day,
respectively, in exposed females and males). The hatchability was affected at high
dose rate for females (LOEDR of 2.5 Gy/day) and at a much lower dose rate for
males (LOEDR of 240 mGy/day).

4.2.3 Effects on Development

The effect of chronic y irradiation on the development of the Chinook salmon was
studied at low dose rates (Hershberger et al. 1978). Eggs and alevins were exposed
for 90 days to dose rates of 5.24-485 mGy/day, and different biological effects were
studied when fish migrated back to the pond as adults. The effects that were observed
at dose rates as low as 97 mGy/day included a decreased number of fish returning
to spawn, retardation of growth, increased mortality of small salmon in freshwater,
increased age at return, and apparent sterility of males. A retardation of gonadal
development in smolts from the same treatment (EDR  of 49 mGy/day) was also
observed (Bonham and Donaldson 1972). Vertebral malformations such as fusion
of three vertebrae, incomplete formation of vertebra or lack of vertebral process
also occurred in medaka embryos from the morula stage to hatching, when exposed
to y-irradiation at levels as low as 430 mGy/day (Hyodo-Taguchi and Etoh 1993);
comparable results also occurred from tritium exposure (RBE of 1).

An acceleration of hatching was observed in zebrafish eggs at dose rates of 10
and 1,000 mGy/day, while no significant difference was seen at 100 mGy/day
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(Bourrachot 2009). Larval mortality increased greatly after hatching, reaching
almost 100% for larvae exposed to 100 and 1,000 mGy/day at 13 days postfertil-
ization (vs. 26% in controls). The only malformation observed was edemas of
pericardial cavity, at 75 h.p.f. at 1,000 mGy/day.

The effect of chronic irradiation for 246 days on the humoral immune response
in rainbow trout was studied for a range of low dose rates (Knowles 1992). The
antibody response decreased with increasing dose rates, and was significantly lower
in trout receiving the highest dose rate (110 mGy/day).

5 Discussion

5.1 Comparison of Tritium and External
Gamma-Irradiation Effects

5.1.1 Degree to which the Benchmark Value Protects

Tritium effects were studied over a large range of dose rates in invertebrates from
39 nGy/day (Gudkov and Kipnis 1996) to 22 Gy/day (Higuchi et al. 1980), and in
vertebrates from 29 nGy/day to 29 Gy/day (Ichikawa and Suyama 1974). Combined,
the results suggest that the dose rates of tritium induce effects in invertebrates at
quite low levels as compared to gamma external irradiation. Indeed, except for the
two studies conducted at rather high dose rates (Higuchi et al. 1980; Knowles and
Greenwood 1997), the EDRs for tritium generally ranged between 0.03 and
0.3 mGy/day for all endpoints studied (genotoxicity, abnormalities, fecundity, or
embryo-larvae mortality). These values are less than 0.24 mGy/day, which is the
previous level or benchmark recommended to protect aquatic ecosystems from
external y irradiation (Garnier-Laplace et al. 2006). In addition, several EDR values
calculated for tritium (e.g., 0.2 nGy/day for chromosome aberrations in blue
mussels or 0.8 pGy/day in goose barnacles for molting parameters) are in the range
of a few uGy/day or even lower, i.e., below one order of magnitude of background
y radiation.

For vertebrates, the dose rates at which effects appear are higher than for
invertebrates and exceed the benchmark value. Our review indicates that effects on
vertebrates appear at dose rates ranging from approximately several tens to several
hundreds of mGy/day. The research results of Strand et al. (1972b, 1977) are excep-
tions in that they found mortality and development effects in rainbow trout at the
lower dose rates of 0.29 and 2 mGy/day.

For external vy irradiation, the dose rates used for invertebrate studies ranged
from 1.4 mGy/day (Baptist et al. 1976) to 17.7 Gy/day (Marshall 1966), and for
vertebrates from 1 mGy/day to 5.24 Gy/day. Contrary to the tritium data on inverte-
brates, the data derived from invertebrates exposed to external y irradiation did not
exceed the recommended benchmark value thought to be protective of ecosystems
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(0.24 mGy/day; Garnier-Laplace et al. 2006). Indeed, the lowest value for significant
effects in invertebrates was observed for the polychaete worm N. arenaceodentata,
whose survival of embryos born from exposed parents was affected at 4.6 mGy/day
(Harrison and Anderson 1988). Genotoxicity was also seen in larvae exposed to
9.6 mGy/day from spawning, but their survival was not affected (Harrison and Rice
1981), which means that DNA damage was repaired or was not lethal. In verte-
brates, the lowest value for a significant effect was observed in zebrafish at 1 mGy/
day. The observed effect was genotoxicity, induced either to primary cells (male
gametes) or in embryos aged of 24 or 48 h.p.f. (Adam et al. 2006; Bourrachot 2009).
Effects on testes were also seen at low dose rates (9 mGy/day) for plaice (Knowles
2002) and at 29 mGy/day for medaka (Hyodo-Taguchi et al. 1982). When the end-
point measured was reproductive output, significant effects were seen for the guppy
at 40 mGy/day (Woodhead 1977), and for zebrafish at 178 mGy/day (Knowles
2002). Acute transgenerational genomic instability was evaluated in several studies,
but chronic exposure was addressed in only one study; the results of this study
indicated significant genomic instability at 68 mGy/day (Tsyusko et al. 2007).

5.1.2 RBE and Dose Calculation

The effect of an absorbed dose depends on the type and energy of the irradiation.
The type of irradiation and its energy is taken into account in radiation biology by
using an RBE factor that normalizes the relative effectiveness of different radiation
types to produce the same biological effect.

The results presented in this chapter suggest that RBEs are highly variable, and
most importantly, are endpoint-dependent. As a result, RBEs ranged from 0.06 to
14.9, depending on the biological effect studied (Tables 1 and 2). The average RBE
calculated on all the RBE values was 3.1 +3.7 (standard deviation).

Other data meta-analyses have derived RBE factors greater than 1 for tritium.
Based on a review of tritium effects on fish and mammals, Environment Canada
(2000) recommended the adoption of an RBE factor of 3 for tritium. UNSCEAR
(1996) recommended an RBE factor for  radiation of 2 for low energy [3 particles
(<10 keV), and 1 for energies greater than 10 keV. In the framework of European
programs FASSET and ERICA (FASSET 2003, 2004; ERICA 2006), a similar recom-
mendation was made, with a RBE value of 3 for 3 radiation particles of low energy.

Ionizations caused by tritium are at a relatively high density and are thus likely
to lead to significant damage. Additionally, there are two further theoretical expla-
nations as to why an RBE greater than 1 might be expected for tritium: possible
effects of transmutations to helium (e.g., leading to excess mutations) and accumu-
lation of tritium in the hydration shell of DNA, named “buried tritium” (HPA 2007).
In such a fraction, tritium is located in bridge positions wherein the exchange rates
are reduced from microseconds to days, months, or even years, thus enhancing the
probability of effects occurring.

However, our review has highlighted some very low EDR  values obtained for

10
tritium effects in invertebrates, sometimes even lower than the external y-irradiation
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background dose rate. It is difficult to understand how effects could be significant at
such low levels. All species have had to evolve in a background of natural cosmic
and terrestrial radiation. As a result, all organisms have efficient mechanisms to
repair cells damaged from irradiation, or that promote cell apoptosis such that the
damage is not propagated. Similar mechanisms exist and are necessary to repair the
naturally occurring oxidative damage produced as a by-product of normal metabo-
lism. Such low EDR  values suggest that additional work is required to substantiate
the original research. One of the possible explanations may be that dose rates were
underestimated or were inadequate. Indeed, the dose rate either calculated or given
by original authors assumes a homogenous distribution of tritium in the organisms
they test. However, if dose distribution is relatively homogenous for tritiated
water, it is heterogenous when tritium is incorporated into proteins and DNA.
Therefore, the reliability of the concept of average dose to organisms must be
questioned, and addressed.

5.1.3 Vertebrate vs. Invertebrate Sensitivity

Results obtained with HTO suggest that invertebrates are more sensitive than verte-
brates, although this conclusion is contrary to the established paradigm (based on
LD, ) that invertebrates are more resistant to radiation types. It is possible that prob-
lems exist with dosimetry, as described in the previous section. It is also possible
that the higher radiosensitivity of invertebrates may be linked to the way they
develop. Indeed, invertebrates generally undergo determinate development or
mosaic development, in which cell lineage is determined primarily by the genome
and cytoplasm of each individual cell. As a consequence, if a cell dies during devel-
opment, then none of the tissues that would have formed from the progeny of that
cell can develop. This also takes place in nematodes like C. elegans, which show
almost no ability to compensate for the exposure-induced deletion of individual
cells during development. In contrast, vertebrates undergo indeterminate or regu-
lated development, and cell lineage is strongly determined by the interaction of the
genome with epigenetic (nongenetic) factors extrinsic to the individual cell, such as
molecules released by neighboring cells. Epigenetic factors interact with the cell’s
genome to determine its fate, through a process known as induction. Because any
cell’s fate is the consequence of induction, removal of a few cells will not adversely
affect development since other cells will simply be induced to take over for the
missing ones.

5.2 Biological Endpoint Sensitivity

There are some fundamentals that emerge from this review in terms of biological
effects. Foremost is that there is not one universal endpoint to study. Additionally,
regardless of the endpoint chosen, a considerable range in sensitivities occurs.
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Different sensitivities appear depending on the tissue considered, the sampling time,
or the development time. For example, there are several cases in which responses
decrease with dose rate (e.g., SCE, malformations—Hagger et al. 2005), but these
cases can be explained by compensation mechanisms (repair or apoptosis).

Hence, it is highly important to combine several responses at different periods
of the cell or life cycle to be able to understand the health consequences of
observed effects.

Studies performed on development highlight the importance of considering a
long exposure time, and to include a parental exposure, rather than forming conclu-
sions based solely on an embryonic exposure (e.g., Harrison and Anderson 1988).
A wide diversity of reproductive effects were observed, such as ovotestes (Egami and
Hyodo-Taguchi 1969), changes in sex ratios and courting behavior (Erickson 1971),
and decrease in testes mass (Knowles 1999). Interesting results obtained on guppies
(Erickson 1971) indicate that ionizing radiation may affect the magnitude or timing
of hormone production by the pituitary, and directly and indirectly, testosterone
production by the testes.

5.3 Biomonitoring and Risk Assessment

In this chapter, we have seen how reproductive toxicity and genotoxicity can be
used to assess the impact of radionuclides under laboratory conditions on aquatic
organisms. It is remarkable that endpoints measured to address reproductive toxic-
ity were used much more frequently in the laboratory than in the field, and vice
versa for genotoxicity endpoints (Adam 2007; Geras’kin et al. 2008). This may
result from the relative difficulty in measuring endpoints such as brood size and
embryo/larvae viability in the field (except for ovoviviparous species such as the
mosquitofish).

One of the objectives of this review was to focus on the genotoxicity of radionu-
clides and the downstream relevance to reproduction, development, and survival of
early-life stages. However, these two types of endpoints were very rarely measured
together, except by Theodorakis et al. (1997), who demonstrated a clear relationship
between DBSs and reproductive effects.

Genotoxicity endpoints present several advantages: (1) sampling is nondestruc-
tive for blood or sperm; (2) they are easier and more rapidly assessed compared to
histological analyses of gonads, for example; and (3) they are sensitive to radionu-
clides (e.g., significant effects on gametes at a dose of 1 mGy/day of y irradiation).
Moreover, although little is known about the transgenerational effects of mutations
in germ cells, they are probably the most meaningful among the other subcellular
endpoints. However, their significance to organisms and populations is less trivial
than is a reproductive endpoint. It is difficult to evaluate all the significance of end-
point measurements relative to the health of an entire ecosystem. One of the most
popular tools to assess the impact of radionuclides on the environment is to perform
an ecological risk assessment, by using screening calculations, in which radionuclide
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levels in various environmental compartments are compared against benchmarks.
In contrast, biomonitoring programs for sites with radionuclide contamination
consists of sampling environmental compartments (e.g., water, sediments, and soils)
and tissue residues of various species. Analyses of such samples only provide a
snapshot of current internal dose rates and do not provide information on the
external dose rate. Moreover, they may reveal only a part of the real exposure of an
organism. This is because it is expensive to systematically measure all contaminants
(not only y- but also alpha-emitters, as well as chemical trace metals, organic pollut-
ants, etc.). Use of a direct biomarker of genetic damage in species of concern could
provide a meaningful indicator of biological damage. Furthermore, if this biological
or genetic damage has potential reproductive effects, it could be an ecologically
relevant assessment endpoint (e.g., Ulsh et al. 2003), and could be used as a prog-
nostic biomarker, as is done in human health. Such a system could provide an early-
warning of ecosystem injury (Moore et al. 2004), if used together with other
pathological cellular changes (e.g., histopathology of gonads, lysosomal stability,
immunotoxicity) in a holistic approach that properly integrated prognostic biomarkers
and generic simulation models. However, more effort is needed to apply these
techniques directly in field testing in which the variability of responses to natural
environmental stressors must also be considered.

5.4 Research Directions

In the domain of evaluating the ecotoxic risks faced by aquatic organisms from
exposure to radioactive pollutants, there are four relatively unexplored topics that
concern different biological orders. We address these below and summarize our
views on the needs for additional research for each of them:

1. DNA double strand break characterization and repair. Knowledge on the formation
of DNA DBSs that are induced by ionizing radiation and their repair has pro-
gressed considerably over the last 10 years. DSB repair by the nonhomologous
end-joining (NHEJ) pathway in vertebrates requires at least four gene products:
Ku80, Ku70, DNA ligase IV, and the DNA-dependent protein kinase (DNApK)
catalytic subunit (Weterings and Chen 2008). This repair pathway is conserved
in mammals. Putative orthologs for each of these were identified in the zebrafish
EST database and were studied (Bladen et al. 2005, 2007). The presence of these
genes, together with the functional characterization of the Ku70 and Ku80 genes
in the zebrafish, suggest that an intact functional NHEJ probably operates in the
zebrafish and also in other fish species.

Despite the existence of several studies on DNA damage and repair in differ-
ent fish species (e.g., Kosmehl et al. 2008; Sandrini et al. 2009; Cambier et al.
2010), very few data are available on the most deleterous effects, viz., DNA
DBSs. Identification of impaired DNA DBS repair pathways and kinetics can be
determined by using the number of nuclear foci formed by the phosphorylation
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of the variant histone H2AX (pH2AX), easily quantifiable by employing
immunofluorescence on cells. Such a technique has been successfully tested and
was presented as a powerful predictive assay of radiosensitivity for mammalian
cells (Joubert and Foray 2006). Indeed, some data showed that anti-pH2AX
immunofluorescence does not necessarily predict the whole range of human
radiosensitivity and that detection of other DNA repair proteins such as DNApK
are necessary to understand and explain radiation-induced NHEJ defects at the
cellular level (Joubert and Foray 2006).

These methods and their results can be relevant to fish species and will be helpful
to establish the dose-dependent correlation between DNA damage accumulation
and abnormalities in embryo development (Pereira et al. 2011). In time, DNA
repair proteins could be validated as predictive biomarkers of developmental or
reproductive effects. Such biomarkers could have important implications for
environmental protection from ionizing radiation exposure, because they may be
more sensitive than other macroscopic endpoints (Anderson and Wild 1994).

. Transgenerational effects. The transmission of genetic damage to offspring is of

primary concern in the human health arena. However, there has been little work
undertaken to assess the potential risk from germ cell mutagens in aquatic
organisms, although this is one of the means of extrapolating effects from sub-
cellular levels to populations. As described in Sect. 4 of this review, there have
been some studies performed that used very specific techniques to understand
the transgenerational effects of different types of radiation. In one study per-
formed over five generations, chronic exposure of medaka to external y irradia-
tion resulted in significant differences in reproductive effects that were attributed
to the accumulation of total dose (over 3 Gy) (Hinton et al. 2011). Shimada and
Shima (2004) have developed a non-mammalian system, using the medaka fish,
to analyze mutants as mosaics of orange and white pigment cells. Tsyusko et al.
(2007) have also developed a system in the same fish species to study mutation
rates in microsatellites of parents and offspring. If these techniques can be used
to evaluate the potential hazard of substances in the laboratory, their application
to a wide range of natural species may be very difficult since their genetic char-
acteristics are generally poorly known (e.g., microsatellites, cell turn-over rate,
or sensitivity). Other methods, such as the assessment of genetic change via
allozyme survey and molecular techniques such as RAPD may be used for that
purpose (Jha 2004).

. Reproductive behavior and endocrine function. Despite the importance of behav-

ior in the reproduction of fish, only one study has been performed on this topic
in the field of radionuclides (Erickson 1971), whereas this endpoint has been
widely used for endocrine disruptors (e.g., Baatrup 2009). In fish exposed to
y-rays, courtship behavior decreased with increasing dose rates (Erickson 1971),
and in fish exposed to HTO, there are strong presumptions that male courtship
behavior was altered, since the oviposition of nonexposed females was reduced
in the presence of exposed males (Hyodo-Taguchi and Etoh 1986).
Furthermore, there are no studies of radionuclide effects on endocrine function,
despite the fact that some results suggest reproduction is altered through effects
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on testosterone. The developments that have taken place recently in the field of
endocrine disruptors could be used to better assess both the direct or indirect
radionuclide effects on endocrine function.

4. Adaptation/acclimation. Despite the existence of chronic exposure to radionu-
clides at levels eliciting toxicities in naive-populations (e.g., Chernobyl or areas
in Kazakhstan), organisms often thrive in highly contaminated environments,
because they develop resistance to the toxic effects. It is important to distinguish
between the two main possible forms of resistance. Acclimation occurs at the
organism level, and is manifested through physiological or epigenetic mecha-
nisms that ameliorate the toxic effects of contaminant exposure. Since such
acclimation is not transmitted through generations, it should disappear in
remediated environments. Adaptation occurs at the population level, with the
genetic selection of the more resistant organisms. Using wildtype and radiosensitive
strains of medaka exposed to 0.5 Gy of y irradiation, proteomic changes indi-
cated both immediate protection and longer term adaptation to subsequent radia-
tion exposure (Smith et al. 2011). Although evolutionary changes are thought to
require long time scales, adaptation can occur rapidly if the selection pressure is
high. For radionuclide-contaminated sites, there is only one study showing adap-
tation in pond snails in Chernobyl (Golubev et al. 2005). Given that invertebrates
have a shorter generation time, are generally exposed to higher dose rates and are
less mobile than fish, the probability that they develop adaptation is higher than
in fish (Jha 2004). However, different resistance strategies (adaptation vs.
acclimation) were demonstrated in fish populations exposed to organic micropo-
llutants (Wirgin and Waldman 2004), and could be studied in the context of
radioactive contamination. It is therefore recommended that adaptation
strategies should be studied in invertebrates and vertebrates, and, moreover, the
recent Fukushima disaster could offer the opportunity to evaluate these mecha-
nisms in the field.

6 Summary

Aquatic ecosystems are chronically exposed to natural radioactivity or to artificial
radionuclides released by human activities (e.g., nuclear medicine and biology,
nuclear industry, military applications). Should the nuclear industry expand in the
future, radioactive environmental releases, under normal operating conditions or
accidental ones, are expected to increase, which raises public concerns about
possible consequences on the environment and human health.

Radionuclide exposures may drive macromolecule alterations, and among mac-
romolecules DNA is the major target for ionizing radiations. DNA damage, if not
correctly repaired, may induce mutations, teratogenesis, and reproductive effects.
As such, damage at the molecular level may have consequences at the population
level. In this review, we present an overview of the literature dealing with the effects
of radionuclides on DNA, development, and reproduction of aquatic organisms.
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The review focuses on the main radionuclides that are released by nuclear power
plants under normal operating conditions, y emitters and tritium. Additionally, we
fitted nonlinear curves to the dose-response data provided in the reviewed publica-
tions and manuscripts, and thus obtained endpoints commonly associated with
ecotoxicological studies, such as the EDR, . These were then used as a common
metric for comparing the values and data published in the literature.

The effects of tritium on aquatic organisms were reviewed for dose rates that
ranged from 29 nGy/day to 29 Gy/day. Although beta emission from tritium decay
presents a rather special risk of damage to DNA, genotoxicity-induced by tritium
has been scarcely studied. Most of the effects studied have related to reproduction
and development. Species sensitivity and the form of tritium present are important
factors that drive the ecotoxicity of tritium. We have concluded from this review
that invertebrates are more sensitive to the effects of tritium than are vertebrates.
Because several calculated EDR | values are ten times lower than background
levels of y irradiation the results of some studies either markedly call into question
the adequacy of the benchmark value of 0.24 mGy/day for aquatic ecosystems that
was recommended by Garnier-Laplace et al. (2006), or the dose rate estimates made
in the original research, from which our EDR  values were derived, were underes-
timated, or were inadequate.

For y irradiation, the effects of several different dose rates on aquatic organisms
were reviewed, and these ranged from 1 mGy/day to 18 Gy/day. DNA damage from
exposure to y irradiation was studied more often than for tritium, but the major part
of the literature addressed effects on reproduction and development. These data sets
support the benchmark value of 0.24 mGy/day, which is recommended to protect
aquatic ecosystems.

RBEs, that describe the relative effectiveness of different radiation types to
produce the same biological effect, were calculated using the available datasets.
These RBE values ranged from 0.06 to 14.9, depending on the biological effect
studied, and they had a mean of 3.1 +3.7 (standard deviation). This value is simi-
lar to the RBE factors of 2-3 recommended by international organizations
responsible for providing guidance on radiation safety.

Many knowledge gaps remain relative to the biological effects produced from
exposure to tritium and y emitters. Among these are:

— Dose calculations: this review highlights several EDR  values that are below the
normal range of background radiation. One explanation for this result is that
dose rates were underestimated from uncertainties linked to the heterogenous
distribution of tritium in cells. Therefore, the reliability of the concept of average
dose to organisms must be addressed.

— Mechanisms of DNA DBS repair: very few studies address the most deleterious
form of DNA damage, which are DNA DBSs. Future studies should focus on
identifying impaired DNA DBS repair pathways and kinetics, in combination
with developmental and reproductive effects.

— The transmission of genetic damage to offspring, which is of primary concern in
the human health arena. However, there has been little work undertaken to assess
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the potential risk from germ cell mutagens in aquatic organisms, although this is
one of the means of extrapolating effects from subcellular levels to populations.

— Reproductive behavior that is linked to alterations of endocrine function. Despite
the importance of reproduction for population dynamics, many key endpoints
were scarcely addressed within this topic. Hence, there is, to our knowledge,
only one study of courtship behavior in fish exposed to y rays, while no studies
of radionuclide effects on fish endocrine function exist. Recent technical advances
in the field of endocrine disrupters can be used to assess the direct or indirect
effects of radionuclides on endocrine function.

— Identifying whether resistance to radiation effects in the field result from adapta-
tion or acclimation mechanisms. Organisms may develop resistance to the toxic
effects of high concentrations of radionuclides. Adaptation occurs at the popula-
tion level by genetic selection for more resistant organisms. To date, very few
field studies exist in which adaptation has been addressed, despite the fact that it
represents an unknown influence on observed biological responses.
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Aerospace toxicology, cabin air quality,
214: 15 ff.

Agricultural application, chemical exposure
monitoring, 214: 20

Agricultural aviation, chemical application,
214: 17

Agricultural aviation, chemical types applied,
214: 17

Agricultural aviation, multi-pesticide
exposure, 214: 19

Agricultural aviation, pesticide intoxications,
214: 18

Agricultural aviation, pesticide toxicology,
214: 17

Agricultural aviation, poisoning incidents,
214: 17

Air contamination, aircraft cabins, 214: 20

Aircraft air, HCN & CO analyses, 214: 28

Aircraft cabin air, contamination levels,
214: 26

Aircraft cabin air, disease implications,
214: 25

Aircraft cabin air, fume & smoke effects,
214: 28

Aircraft cabin air, harmful effects, 214: 25

Aircraft cabin air, microorganisms
& pathogens, 214: 25

Aircraft cabins, air contamination, 214: 20

Aircraft oils, tricresyl phosphates
(TCPs), 214: 32

Aircraft operation, disease threats, 214: 24

Air, environmental fate of copper, 213: 12

Air or sediment criteria, harmonization with
water quality criteria, 216: 32

Air partitioning, diuron, 216: 132

Air pollution, and copper speciation, 213: 12

Al (aluminum) effects, As soil
availability, 215: 7

Algae, mercury levels in Malaysia, 220: 53

Algae, pollutant removal tool, 211: 90

Allethrin insecticide, water solubility vs.
LogD (diag.), 219: 34

Allethrin, in vivo metabolism, 219: 44

Allethrin & metabolites, liver-blood partition
coefficients, 219: 42

Allethrin metabolites, water solubility vs.
LogD (diag.), 219: 34

Allethrin PBPK/PD model, depicted
(Appendix F), 219: 251

Amphibian developmental effects, pesticides
(table), 211: 32-35

Amphibian effects, carbamate pesticides
(table), 211: 50

Amphibian reproductive effects, pesticides
(table), 211: 32-35
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Amphibian teratogenicity, pesticides, 211: 31

Anaerobic microbes, pulp & paper mill
effluent treatment, 212: 127

Analgesic chronic toxicity, aquatic species,
218: 42

Analgesic pharmaceutical toxicity, aquatic
species, 218: 33

Analysis methods, chrysanthemic acids,
219: 18

Analysis, soil pollutant mixtures, 211: 72

Analytical methods, for pyrethroid insecticide
isomers, 219: 12

Analytical methods, pollutant analysis (table),
211: 74

Analyzing alcohol components, chrysanthemic
acid derivatives, 219: 19

Androgen drug chronic toxicity, aquatic
species, 218: 42

Animal skin, chemical permeability, 219: 30

Anion effects, Cr bioaccumulation, 217: 98

Anthropogenic sources, fluoride
contamination, 211: 124

Anti-androgen pharmaceutical toxicity, aquatic
species, 218: 33

Anti-arrhythmic pharmaceutical toxicity,
aquatic species, 218: 34

Anti-asthmatic pharmaceutical toxicity,
aquatic species, 218: 34

Antibiotic drug chronic toxicity, aquatic
species, 218: 60

Antibiotic pharmaceutical toxicity, aquatic
species, 218: 34

Anticholinesterasic agents, behavioral effects,
212:32

Anticholinesterasic agents, biomarker use,
212: 44

Anticholinesterasic agents, chemical mixture
effects, 212: 46

Anticholinesterasic agents, environmental
effects assessment, 212: 40

Anticholinesterasic agents, fish sensitivity,
212: 42,44

Anticholinesterasic agents, reptile sensitivity,
212: 43

Anticholinesterasic agents, rodents, 212: 43

Anticholinesterasic forms, polymorphism,
212:33

Antidepressant drug chronic toxicity, aquatic
species, 218: 61

Antidepressant pharmaceutical toxicity,
aquatic species, 218: 35

Antidiabetic drug chronic toxicity, aquatic
species, 218: 62

Antidiabetic pharmaceutical toxicity, aquatic
species, 218: 36

Antiepileptic drug chronic toxicity, aquatic
species, 218: 62

Antiepileptic pharmaceutical toxicity, aquatic
species, 218: 36

Antiestrogen drug chronic toxicity, aquatic
species, 218: 63

Antiestrogens, acute aquatic species toxicity,
218: 39

Antifouling agent use, organotins, 213: 28

Antifouling paint use, copper, 213: 2, 3

Antifungal drug chronic toxicity, aquatic
species, 218: 63

Antihypertensive drug chronic toxicity,
aquatic species, 218: 63

Antihypertensive pharmaceutical toxicity,
aquatic species, 218: 37

Antineoplastic pharmaceutical toxicity, aquatic
species, 218: 37

Antioxidant effects in plants, nickel, 214: 146

Antioxidant effects, plant-stress from ozone
(table), 212: 82

Antioxidant enzymes, lead effects (table),
213: 128

Antioxidant enzymes, lead tolerance role,
213: 127

Antioxidants in plants, ozone mitigation,
212: 80

Antioxidants, ozone scavengers, 212: 79

Antioxidants, plant detoxification model
(diag.), 212: 79

Antioxidants & plants, ozone stress
reduction, 212: 90

Antioxidants, role in embryogenesis,
211: 39

Antipsychotic pharmaceutical toxicity, aquatic
species, 218: 38

Antiulcerative pharmaceutical toxicity, aquatic
species, 218: 38

Apoptosis, tributyltin biomarker, 213: 43

Appliances, e-waste composition (tables),
214:2,3

Aquatic biota & pesticides, antioxidative
defense, 211: 45

Aquatic contaminants, human
pharmaceuticals, 218: 1 ff.

Aquatic environment, pharmaceutical
pollution, 218: 2

Aquatic invertebrate effects, gamma
irradiation, 220: 79

Aquatic invertebrate effects, gamma
irradiation (table), 220: 80
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Aquatic invertebrate effects, of tritium (table),
220: 71

Aquatic invertebrate effects, tritium, 220: 70

Aquatic invertebrates, pesticide-induced
developmental effects (table),
211: 37-38

Aquatic invertebrates, pesticide-induced
reproductive effects (table), 211: 37-38

Aquatic invertebrates, pesticide-induced
teratogenicity, 211: 36

Aquatic life protection, deriving quality
criteria, 216: 1

Aquatic life, water quality criteria,
216: 1 ff., 51 ff., 105 ff.

Aquatic mercury pollution, Malaysia, 220: 49

Aquatic organisms, copper effects, 213: 13

Aquatic organisms, copper toxicity
(table), 213: 16

Aquatic species, acute pharmaceutical
toxicity, 218: 4

Aquatic species, acute pharmaceutical
toxicity (table), 218: 5-32

Aquatic species chemoreception,
copper effects, 213: 15

Aquatic species, chronic analgesic toxicity,
218: 42

Aquatic species, chronic androgen drug
toxicity, 218: 59

Aquatic species, chronic antibiotic drug
toxicity, 218: 60

Aquatic species, chronic antidepressant drug
toxicity, 218: 61

Aquatic species, chronic antidiabetic drug
toxicity, 218: 62

Aquatic species, chronic antiepileptic drug
toxicity, 218: 62

Aquatic species, chronic antiestrogen drug
toxicity, 218: 63

Aquatic species, chronic antifungal drug
toxicity, 218: 63

Aquatic species, chronic antihypertensive drug
toxicity, 218: 63

Aquatic species, chronic pharmaceutical
toxicity (table), 218: 43-58

Aquatic species, chronic toxicity of bone
resorption inhibitors, 218: 64

Aquatic species, chronic toxicity of
cholinergic agonists, 218: 65

Aquatic species, chronic toxicity of diuretics,
218: 65

Aquatic species, chronic toxicity of estrogens
& progestins, 218: 65

Aquatic species, chronic toxicity
of lipid-lowering drugs, 218: 67

Aquatic species, chronic toxicity
of pharmaceuticals, 218: 42

Aquatic species, copper nanotoxicity, 213: 18

Aquatic species, copper osmoregulatory
effects, 213: 14

Aquatic species, copper speciation, 213: 13

Aquatic species genotoxity, from tritium
& gamma irradiation, 220: 67 ff.

Aquatic species, nano- vs. bulk-copper toxicity
(table), 213: 19

Aquatic species, organotin bioaccumulation,
213: 36

Aquatic species, organotin effects, 213: 29, 34

Aquatic species, organotin residues, 213: 32

Aquatic species, pesticides & oxidative
damage, 211: 40

Aquatic species, pesticides & oxidative stress,
211: 25 ff.

Aquatic species reproductive effects, from
tritium & gamma irradiation, 220: 67 ff.

Aquatic species toxicity, analgesic
pharmaceuticals, 218: 33

Aquatic species toxicity, anti-androgen
pharmaceuticals, 218: 33

Aquatic species toxicity, anti-arrhythmic
pharmaceuticals, 218: 34

Aquatic species toxicity, anti-asthmatic
pharmaceuticals, 218: 34

Aquatic species toxicity, antibiotic
pharmaceuticals, 218: 34

Aquatic species toxicity, antidepressant
pharmaceuticals, 218: 35

Aquatic species toxicity, antidiabetic
pharmaceuticals, 218: 36

Aquatic species toxicity, antiepileptic
pharmaceuticals, 218: 36

Aquatic species toxicity, antihypertensive
pharmaceuticals, 218: 37

Aquatic species toxicity, antineoplastic
pharmaceuticals, 218: 37

Aquatic species toxicity, antipsychotic
pharmaceuticals, 218: 38

Aquatic species toxicity, antiulcerative
pharmaceuticals, 218: 38

Aquatic species toxicity, diuretic
pharmaceuticals, 218: 39

Aquatic species toxicity, lipid-lowering
drugs, 218: 40

Aquatic species toxicity, sedative drugs,
218: 40

Aquatic species toxicity, stimulant drugs,
218: 40

Aquatic species, worldwide population
declines, 211: 25
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Aquatic systems, organotin contamination,
213: 30

Aquatic testing, pharmaceutical toxicity,
218: 1 ff.

Aquatic toxicity, copper (diag.), 213: 5

Aquatic toxicity, copper oxide, 213: 15

Aquatic toxicity, pesticidal copper, 213: 1 ff.

Aquatic vertebrate developmental effects,
gamma irradiation, 220: 90

Aquatic vertebrate effects, of tritium (table),
220: 76

Aquatic vertebrate effects, tritium, 220: 75

Aquatic vertebrates, gamma irradiation effects,
220: 84

Aquatic vertebrates, gamma irradiation effects
(table), 220: 85

Arcachon Bay (France), oyster contaminants
(table), 213: 86

Arsenic contamination in Nepal, description,
218: 126

Arsenic contamination levels, Nepal districts
(diag.), 218: 129

Arsenic contamination, Nepal groundwater,
218: 128

Arsenic contamination, southern Nepal,
218: 125 ff.

Arsenic exposure hotspots, Nepal districts,
218: 136

Arsenic exposure via drinking water,
Nepalese populations (table), 218: 134

Arsenic exposure via groundwater, among
districts (illus.), 218: 136

Arsenic exposure via water, Nepal, 218: 134

Arsenic exposure vulnerability, in Nepal
(illus., table), 218: 135

Arsenic (As), fate in soil-plant systems,
215: 1 ff.

Arsenic groundwater residue distribution,
southern Nepal, 218: 125 ff.

Arsenic in Nepal, classification of levels,
218: 131

Arsenic levels, by tubewell depth (diag.),
218: 132

Arsenic levels in Nepal, by tubewell depth,
218: 130

Arsenic levels, in Nepalese districts (illus.),
218: 129

Arsenic levels, in Nepalese tubewell water
(table), 218: 128

Arsenic levels in Nepal, tubewell depth
(table), 218: 132

Arsenic monitoring, in Nepal, 218: 126

Arsenic residue distribution, by tubewell depth
(diag.), 218: 130

Arsenic residue distribution, in Nepal (illus.),
218: 137

Arsenic residue levels, distribution in
Nepalese district tubewells (illus.),
218: 133

As accumulation effects, plant traits
(diag.), 215: 14

As availability, in soil, 215: 6

As (arsenic) availability in soil,
effects of Fe, Al & Mn oxides, 215: 7

As availability in soil, effects of
oxyhydroxides, 215: 7

As availability in soil, Eh effects, 215: 6

As availability in soil, pH effects, 215: 6

As behavior, in plants, 215: 10

As, chemical properties, 215: 1

As compartmentalization, in plants, 215: 19

As complexation, in plants, 215: 18

As-containing proteins, role in fish, 218: 115

As contaminated crops, non-food use, 215: 25

As, crops with low levels, 215: 24

As effects, plant metabolism, 215: 16

As effects, plant resistance, 215: 16

As efflux, from plants, 215: 17

As, environmental presence, 215: 2

As exclusion, plant resistance, 215: 17

As, exposure to, 215: 2

As extraction, from soil, 215: 4

As genetic effects, plants, 215: 16

As-induced chlorosis, plants, 215: 15

As-induced oxidative stress, plants, 215: 15

As in soil, organic matter effects, 215: 9

As interactions, soil availability (diag.), 215: 5

As interactions, soil mobility (diag.), 215: 5

As interactions, soil P (phosphorus), 215: 8

As levels, in soil solution, 215: 4

As management, in soil-plant systems
(diag.), 215: 20

As, phytoextraction, 215: 19

As, phytofiltration, 215: 21

As, phytoremediation, 215: 19

As, phytostabilization, 215: 21

As/P interactions, mycorrhizae effects, 215: 11

As, plant absorption, 215: 11

As, plant absorption & transport, 215: 10

As, plant accumulation, 215: 12

As plant bioavailability, soil pH effects,
215: 24

As, plant development effects, 215: 15

As plant resistance, mycorrhization effects,
215: 16

As plant toxicity, mitigation methods, 215: 19

As, reducing transfer to plants, 215: 21

As residues, in rice, 215: 22
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As, soil dynamics, 215: 3

As, soil mobility, 215: 4

As solubility, soil, 215: 4

As sources, globally, 215: 2

As species effect, on plant uptake, 215: 10

As species, in soil, 215: 10

As toxicity, plants, 215: 14

Atmospheric copper, as pollutant, 213: 12

Atmospheric levels, ozone, 212: 64

Atmospheric role, ozone, 212: 62

Atomic force microscopy, biomembrane
studies, 219: 82

Atrazine effects, phototropic freshwater
microbes (table), 214: 92

Atrazine-induced effects, phytoplankton
communities, 214: 96

Atrazine, organogenesis effects, 211: 44

Aviation accidents, CO- & HCN-related,
214: 31

Aviation & astronautics, definitions, 214: 16

Bacterial biotransformation, tannery effluent,
217: 101

Bacterial chromate reduction, aerobically,
217: 106

Bacterial denitrification, pollution effects,
211: 99

Bacterial fungicides, stereoisomer enrichment,
217: 18

Bacterial growth effect, hexavalent chromium,
217: 107

Bacterial mitigation, chromium contamination,
217: 107

Bacterial reduction, chromium, 217: 106

Bacterial reduction, chromium compounds,
217: 100

Bacterial stains, chromium reduction potential,
217: 106

Bacteria, pollutant treatment strategies (illus.),
211: 84

Basle Convention, e-waste regulation, 214: 4

Basle Convention, e-waste terms, 214: 4

Batch equilibrium method, soil adsorption,
215: 133

Bay of Seine (France), mussel contaminants
(table), 213: 88

Beach debris monitoring, plastics, 220: 15

Beach debris, plastics accumulation, 220: 15

Bedbugs, societal menace, 218: 141

Behavioral effects, anticholinesterasic agents,
212:32

Behavioral effects, chlorpyrifos, 212: 32

Benchmark values, tritium & gamma
irradiation safety, 220: 90

Benefits, land application of sewage sludge,
214: 43

Bifenthrin data set, acute toxicity (table),
216: 55

Bifenthrin data set, chronic toxicity (table),
216: 56

Bifenthrin, in vivo metabolism, 219: 44

Bifenthrin probability plot, SMAV (illus.),
216: 70

Bioaccumulation, bioremediation strategy,
217: 95

Bioaccumulation by microbes, pH effects,
217: 96

Bioaccumulation by microbes, temperature
effects, 217: 96

Bioaccumulation, chromium, 217: 82

Bioaccumulation, diuron, 216: 132

Bioaccumulation of copper, fish, 213: 15

Bioaccumulation, OP insecticides, 216: 30

Bioaccumulation, organotins, 213: 36

Bioaccumulation, pharmaceuticals, 218: 3

Bioaccumulation, pyrethroid insecticides,
216: 86

Bioaccumulation role, in setting water quality
criteria, 216: 30, 85

Bioaerosols in sewage sludge, pathogens,
214: 54

Bioavailability, diuron, 216: 127

Bioavailability, fluoride, 211: 134

Bioavailability influences, pollutants, 211: 79

Bioavailability in soil, lead, 213: 115

Bioavailability, lead speciation effects,
213: 116

Bioavailability, OP insecticides, 216: 24

Bioavailability, pyrethroid insecticides,
216: 76

Biobleaching, paper & pulp mill waste
treatment, 212: 129

Biochemical effects, hexachlorocyclohexanes
(HCHs), 212: 1 ff.

Biochemical effects in fish, pesticides (table),
211: 4649

Biochemical effects, pesticides & invertebrates
(table), 211: 50

Bioconcentration factors, diuron (table),
216: 133

Bioconcentration factors, mollusk
contaminants, 213: 75

Bioconcentration of chemicals, in bivalve
mollusks (table), 213: 77

Bioconcentration, pharmaceuticals, 218: 3

Biodegradable polymers, plastics alternative,
220: 34

Biodegradation, organotins, 213: 35

Biodegradation, plastics, 220: 12
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Biodistribution of copper, salinity effects,
213: 14

Biological chromium reduction, aerobic or
anaerobic, 217: 108

Biological effect assessment, improvement
options, 214: 115

Biological endpoint sensitivity, tritium
& gamma irradiation, 220: 94

Biological implication, stereoisometry, 217: 3

Biological indictors, monitoring soil health,
211: 104

Biological parameters, assessing pyrethroid
insecticide risk (table), 219: 2

Biological property implications, sewage
sludge amendment, 214: 50

Biological sample contamination, mercury,
220: 52

Biological treatment strategies, pulp & paper
mill effluent, 212: 126

Biomagnification, triphenyltin, 213: 32

Biomarker discovery, metallomic study role,
218: 107

Biomarker discovery, proteomic approaches,
218: 102

Biomarker role & utility, organotins, 213: 40

Biomarker search, fish proteomic role,
218: 103

Biomarkers for heavy metal contamination,
metallothioneins, 218: 111

Biomarkers, for organotins, 213: 27 ff.

Biomarkers in Ecotoxicology,
acetylcholinesterase, 212: 41

Biomarkers, metalloproteins (table), 218: 109

Biomarkers of environmental contamination,
metalloproteins in fish, 218: 108

Biomarkers of tributyltin, marine
invertebrates, 213: 41

Biomarker use, acetylcholinesterase inhibition,
212: 48

Biomarker use, anticholinesterasic agents,
212: 44

Biomarker use, cholinesterases, 212: 31

Biomass, chlorpyrifos adsorption (table),
215: 144

Biomass, chromium bioremediation, 217: 111

Biomass (immobilized), chromium
bioremediation (table), 217: 113

Biomass elution, retrieving chromium,
217: 112

Biomass pretreatment effect, biosorption,
217: 95

Biomembranes, ion channels, 219: 79

Biomembranes, lipid structure, 219: 79

Biomembranes, structure & drug permeability,
219: 79

Biomembrane studies, atomic force
microscopy, 219: 82

Biomethylation, organotins, 213: 37

Biomonitoring, tritium & gamma irradiation,
220: 94

Bioplastics, conventional plastics alternative,
220: 34

Biopulping, paper & pulp mill waste
treatment, 212: 129

Bioreduction, bioremediation strategy,
217: 100

Bioremediation, chromium & phenolics,
217: 116

Bioremediation, description, 217: 77

Bioremediation, factors limiting success
(diag.), 217: 85

Bioremediation, hexavalent chromium
& phenolics (table), 217: 118

Bioremediation, microbial sources, 217: 84

Bioremediation of chromium, immobilized
biomass, 217: 111

Bioremediation of chromium, immobilized
biomass (table), 217: 113

Bioremediation, role & description, 217: 84

Bioremediation strategies, chromium,
217: 75 ff.

Bioremediation strategies, for tannery waste,
217: 84

Bioremediation strategy, bioaccumulation,
217: 95

Bioremediation strategy, bioreduction,
217: 100

Bioremediation strategy, biosorption, 217: 85

Bioremediation, tannery effluent, 217: 75 ff.

Bioremediation techniques, vs. conventional
ones, 217: 78

Biosolids, beneficial sewage byproduct,
214: 42

Biosorbent concentration effect,
biosorption process, 217: 92

Biosorption, biomass pretreatment effect,
217: 95

Biosorption, bioremediation strategy, 217: 85

Biosorption by microbes, chromium (table),
217: 86

Biosorption, chromium removal, 217: 85

Biosorption, heavy metal removal, 217: 85

Biosorption, live vs. dead cell use, 217: 85

Biosorption, living vs. dead cell biomass,
217: 89

Biosorption, metal ion effects, 217: 91
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Biosorption of metals, microbial processes,
217: 88

Biosorption process, advantages, 217: 88

Biosorption process, concentration effect,
217:92

Biosorption process, contact time effects,
217: 93

Biosorption process, exopolysaccharide
effects, 217: 94

Biotransformation, chromium compounds,
217: 100

Bisphenol A, plastic additive, 220: 5

Bisphenol A, plastics additive, 220: 28

Bivalve mollusk contamination, regulatory
consumption thresholds (table), 213: 60

Bleaching, hazardous chemicals released,
212: 117

Bleaching process, pulp waste treatment
(diag.), 212: 119

Bliss independence, described, 211: 76

Blood-partition coefficients, mechanistic
models, 219: 33

Blood residues, HCH (table), 212: 4

Boat paint uses, organotins, 213: 28

Bone resorption inhibitor drug toxicity,
aquatic species, 218: 64

Bone resorption inhibitors, acute aquatic
organism toxicity, 218: 38

BTEX (benzene, toluene, ethylbenzene
& xylene), co-occurrence with MBTE,
211: 70

Butyrylcholinesterase, role in vertebrates,
212: 31

Cabin air quality, aerial application,
214: 15 ff.

Cabin air quality, aerospace toxicology,
214: 15 ff.

Cabin air quality, aircraft, 214: 24

Cadmium exceedances, in medicinal plants
(table), 214: 78

Cadmium non-compliances, scallop
monitoring (table), 213: 91

Calcium channel effects, HCH isomers,
212: 13

Calcium channel effects, lindane, 212: 13

Calcium homeostasis effects, HCH isomers,
212: 12

Calcium ion channels, pyrethroid insecticide
neurotoxicity, 219: 87

California annual use, cuprous oxide (illus.),
213: 4

California marina waters, copper
contamination (table), 213: 20

California pesticides, copper oxide, 213: 1

California water sheds, water quality criteria,
216: 2

Carbamate pesticides, biochemical effects on
amphibians (table), 211: 50

Carbaryl inhibition, earthworm
cholinesterases, 212: 35

Carbonate complexes, copper, 213: 9

Carbon compound nanomaterials, toxicity
studies (table), 215: 103

Carbon-dependent detoxification, plant cells
(diag.), 212: 79

Carbon dioxide effects, ozone impact, 212: 95

Carbon monoxide monitoring methods,
aircraft air, 214: 28

Carbon nanomaterials, in vitro toxicity,
215: 102

Carbon nanotube nanomaterials, in vitro
toxicity, 215: 99

Carbon nanotube nanomaterials, in vivo
toxicity, 215: 100

Carbon nanotube nanoparticles, toxicity,
215: 90

Carbon nanotube nanoparticles, toxicity
studies (table), 215: 91

Carbon utilization pattern, microbial
community diversity, 211: 94

Carboxylesterase hydrolysis, via hepatic
microsomes (table), 219: 60

Carboxylesterase kinetic parameters,
deltamethrin hydrolysis (table), 219: 63

Carboxylesterase (hCE1) kinetics,
deltamethrin hydrolysis (diag.), 219: 64

Carboxylesterases, metabolic enzymes,
219: 57

Carboxylesterases, predicting liver & plasma
activity, 219: 74

Carboxylesterases, pyrethroid insecticide
hydrolysis, 219: 59

Carboxylesterase (rat serum), stereoselective
hydrolysis rates (table), 219: 76

Carboxylesterases, their multiple forms,
219: 57

Carcinogenicity, chromium, 217: 81

Carcinogenicity, HCHs, 212: 6

Carcinogenicity, soil pollutants, 211: 66

Carcinogens, heavy metals, 214: 67

Catechol, redox cycling and metabolism
(diag.), 218: 143

C dots, nanomaterial toxicity, 215: 108

Cell-signaling effects, HCHs, 212: 7

Chemical application, agricultural aviation,
214: 17

Chemical bioconcentration, in bivalve
mollusks (table), 213: 77
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Chemical characteristics, mine waste (table),
211: 73

Chemical chirality, key terms identified
(table), 217: 2

Chemical contaminant half-lives, in mollusks
(table), 213: 80

Chemical contaminants, human effects,
213:92

Chemical contaminants, shellfish purification
effects, 213: 78

Chemical contamination, shellfish monitoring,
213: 81

Chemical content, e-waste, 214: 5

Chemical energetic values, selected
compounds (table), 211: 80

Chemical exposure, clinical vulnerability,
214: 1

Chemical exposure monitoring, agricultural
application, 214: 20

Chemical expressions, Appendix A, 219: 118

Chemical hazards, shellfish and marine
environment, 213: 61

Chemical impact, marine plastic pollution,
220: 28

Chemical indicators, monitoring soil health,
211: 104

Chemical influences, microbial degradation,
211: 80

Chemical mixture effects, anticholinesterasic
agents, 212: 46

Chemical mixture effects, diuron, 216: 127

Chemical mixture effects, microbes, 211: 81

Chemical mixture effects, water quality
criteria, 216: 24, 78, 127

Chemical mixtures, described, 211: 65

Chemical mixtures in soil, future outlook,
211: 105

Chemical mixtures, microbial metabolic
effects, 211: 80

Chemical mixtures, organic pollutants, 211: 69

Chemical mixtures, organics & inorganics,
211: 72

Chemical mixtures, pollution context, 211: 68

Chemical mixtures vs. single chemicals,
reproductive effects (illus.), 211: 91

Chemical monitoring, marketed shellfish,
213: 89

Chemical & physical properties, chlorpyrifos
(table), 215: 127

Chemical-physical properties, copper (table),
213:3

Chemical pollutants & microbes, complexity-
interaction pyramid (diag.), 211: 78

Chemical properties, As, 215: 1

Chemical properties, chlorpyrifos, 215: 125

Chemical property implications, sewage
sludge amendment, 214: 47

Chemical protectants, ozone stress reduction,
212: 94

Chemical safety testing, aerial application
research (table), 214: 21

Chemicals, skin absorption, 219: 29

Chemical structure, HCHs, 212: 2

Chemical types applied, agricultural aviation,
214: 17

Chemistry, fluoride, 211: 123

Chemosensory effects, copper, 213: 15

Chinese e-waste, occupational exposure,
214: 8

Chinese e-waste, toxic organics exposure,
214: 8

Chiral center benefits, pesticides & drugs,
217:2

Chiral components, pyrethrins & pyrethroid
insecticides, 219: 17

Chiral datasets, pesticides, 217: 3

Chiral elements, in pesticides, 217: 2

Chiral forms described, fungicides, 217: 7

Chiral forms described, insecticides, 217: 38

Chiral forms, fungicides (table), 217: §—12

Chiral forms, herbicides, 217: 19

Chiral forms, herbicides, plant growth
regulators & safeners (table),
217: 20-28

Chiral forms, insecticides (table), 217: 39-46

Chiral forms, misc. pesticides (table), 217:
57-61

Chiral forms, pesticides (illus.), 217: 6

Chiral fungicides, ergosterol biosynthesis
inhibitors, 217: 18

Chiral fungicides, structures (illus.),
217: 13-17

Chiral herbicide safeners, structures (illus.),
217:29-37

Chiral herbicides, structures (illus.),
217:29-37

Chiral insecticides, structures (illus.),
217: 47-54

Chirality classification, pesticide types (diag.),
217: 69

Chirality, described, 217: 5

Chirality, key terms identified (table), 217: 2

Chirality of pesticides, classification (diag.),
217: 69

Chiral pesticides, dataset curation (diag.),
217: 4

Chiral pesticides, description and nature,
217: 1 ff.

Chiral pesticides (misc.), structures (illus.),
217: 62-67
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Chiral plant growth regulators, structures
(illus.), 217: 29-37

ChirBase entries, fungicides, 217: 19

ChirBase entries, insecticides, 217: 56

ChirBase entries, misc. pesticides, 217: 68

Chloride ion channels, pyrethroid insecticide
neurotoxicity, 219: 87

Chloroacetamide herbicides, freshwater
microbial effects, 214: 104

Chlorophyll fluorescence ratio change, diuron,
216: 124

Chlorpyrifos, acute to chronic calculation
(table), 216: 22

Chlorpyrifos adsorption, aquatic sediments
(table), 215: 142

Chlorpyrifos adsorption, clay minerals,
215: 147

Chlorpyrifos adsorption, clay minerals (table),
215: 148

Chlorpyrifos adsorption & desorption,
soil-sediments, 215: 123 ff.

Chlorpyrifos adsorption estimates, from Kow
(table), 215: 154

Chlorpyrifos adsorption, organic matter,
215: 143

Chlorpyrifos adsorption, soil property effects
(illus.), 215: 141

Chlorpyrifos, behavioral effects, 212: 32

Chlorpyrifos, chemical & physical properties
(table), 215: 127

Chlorpyrifos, chemical properties, 215: 125

Chlorpyrifos data set, acute toxicity (table),
216: 6

Chlorpyrifos data set, chronic toxicity (table),
216: 9

Chlorpyrifos, environmental behavior,
215: 125

Chlorpyrifos, environmental fate (table),
216: 4

Chlorpyrifos, environmental presence,
215: 125, 129

Chlorpyrifos, persistence & ecotoxicity,
215: 126

Chlorpyrifos, physical-chemical properties
(table), 216: 3

Chlorpyrifos probability plot, species mean
acute values (SMAV5) (illus.), 216: 18

Chlorpyrifos, sediment adsorption, 215: 140

Chlorpyrifos, soil adsorption (table), 215: 135

Chlorpyrifos soil adsorption, from water
solubility (table), 215: 154

Chlorpyrifos, soil desorption, 215: 155

Chlorpyrifos, soil desorption values (table),
215: 157

Chlorpyrifos sorption, biomass & humic acids
(table), 215: 144
Chlorpyrifos sorption, organic carbon effects
(illus.), 215: 159
Chlorpyrifos, surface water residues (table),
215: 131
Cholinergic agonist drug toxicity, aquatic
species, 218: 65
Cholinergic agonists, acute aquatic species
toxicity, 218: 39
Cholinesterase impairment,
organophosphorous pesticides, 212: 30
Cholinesterase inhibition, carbaryl, 212: 35
Cholinesterase inhibition, polyaromatic
hydrocarbon effects, 212: 50
Cholinesterases, age effects, 212: 34
Cholinesterases, biomarker use, 212: 31
Cholinesterases, characterization, 212: 34
Cholinesterases, complexity & diversity,
212: 30
Cholinesterases, detergent effects, 212: 49
Cholinesterases, earthworms, 212: 35
Cholinesterases, ecotoxicity monitoring
indices, 212: 31
Cholinesterases, ecotoxicology applications,
212: 29 ff.
Cholinesterase sensitivity, organophosphorous
insecticides, 212: 40
Cholinesterases in environmental assessment,
perspectives, 212: 51
Cholinesterases, substrate preference, 212: 34
Cholinesterases, surfactant effects, 212: 49
Cholinesterases, unicellular organisms, 212: 35
Cholinesterases, use in environmental
monitoring, 212: 40
Cholinesterase types, description, 212: 32
Cholinesterase types, vertebrates vs.
invertebrates, 212: 32
Cholinesterasic forms present, crayfish, 212: 37
Cholinesterasic forms present, crustaceans,
212: 36
Cholinesterasic forms present, fish, 212: 38
Cholinesterasic forms present, mollusks,
212: 37
Cholinesterasic forms present, reptiles,
212: 39
Chromate, aerobic reduction potential,
217: 106
Chromatography, soil adsorption methods,
215: 149
Chrome chemistry, in tanning, 217: 79
Chrome, in tanning processes, 217: 79
Chrome, role in tanning evolution, 217: 79
Chromium, as a micronutrient, 217: 83
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Chromium, bioaccumulation, 217: 82

Chromium bioaccumulation, anion effects,
217:98

Chromium bioremediation, immobilized
biomass, 217: 111

Chromium bioremediation, immobilized
biomass (table), 217: 113

Chromium, bioremediation strategies,
217: 75 ff.

Chromium bioremediation, with phenolics,
217: 116

Chromium, carcinogenicity and mutagenicity,
217: 81

Chromium compounds, bacterial reduction,
217: 100

Chromium compounds, biotransformation,
217: 100

Chromium contamination, bacterial
mitigation, 217: 107

Chromium contamination, Indian tannery
waste, 217: 80

Chromium detoxification, methods, 217: 77

Chromium, discovery, 217: 79

Chromium effects, from dietary exposure,
217: 82

Chromium effects, in tannery workers, 217: 82

Chromium elution, from immobilized
biomass, 217: 112

Chromium, exposure sources, 217: 81

Chromium exposure, symptoms, 217: 82

Chromium (hexavalent), industrial uses, 217: 76

Chromium, in tannery effluent, 217: 80

Chromium, in vivo metabolism, 217: 82

Chromium-laden effluents, in India, 217: 80

Chromium limits, in tannery waste, 217: 76

Chromium, microbial accumulation, 217: 96

Chromium, microbial biosorption (table),
217: 86

Chromium (hexavalent), microbial reduction
(table), 217: 102

Chromium microbial reduction,
electron donor role, 217: 108

Chromium (hexavalent) & phenolics,
microbial bioremediation (table),
217: 118

Chromium pollution, tannery effluent, 217: 76

Chromium, priority pollutant, 217: 76

Chromium reduction, aerobic or anaerobic,
217: 108

Chromium (hexavalent) reduction, bacterial
growth effect, 217: 107

Chromium reduction, bacterial species,
217: 106

Chromium reduction, copper effects, 217: 111

Chromium reduction, heavy metal effects,
217: 110

Chromium reduction inhibition, sulfate or
nitrate, 217: 109

Chromium reduction potential, bacterial
strains, 217: 106

Chromium remediation, treatment techniques
(diag.), 217: 77

Chromium removal, biosorption, 217: 85

Chromium, tannery effluent, 217: 75 ff.

Chromium tannery waste, land contamination,
217: 81

Chromium, toxicity, 217: 81

Chromium toxicity, hexa- vs. tri-valent forms,
217: 81

Chromium waste, alternative treatments, 217: 77

Chromium waste, sources, 217: 76

Chronic animal toxicity data set,
diuron (table), 216: 109

Chronic aquatic species toxicity, misc. drugs,
218: 68

Chronic microbial effects, linuron, 214: 103

Chronic microbial effects, triazine herbicides,
214: 96

Chronic pharmaceutical toxicity, aquatic
species (table), 218: 43-58

Chronic plant toxicity data set, diuron (table),
216: 108

Chronic toxicity data set, bifenthrin (table),
216: 56

Chronic toxicity data set, chlorpyrifos (table),
216: 9

Chronic toxicity data set, cyfluthrin (table),
216: 59

Chronic toxicity data set, A-cyhalothrin
(table), 216: 65

Chronic toxicity data set, cypermethrin (table),
216: 62

Chronic toxicity data set, diazinon (table),
216: 13

Chronic toxicity data set, malathion (table),
216: 17

Chronic toxicity data set, permethrin (table),
216: 68

Chronic toxicity mode-of-action examples,
human-use drugs (table), 218: 72

Chronic toxicity to aquatic species, analgesic
drugs, 218: 42

Chronic toxicity to aquatic species, androgen
drugs, 218: 59

Chronic toxicity to aquatic species, antibiotic
drugs, 218: 60

Chronic toxicity to aquatic species,
antidepressant drugs, 218: 61
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Chronic toxicity to aquatic species,
antidiabetic drugs, 218: 62

Chronic toxicity to aquatic species,
antiepileptic drugs, 218: 62

Chronic toxicity to aquatic species,
antiestrogen drugs, 218: 63

Chronic toxicity to aquatic species, antifungal
drugs, 218: 63

Chronic toxicity to aquatic species,
antihypertensive drugs, 218: 63

Chronic toxicity to aquatic species, bone
resorption inhibitors, 218: 64

Chronic toxicity to aquatic species, cholinergic
agonists, 218: 65

Chronic toxicity to aquatic species, diuretics,
218: 65

Chronic toxicity to aquatic species, estrogens
& progestins, 218: 65

Chronic toxicity to aquatic species,
lipid-lowering drugs, 218: 67

Chronic toxicity to aquatic species,
pharmaceuticals, 218: 42

Chronic water quality criteria calculations,
diuron, 216: 126

Chronic water quality criteria calculations,
OP insecticides, 216: 21

Chrysanthemic acid derivatives, analyzing
alcohol components, 219: 19

Chrysanthemic acid derivatives, pyrethroid
insecticides (tables), 219: 19, 21

Chrysanthemic acid derivatives, structures
& names (table), 219: 19, 20

Chrysanthemic acids, analytical chemistry,
219: 18

Chrysanthemic acids, isomers, 219: 18

Chrysanthemic acids, synthesis of pyrethroid
insecticides, 219: 18

Cismethrin, sodium channel effect (diag.),
219: 83

Clay adsorption, organotins, 213: 37

Clay adsorption, pH effects on fluoride (illus.),
211: 127

Clay mineral effects, As in soil, 215: 8

Clay minerals, chlorpyrifos adsorption,
215: 147

Clay minerals, chlorpyrifos adsorption (table),
215: 148

Clinical vulnerability, from chemical
exposure, 214: 1

Coastal bird species, plastic pollutant effects,
220: 20

Coastal birds, plastics ingestion, 220: 24

Co-contaminated ecosystems, man-made
pollutants (table), 211: 64

CO- & HCN-related, aviation accidents,
214: 31

Colored chemicals released,
pulping & bleaching, 212: 117

Color removal strategies, pulp & paper mill
waste, 212: 121

Comparative toxicity, carbon nanomaterials,
215: 109

Comparative toxicity, metallic nanoparticles,
215: 76,79

Comparative toxicity, metal oxide
nanoparticles, 215: 58, 61

Compartmentalization of As, in plants, 215: 19

Complexation of As, in plants, 215: 18

Complexity-interaction pyramid, chemical
pollutants & microbes, (diag.), 211: 78

Computational toxicology, human-use
pharmaceuticals, 218: 77

Computer-related e-waste, composition
(table), 214: 5

Conceptual diagram, adverse outcome
pathways (diag.), 218: 81

Contact time effects, microbial biosorption,
217:93

Contaminant absorption, plastic debris,
220: 29

Contaminant accumulation, mollusks, 213: 75

Contaminant transfer, plastics to organisms,
220: 30

Contamination, aircraft cabin air, 214: 20

Contamination index, soil enzyme activity,
211: 97

Contamination levels, aircraft cabin air,
214: 26

Conversion coefficient measures, microbial
biomass, 211: 87

Copper, aquatic toxicity, 213: 1 ff.

Copper, aquatic toxicity (diag.), 213: 5

Copper, as atmospheric pollutant, 213: 12

Copper, as biocide, 213: 2

Copper, carbonate complexes, 213: 9

Copper, chemosensory effects, 213: 15

Copper complexation, in soil, 213: 11

copper complexation, salt and fresh water,
213:8

Copper cycling, organic carbon link, 213: 9

Copper cycling, oxygen role, 213: 10

Copper cycling, temperature effect, 213: 10

Copper, description, 213: 2

Copper effects, aquatic organisms, 213: 13

Copper effects, aquatic species
osmoregulation, 213: 14

Copper effects, chromium reduction, 217: 111

Copper, environmental fate, 213: 4
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Copper, environmental fate (diag.), 213: 5

Copper, fate in air, 213: 12

Copper fate, water salinity effects, 213: 14

Copper, fish bioaccumulation, 213: 15

Copper, geochemical cycling, 213: 9

Copper, in antifouling paints, 213: 2, 3

Copper, molecular structure, 213: 2

Copper monitoring, water quality standards,
213: 19

Copper nanotoxicity, aquatic species, 213: 18

Copper, organic ligand binding, 213: 5

Copper oxide, agricultural fungicide, 213: 1

Copper oxide, aquatic toxicity, 213: 15

Copper oxide, California pesticidal uses, 213: 1

Copper oxide, fate in water, 213: 4

Copper, pesticidal uses, 213: 1 ff.

Copper, physical-chemical properties (table),
213:3

Copper pollution, distribution, 213: 11

Copper remobilization, from seawater, 213: 7

Copper, role in nature, 213: 2

Copper sequestration, salinity, 213: 7

Copper speciation, brackish water, 213: 7

Copper speciation effects, soil organic matter,
213: 12

Copper speciation, freshwater, 213: 8

Copper speciation, in air, 213: 12

Copper speciation, salt- & sea-water, 213: 6

Copper speciation, sediment, 213: 9

Copper speciation, soil, 213: 11

Copper speciation, surface water (diag.),
213:5

Copper speciation, surface waters, 213: 4

Copper species, in aquatic organisms, 213: 13

Copper toxicity, aquatic species (table),
213: 16

Copper toxicity, aquatic species olfaction,
213: 15

Copper toxicity, reactive oxygen species
(ROS), 213: 15

Copper toxicity, water characteristics, 213: 13

Copper vs. nanocopper, toxicity differences,
213: 18

Copper water levels, California marinas
(table), 213: 20

Coral, mercury levels in Malaysia, 220: 53

Crayfish, cholinesterasic forms present, 212: 37

Crop effects, ozone, 212: 62

Crop effects, sewage sludge soil amendment,
214: 49

Crop residue mitigation, of As, 215: 23

Crops, with low As levels, 215: 24

Crop yield, ozone effects, 212: 88

Crop yield reduction, ozone stress (table),
212: 90

Cruiseliners, marine debris source, 220: 7

Crustacean effects, organophosphorous
insecticides, 212: 46

Crustaceans, cholinesterasic forms, 212: 36

Cuprous oxide, annual use in California
(illus.), 213: 4

Cyanobacteria, pollutant effects, 211: 88

Cyfluthrin, acute to chronic calculation
(tables), 216: 74

Cyfluthrin data set, acute toxicity (table),
216: 57

Cyfluthrin data set, chronic toxicity (table),
216: 59

Cyfluthrin, in vivo metabolism, 219: 45

Cyfluthrin probability plot, SMAV (illus.),
216: 71

A-Cyhalothrin, acute to chronic calculation
(tables), 216: 74

A-Cyhalothrin data set, acute toxicity (table),
216: 63

A-Cyhalothrin data set, chronic toxicity
(table), 216: 65

Cyhalothrin effects, rotenone sensitive NADH
(diag.), 219: 85

Cyhalothrin, in vivo metabolism, 219: 46

A-Cyhalothrin probability plot,
SMAV (illus.), 216: 72

Cypermethrin, calculating tissue-blood
partition coefficients, 219: 38

Cypermethrin data set, acute toxicity (table),
216: 60

Cypermethrin data set, chronic toxicity (table),
216: 62

Cypermethrin insecticide, water solubility vs.
LogD (diag.), 219: 35

Cypermethrin, in vivo metabolism, 219: 46

Cypermethrin & metabolites, liver-blood
partition coefficients, 219: 43

Cypermethrin metabolites, water solubility vs.
LogD (diag.), 219: 34

Cypermethrin probability plot, SMAV (illus.),
216: 71

Cytochrome CYP 1A2 & 2C19 kinetic
parameters, pyrethroid insecticides
(table), 219: 70, 71

Cytochrome CYP 3A4 kinetic parameters,
pyrethroid insecticides (table),
219: 72

Cytochrome P450 kinetic parameters,
deltamethrin & esfenvalerate
metabolism (table), 219: 65

Cytochrome P450s, metabolic enzymes,
219: 57

Cytochrome P450s, their multiple forms,
219: 58
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Data evaluation, in setting water quality
criteria, 216: 5

Data reduction methods, setting water quality
criteria, 216: 5

Decolorization by microbes, pulp & paper mill
effluent (table), 212: 123

Decolorization, pulp & paper mill effluent,
212: 113 ff., 122

DEET, pesticide absorption effects, 219: 32

Degradation process, organotins, 213: 35

Deltamethrin clearance, from liver
microsomes (table), 219: 63

Deltamethrin hydrolysis, by enzymes (diag.),
219: 64

Deltamethrin hydrolysis, carboxylesterase
kinetic parameters (table), 219: 63

Deltamethrin, in vivo metabolism, 219: 48

Deltamethrin metabolism, cytochrome P450
kinetic parameters (table), 219: 65

Deltamethrin, sodium channel effect (diag.),
219: 83

Deltametrin, kinetic values compared, 219: 73

Denitrification, by bacteria, 211: 99

Dental fluorosis, fluoride intake effect,
211: 135

Dermal pesticide uptake, modeling, 219: 32

Desorption values, chlorpyrifos (table),
215: 157

Detergent effects, cholinesterases, 212: 49

Detoxification by microbes, pulp & paper mill
effluent (table), 212: 123

Detoxification mechanisms, invertebrate
contaminants, 213: 77

Detoxification mechanisms, organic pollutants,
213: 78

Detoxification methods, chromium, 217: 77

Detoxification of lead, in plants, 213: 113 ff.

Detoxification, pulp & paper mill effluent,
212: 113 ff.

Developing countries, medicinal plant use,
214: 67

Developmental abnormalities, lindane, 211: 44

Developmental abnormalities,
organophosphorous insecticides,
211: 44

Developmental effects on aquatic
invertebrates, tritium, 220: 74

Developmental effects on aquatic vertebrates,
gamma irradiation, 220: 90

Developmental effects on aquatic vertebrates,
tritium, 220: 78

Developmental effects, oxidative stress, 211: 39

Developmental effects, pesticides
& amphibians (table), 211: 32-35

Developmental effects, pesticides & aquatic
invertebrates (table), 211: 37-38

Developmental effects, pesticides & fish
(table), 211: 27-30

2.,4-D, freshwater microbial effects, 214: 106

Diazinon, acute to chronic calculation (table),
216: 22

Diazinon data set, acute toxicity (table),
216: 10

Diazinon data set, chronic toxicity (table),
216: 13

Diazinon, environmental fate (table), 216: 4

Diazinon, physical-chemical properties (table),
216: 3

Diazinon probability plot, SMAVs (illus.),
216: 19

Diazinon, UCDM water quality criteria, 216: 2

Dietary exposure effects, chromium, 217: 82

Dietary intake levels, fluoride, 211: 137

Diffuse contamination sources, uses, 212: 47

Dioxin contamination, French shellfish,
213: 69

Discovery history, pyrethroid insecticides,
219:6

Disease implications, aircraft cabin air,
214: 25

Disease threats, aircraft operation, 214: 24

Dissipation pathways, organic pollutants
(diag.), 211: 69

Distribution of arsenic levels, across Nepal,
218: 128

Distribution of As, in plants, 215: 13

Distribution of fluoride, in soil, 211: 125

Diuretic drug toxicity, aquatic species, 218: 65

Diuretic pharmaceutical toxicity, aquatic
species, 218: 39

Diuron, acute water quality criteria
calculations, 216: 125

Diuron, bioaccumulation, 216: 132

Diuron, bioavailability, 216: 127

Diuron, bioconcentration factors (table),
216: 133

Diuron, chemical mixture effects, 216: 127

Diuron, chlorophyll fluorescence ratio change,
216: 124

Diuron, chronic water quality criteria
calculations, 216: 126

Diuron, data collection & evaluation, 216: 105

Diuron data set, acute toxicity (table),
216: 107

Diuron data set, chronic animal toxicity
(table), 216: 109

Diuron data set, chronic plant toxicity (table),
216: 108
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Diuron, description, 216: 105

Diuron, ecosystem-level studies, 216: 129

Diuron effects, phototrophic freshwater
microbes (table), 214: 100

Diuron, environmental fate (table), 216: 106

Diuron, excluded data (table), 216: 110

Diuron, final criteria statement, 216: 136

Diuron, freshwater microbial effects, 214: 99

Diuron & microbes, chronic vs. acute effects,
214: 102

Diuron, physical-chemical properties (table),
216: 106

Diuron, plant growth inhibition, 216: 124

Diuron, predicted toxicity to rare species
(table), 216: 132

Diuron, reduced plant oxygen evolution,
216: 125

Diuron, relative plant growth rate, 216: 124

Diuron, sensitive species, 216: 128

Diuron, supplemental data used for criteria
setting (table), 216: 113-123

Diuron, threatened & endangered species,
216: 131

Diuron, water quality and bioavailability
effects, 216: 127

Diuron, water quality criteria, 216: 105

Diuron water quality criteria, data reduction,
216: 125

DNA effects, gamma irradiation, 220: 79, 84

DNA effects, tritium, 220: 70, 75

DNA integrity effects, HCH isomers, 212: 15

Drinking water contamination, pesticides,
213: 142

Drinking water exposure, arsenic in Nepal,
218: 134

Drinking water, fluoride bioavailability,
211: 134

Drug effects, on aquatic species, 218: 41, 68

Drug modeling, gut metabolism & transport,
219: 27

Drug permeability, biomembrane structure,
219: 79

Early developmental stage effects,
aquatic organisms, 211: 40
Earthworm cholinesterases, carbaryl
inhibition, 212: 35
Earthworms, cholinesterases, 212: 35
Earthworms, propionylcholinesterase, 212: 35
Ecosystem-level studies, diuron, 216: 129
Ecosystem-level studies, role in water quality
criteria, 216: 28, 83, 129
Ecosystem pollution, man-made (table), 211: 64

Ecotoxicity, chlorpyrifos, 215: 126

Ecotoxicity methods, molecular tool use,
214: 116

Ecotoxicity monitoring indices,
cholinesterases, 212: 31

Ecotoxicity, nanocopper, 213: 18

Ecotoxicity, pharmaceuticals, 218: 4

Ecotoxicology assessment,
acetylcholinesterase monitoring,
212: 30

Ecotoxicology uses, cholinesterases,
212: 29 ff.

Effects of pesticides, fish reproduction (table),
211: 27-30

Effects review, tritium, 220: 70

Effluent contamination, pharmaceuticals,
218:2

Eh effects, As soil availability, 215: 6

Electron donor role, microbial reduction of
chromium, 217: 108

Electronic waste (E-waste), description, 214: 2

Electronic waste, in India, 214: 2

Electronic waste, third world countries, 214: 2

Element concentrations, in soil, 215: 7

Ellman’s reagent, acetylcholinesterase activity,
212: 48

Embryogenesis, antioxidant defense role,
211: 39

Embryogenesis, oxygen role, 211: 39

Embryotoxicity in amphibians, pesticides,
211: 31

Embryotoxicity, oxidative stress effects,
211: 40

Endocrine-active agents, pesticides, 213: 138

Endocrine-active pesticides, Germany,
213: 137 ft.

Endocrine-active pesticides, water supply
detections, 213: 147

Endocrine activity, pesticides, 213: 137 ff.

Endocrine disruption, pesticides, 213: 139

Endocrine disruptor, lindane, 212: 7

Energetic values, for selected chemicals
(table), 211: 80

Energy flow dynamics, microbial metabolism
(diag.), 211: 83

Enterohepatic circulation, pesticide
metabolism, 219: 27

Environmental behavior & presence,
chlorpyrifos, 215: 125

Environmental biomarkers, fish
metalloproteins, 218: 101 ff.

Environmental contaminant detection,
fish proteomics role, 218: 103

Environmental contaminant, fluoride, 211: 122
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Environmental contaminants, HCHs, 212: 1
Environmental contaminants, organotin
degradation products, 213: 31
Environmental contamination, by mercury,
220: 46
Environmental contamination, fish
biomarkers, 218: 108
Environmental contamination, from leached
pesticides, 213: 141
Environmental contamination, from pesticide
runoff, 213: 140
Environmental contamination, from pesticide
spray drift, 213: 140
Environmental contamination, from pesticide
volatility, 213: 141
Environmental contamination, human
pharmaceuticals, 218: 1 ff.
Environmental contamination, plastics,
220: 1 ff.
Environmental contamination, radionuclides
(table), 213: 69
Environmental contamination, shellfish
(table), 213: 70
Environmental distribution, organotins,
213: 30
Environmental effects assessment,
anticholinesterasic agents, 212: 40
Environmental effects, organotins, 213: 34
Environmental emission sources,
nickel, 214: 127
Environmental fate, chlorpyrifos,
diazinon & malathion (table), 216: 4
Environmental fate, copper, 213: 4
Environmental fate, copper (diag.), 213: 5
Environmental fate, copper in air, 213: 12
Environmental fate, diuron (table), 216: 106
Environmental fate, organic pollutants (table),
211: 82
Environmental fate, organotins, 213: 27 ff., 34
Environmental fate, pesticidal copper,
213: 1 ff.
Environmental fluoride, human metabolism,
211: 121 ff.
Environmental inorganic contaminants,
shellfish (table), 213: 66
Environmental mobility, fluoride, 211: 124
Environmental monitoring,
cholinesterase use, 212: 40
Environmental monitoring, marine-polluting
plastics, 220: 14
Environmental monitoring, shellfish
contamination, 213: 81
Environmental pollutants, microbial effects,
211: 63 ff.

Environmental pollution origin,
plastics, 220: 7
Environmental pollution, plastic debris, 220: 5
Environmental presence, As, 215: 2
Environmental presence, chlorpyrifos,
215: 129
Environmental routes of emission,
pesticides, 213: 139
Environmental sources, fluoride, 211: 124
Environmental sources, mercury, 220: 47
Environmental stress, pathways in fish &
mammals (diag.), 218: 107
Enzyme effects in seeds, nickel, 214: 138
Enzyme effects in soil, sewage sludge, 214: 50
Enzyme effects, microbes
and pollutants, 211: 97
Enzyme function effects, HCH isomers (table),
212: 9-11
Enzyme function in microbes, nickel effects
(table), 214: 131
Enzyme function in plants, nickel effects
(table), 214: 131
Enzyme-substrate “aging” effects,
organophosphorous pesticides, 212: 47
Epidemiology data, HCHs, 212: 6
Ergosterol biosynthesis inhibitors, chiral
fungicides, 217: 18
Esfenvalerate clearance, from liver
microsomes (table), 219: 63
Esfenvalerate metabolism, cytochrome P450
kinetic parameters (table), 219: 65
Essential elements, definition, 214: 65
Essential elements, micronutrients, 214: 65
Estrogen drug toxicity, aquatic species,
218: 65
Estrogenic activity, HCH isomers, 212: 17-18
Estrogens, acute aquatic species toxicity,
218: 39
European regulation, shellfish contamination,
213: 60
European regulation, shellfish food safety,
213: 59
European shellfish farming, description,
213: 56
European shellfish regulation, hygiene
package, 213: 59
European Union, pesticide use, 213: 138
Eutrophication, Izmir Bay, 211: 6-9
E-waste, acquired clinical vulnerability,
214: 1 ff.
E-waste, Basle Convention, 214: 4
E-waste components, nature & toxicity, 214: 5
E-waste composition, appliances (tables),
214: 2,3
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E-waste constituents, human health effects
(table), 214: 7

E-waste disposal, India, 214: 3

E-waste exposure, human disease
vulnerability, 214: 8

E-waste exposure, human impact (diag.),
214: 11

E-waste exposure, reproductive effects, 214: 8

E-waste, from computer components
(table), 214: 5

E-waste, generation & regulation, 214: 3, 4

E-waste, human health hazards, 214: 6

E-waste, human health threat, 214: 2

E-waste, import & export, 214: 4

E-waste incineration disposal,
hazards, 214: 10

E-waste landfill disposal, hazards, 214: 9

E-waste recycling, India, 214: 3, 6

E-waste risk assessment, confounding factors,
214: 10

E-waste (electronic waste), risk to humans,
214: 1 ff.

E-waste terms, Basle Convention, 214: 4

E-waste, trace component content, 214: 6

Exopolysaccharide effects, biosorption
process, 217: 94

Exposure guidelines, fluoride, 211: 136

Exposure limits in water, fluoride (table),
211: 137

Exposure to, As, 215: 2

Exposure vulnerability to arsenic,
in Nepal (illus.), 218: 135

Extractable organic matter, PAH residues
(table), 211: 17

Fate and toxicity, pesticidal copper
(diag.), 213: 5
Fate in water, copper oxide, 213: 4
Fate of As, in soil-plant systems, 215: 1 ff.
Fate of organic pollutants, influences
(table), 211: 82
Fate of organotins, marine invertebrates,
213: 38
Fe effects, As soil availability, 215: 7
Fenpropathrin, in vivo metabolism, 219: 49
Fenvalerate, in vivo metabolism, 219: 49
Ferritin, iron-binding metalloproteins, 218: 113
Field reentry, pesticide exposure, 219: 30
Final criteria statement, diuron, 216: 136
Final criteria statements, OP insecticides,
216: 36
Final criteria statements, pyrethroid
insecticides, 216: 91

Final numeric criteria, pyrethroid insecticides
(table), 216: 92

Fish bioaccumulation, copper, 213: 15

Fish, cholinesterasic forms present, 212: 38

Fish contamination, mercury, 220: 53

Fish developmental effects, pesticides (table),
211: 27-30

Fish effects, plastics pollution, 220: 23

Fish & environmental stress, pathways (diag.),
218: 107

Fish impact of pesticides, biochemical effects
(table), 211: 46-49

Fishing-gear, as marine pollutant (table),
220: 8

Fishing vessels, marine litter source, 220: 8

Fish matrix metalloproteinases, characteristics,
218: 112

Fish metalloproteins, as environmental
biomarkers, 218: 101 ff.

Fish metalloproteins, biomarkers of
environmental contamination, 218: 108

Fish metal residues, Izmir Bay (table), 211: 13

Fish & oxidative stress, superoxide
dismutase role, 218: 116

Fish, plastics ingestion, 220: 27

Fish proteomics, discovering biomarkers of
environmental contamination, 218: 103

Fish reproductive effects, pesticides (table),
211: 27-30

Fish residues, organotins, 213: 29

Fish residues, pharmaceuticals, 218: 3

Fish residues, trace metals (table), 211: 15

Fish, role of Hg-, Se-, As-containing proteins,
218: 115

Fish, role of selenoproteins, 218: 114

Fish sensitivity, anticholinesterasic agents,
212: 42,44

Fish teratogenicity, pesticides, 211: 26

Flame retardants, toxic plastics additive,
220: 29

Floating plastic debris, marine pollutant,
220: 13

Fluoride absorption, humans, 211: 133

Fluoride, as a contaminant, 211: 122

Fluoride, bioavailability, 211: 134

Fluoride, chemistry, 211: 123

Fluoride contamination, anthropogenic
sources, 211: 124

Fluoride contamination, from phosphatic
fertilizers, 211: 125

Fluoride contamination, groundwater,
211: 129

Fluoride contamination risk, fluorosis,
211: 131
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Fluoride content, rocks (table), 211: 124

Fluoride, description, 211: 121

Fluoride, dietary intake levels, 211: 137

Fluoride effect, dental & skeletal fluorosis,
211: 135

Fluoride, environmental sources & mobility,
211: 124

Fluoride exposure, health effects, 211: 134

Fluoride, exposure & safety guidelines,
211: 136

Fluoride, factors affecting soil mobility,
211: 126

Fluoride, human metabolism, 211: 133

Fluoride ingestion, human health effects
(table), 211: 135

Fluoride in soil, distribution & mobility,
211: 125

Fluoride in soils, metal binding, 211: 126

Fluoride intake, health manifestations, 211:
136

Fluoride, in the environment, 211: 121 ff.

Fluoride in water, intake limits (table),
211: 137

Fluoride, natural environmental sources,
211: 124

Fluoride, plant and soil distribution, 211: 127

Fluoride, plant uptake (illus.), 211: 128

Fluoride soil adsorption, pH effects (illus.),
211: 127

Fluoride, toxic levels in soil, 211: 129

Fluoride, water solubility curve (illus.),
211: 131

Fluorite solubility, temperature effects (table),
211: 132

Fluorosis, described, 211: 122

Fluorosis, fluoride ingestion effects (table),
211: 135

Fluorosis, worldwide problem, 211: 131

Fluvalinate, in vivo metabolism, 219: 50

Food consumption data, France, 213: 92

Food contamination in Malaysia, mercury,
220: 59

Food contamination, pesticides, 213: 150

Food, HCH residues (table), 212: 4

Food residues, HCHs, 212: 3

Foodstuffs consumption, humans (table),
213:93

Forest insecticides, aerial spraying programs,
214: 18

France, shellfish production & consumption,
213: 56

French coastal hazards, shellfish consumption,
213: 55 ff.

French consumption data, food, 213: 92

French farmed mussels & oysters,
contamination (illus.), 213: 65

French shellfish, organotin and dioxin
contamination, 213: 69

Freshwater, copper speciation, 213: 8

Freshwater microbial communities, herbicide
effects, 214: 87 ff.

Fullerene, nanomaterial toxicity, 215: 108

Fume effects, aircraft cabin air, 214: 28

Functional diversity, microbial community,
211: 94

Fungicides, chiral forms (table), 217: 8§-12

Fungicides, chiral forms described, 217: 7

Fungicides, ChirBase entries, 217: 19

Fungicides from bacteria, stereoisomer
enrichment, 217: 18

Fungicide structures, chiral forms (illus.),
217: 13-17

Future perspectives, environmental assessment
using cholinesterases, 212: 51

GABA (A-aminobutyric acid) receptors,
HCHs, 212: 8

Gamma emitters, sources & description,
220: 68

Gamma irradiation, aquatic invertebrate
effects, 220: 79

Gamma irradiation, aquatic invertebrate
effects (table), 220: 80

Gamma irradiation, biomonitoring & risk
assessment, 220: 94

Gamma irradiation developmental effects,
aquatic vertebrates, 220: 90

Gamma irradiation, DNA effects, 220: 79, 84

Gamma irradiation effects, aquatic
invertebrate survival & reproduction,
220: 82

Gamma irradiation effects, aquatic vertebrates,
220: 84

Gamma irradiation effects, aquatic vertebrates
(table), 220: 85

Gamma irradiation effects, aquatic vertebrate
survival & reproduction, 220: 88

Gamma irradiation genotoxicity, aquatic
vertebrates, 220: 88

Gamma irradiation, genotoxic & reproductive
effects, 220: 67 ff.

Gamma irradiation safety, benchmark values,
220: 91

Gamma irradiation sensitivity, vertebrates vs.
invertebrates, 220: 93

Gas platforms, marine pollution source,
220: 8
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Gastrointestinal (GI) tansit model, drug uptake
(illus.), 219: 25

Gediz river inputs, Izmir Bay, 211: 7

Genetic effects, As, 215: 16

Genotoxicity in aquatic species, tritium
& gamma irradiation, 220: 67 ff.

Genotoxicity in aquatic vertebrates,
gamma irradiation, 220: 88

Genotoxicity of lead, plants, 213: 123

Genotoxicity, soil pollutants, 211: 66

Geochemical cycling, copper, 213: 9

Geographic variation, ozone levels, 212: 64

German food, pesticide contamination, 213: 150

German legacy, pesticide contamination, 213:
137 ff.

German regulation, pesticides, 213: 138

German surface waters, pesticide
contamination, 213: 144

German water contamination, pesticides,
213: 142, 144

German water supply contamination,
endocrine-active pesticides, 213: 147

German water supply, pesticide detections
(table), 213: 145

Germany, endocrine-active pesticides,
213: 137 ff.

Germination effects, lead, 213: 118

Ghost fishing, plastics pollution, 220: 23

Glyphosate, freshwater microbial effects,
214: 106

Grey seal, plastics entanglement (illus.),
220: 21

Groundwater contamination, arsenic in Nepal,
218: 126, 128

Ground water contamination, pesticides,
213: 142

Groundwater in Nepal, description, 218: 126

Groundwater levels, fluoride, 211: 129

Groundwater monitoring, pesticide residues,
213: 143

Groundwater residues, arsenic in southern
Nepal, 218: 125 ff.

Growth effects, lead, 213: 118

Gut metabolism, drug modeling, 219: 27

Gut transport, drug modeling, 219: 27

Harmful effects, aircraft cabin air, 214: 25

Hazard and European regulation, shellfish
consumption, 213: 56

Hazardous chemicals released, pulping
& bleaching, 212: 117

Hazardous medicinal plants, metal
accumulation, 214: 69

Hazards, e-waste incineration disposal,
214: 10

Hazards, e-waste landfill disposal, 214: 9

Hazards, nickel in plants, 214: 125 ff.

Hazards, shellfish consumption, 213: 55 ff.

HCH, cell-signaling induction, 212: 7

HCH effects, gap junction communication,
212: 15

HCH (hexachlorocyclohexane) effects,
phospholipase activity, 212: 14

HCH effects, tumor promotion, 212: 18

HCH isomer effects, calcium homeostasis,
212: 12

HCH isomer effects, enzyme function (table),
212:9-11

HCH isomers, calcium channel effects,
212: 13

HCH isomers, carcinogenicity, 212: 6

HCH isomers, DNA integrity effects, 212: 15

HCH isomers, estrogenic activity, 212: 17-18

HCH isomers, heart effects, 212: 13

HCH isomers, human exposure, 212: 2

HCH isomers, neuronal effects, 212: 17

HCH isomers, steroidogenesis effects, 212: 18

HCH residues, foods & fluids (table), 212: 4

HCHs, 212: 8

HCHys, carcinogenesis, 212: 6

HCHs, chemical structure, 212: 2

HCHs (hexachlorocyclohexanes),
environmental contaminants, 212: 1

HCHs, epidemiology data, 212: 6

HCHs, GABA receptor interactions, 212: 8

HCHs, isomer structures (illus.), 212: 3

HCHs, mammalian toxicity, 212: 6

HCHs, milk & food residues, 212: 3

HCHs, oxidative stress induction, 212: 14

HCHs, reproductive toxicity, 212: 7

Health care effectiveness, medicinal plant use,
214: 66

Health effects, fluoride exposure, 211: 134

Health effects, fluoride ingestion (table),
211: 135

Health implications, pesticides in food,
213: 150

Health manifestations, fluoride intake,
211: 136

Heart effects, HCH isomers, 212: 13

Heavy metal accumulation, medicinal plants,
214: 63 ff., 68

Heavy metal accumulation, microbes, 217: 95

Heavy metal consumption, from shellfish,
213: 96

Heavy metal contaminants, marine environment
& shellfish (table), 213: 63
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Heavy metal contamination, herbal
preparations, 214: 65

Heavy metal effects, chromium reduction,
217: 110

Heavy metal effects, e-waste (table), 214: 7

Heavy metal effects, microbial respiration,
211: 95

Heavy metal hazards, e-waste, 214: 6

Heavy metal levels in medicinal plants, vs.
permissible levels (table), 214: 78

Heavy metal levels, in Vetiveria zizanioides
(table), 214: 79

Heavy metal levels, Izmir Bay (table), 211: 11

Heavy metal pollution, Izmir Bay, 211: 5

Heavy metal pollution, marine ecosystems,
211: 2

Heavy metal removal, biosorption, 217: 85

Heavy metals, carcinogens, 214: 67

Heavy metals, in medicinal plants, 214: 66

Heavy metals in medicinal plants, safe levels,
214: 69

Heavy metals, inorganic pollutants, 211: 71

Heavy metals in sewage sludge, sources
(illus.), 214: 44

Heavy metals, microbial degradation effects,
211: 101

Heavy metals, plastics additives, 220: 5

Heavy metals, pollutants of global concern,
214: 63

Heavy metals, wastewater disposal, 217: 76

Heavy metal uptake, in medicinal plants,
214: 68

Heavy metal uptake, in medicinal plants
(table), 214: 80

Heptachlor in grass shrimp, oxidative stress,
211: 44

Herbal drugs, metal regulatory limits (table),
214: 78

Herbal medicine implications,
hyperaccumulator plants, 214: 69

Herbal preparations, heavy metal
contamination, 214: 65

Herb contamination in Malaysia, mercury,
220: 59

Herbicide classes, main characteristics (table),
214: 89

Herbicide effects on microbes, field studies,
214: 111

Herbicide effects on microbes, single species
tests, 214: 88

Herbicide exposure assessment, improvement
options, 214: 114

Herbicide mixtures, effects on freshwater
microbes, 214: 108

Herbicide safeners, chiral forms (table),
217: 20-28

Herbicide safener structures, chiral forms
(illus.), 217: 29-37

Herbicides, chiral forms, 217: 19

Herbicides, chiral forms (table), 217: 20-28

Herbicides, microbial effects, 214: 87 ff.

Herbicides, stereoisomer enrichment, 217: 19

Herbicide structures, chiral forms (illus.),
217:29-37

Hexachlorocyclohexanes (HCHs), biochemical
effects, 212: 1 ff.

Hg-containing proteins, role in fish, 218: 115

Human absorption, fluoride, 211: 133

Human consumption, foodstuffs (table),
213:93

Human consumption, organotin residues,
213: 29

Human consumption, shellfish contaminants,
213: 95

Human diet, optimal metal intake, 214: 67

Human disease vulnerability, e-waste
exposure, 214: 8

Human disease vulnerability, organochlorine
exposure, 214: 9

Human distribution, lindane residues, 212: 3

Human effects, chemical contaminants,
213: 92

Human exposure, environmental organotins,
213: 27 ff.

Human exposure, HCH isomers, 212: 2

Human exposure routes, organotins, 213: 29

Human exposure to arsenic in Nepal, among
districts (illus.), 218: 136

Human exposure to arsenic, Nepal, 218: 133

Human health effects, e-waste constituents
(table), 214: 7

Human health effects, fluoride ingestion
(table), 211: 135

Human health hazards, e-waste, 214: 6

Human health indicators, from mercury
exposure, 220: 60

Human health, trace element inputs, 214: 67

Human “high consumers,” mollusks (table),
213: 94

Human impact, e-waste exposure (diag.),
214: 11

Human intake, heavy metals from shellfish,
213: 96

Human metabolism, fluoride, 211: 121 ff., 133

Human milk & serum, HCH residues (table),
212: 4

Human pharmaceuticals, aquatic
contaminants, 218: 1 ff.
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Human pharmaceuticals, chronic mode-of-
action examples (table), 218: 72

Human & rat liver microsomes, deltamethrin
clearance rates (table), 219: 63

Human & rat liver microsomes, esfenvalerate
clearance rates (table), 219: 63

Human risk assessment, QSAR & PBPK/PD
models, 219: 1 ff.

Human risk assessment, QSAR-PBPK/PD
models, 219: 1

Human risk, e-waste, 214: 1 ff.

Human-use drugs, in vitro assays &
computational toxicology, 218: 77

Human-use pharmaceuticals, modes of action,
218: 68

Human-use pharmaceuticals, toxicity-testing
considerations, 218: 79

Humic acids, chlorpyrifos adsorption (table),
215: 144

Humpback whale, nylon entanglement (illus.),
220: 23

Hydrogen cyanide monitoring methods,
aircraft air, 214: 28

Hydrolase A kinetics, deltamethrin hydrolysis
(diag.), 219: 64

Hygiene Package, European shellfish
regulation, 213: 59

Hyperaccumulator plants, herbal medicine
implications, 214: 69

Hyperaccumulators plants, lead, 213: 118

Impose, tributyltin biomarker, 213: 44

India, chromium-laden effluents, 217: 80

India, e-waste recycling & disposal, 214: 3, 6

Indian regulation, e-waste rules, 214: 5

India, ozone monitoring, 212: 65

India, sewage effluent pollution, 214: 42

India, tannery waste effluents, 217: 80

India, tanning industry described, 217: 76

Industrial effluent remediation, chromium
(diag.), 217: 77

Industrial uses, hexavalent chromium, 217: 76

Industry, chromium waste, 217: 76

Industry, marine plastic pollution source,
220: 10

Inert ingredient effects, aerial application,
214: 19

Inorganic chemicals, pollutant mixtures,
211: 71

Inorganic contaminants, environment
& organisms, 213: 62

Inorganic contaminants, shellfish & the
environment (table), 213: 66

Inorganic pollutants, heavy metals, 211: 71

Inorganic pollutants, man-made ecosystems
(table), 211: 64

Inorganic pollutants, sources, 211: 71

Inorganic pollutants, with organics, 211: 72

In-plant processing method, pulp & paper mill
waste treatment, 212: 129

Insecticidal action, propoxur mechanism,
218: 141 ff.

Insecticide, HCHs, 212: 1

Insecticides, chiral forms (table), 217: 3946

Insecticides, chiral forms described, 217: 38

Insecticides, ChirBase entries, 217: 56

Insecticides, stereoisomer enrichment, 217: 55

Insecticide structures, chiral forms (illus.),
217: 47-54

Instrumental methods, pollution analysis
(table), 211: 74

Intentional pollution, anthropogenic activities,
211: 66

Interaction of pollutants, soil microbes,
211: 76

Interaction types, pollutant mixtures, 211: 77

Intestinal permeability, models, 219: 25

Intestinal permeability, pyrethroid insecticides,
219: 68

Invertebrate contaminants, detoxification
mechanisms, 213: 77

Invertebrate (aquatic) developmental effects,
tritium, 220: 74

Invertebrate (aquatic) reproduction, gamma
irradiation effects, 220: 82

Invertebrate (aquatic) reproductive effects,
tritium, 220: 73

Invertebrates biochemical effects, pesticides
(table), 211: 50

Invertebrates, pesticide-induced teratogenicity,
211: 36

Invertebrate (aquatic) survival, gamma
irradiation effects, 220:82

Invertebrate (aquatic) survival, tritium effects,
220: 73

In vitro assays, human-use pharmaceuticals,
218: 77

Ton channels, biomembranes, 219: 79

Ton permeation, lipid membranes (illus.),
219: 80

Irgarol effects, phytoplankton & periphyton,
214: 97

Iron-binding metalloproteins, in fish, 218: 113

Isomer structures, HCHs (illus.), 212: 3

Isoproturon, microbial effects, 214: 103

Izmir Bay description, Turkey, 211: 3

Izmir Bay, eutrophication, 211: 6-9
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Izmir Bay, Gediz river inputs, 211: 7

Izmir Bay, geographic features (illus.), 211: 4

Izmir Bay, heavy metal levels (table), 211: 11

Izmir Bay, heavy metal pollution, 211: 5

Izmir Bay metal pollution, sediment & fish
(table), 211: 13

Izmir Bay, nutrient pollution, 211: 6

Izmir Bay, nutrients detected (tables), 211: 7-9

Izmir Bay, organochlorine pesticides (table),
211: 16

Izmir Bay, PCB and PAH pollutants (table),
211: 16

Izmir Bay pollutants, PCBs & organochlorine
pesticides, 211: 16

Izmir Bay, seawater transparency, 211: 8

Izmir Bay sediment, petroleum hydrocarbons,
211: 17

Izmir Bay, trace metal pollutants, 211: 10

Izmir Bay, trace metals in fish (table), 211: 15

Izmir Bay, TRIX (trophic index) data (table),
211: 10

Izmir Bay, TRIX values, 211: 9

Izmir Bay, water quality, 211: 1 {f., 3

Izmir Inner Bay, pollution, 211: 5

Kinetic parameters, deltamethrin
& esfenvalerate metabolism (table),
219: 65

Kinetic parameters, in vitro trans-permethrin
hydrolysis (table), 219: 61

Kinetics of activation, voltage dependence,
219: 81

Kraft pulping process, flow chart (diag.),
212: 118

Kraft pulping, pulp & paper treatment,
212: 117

Land application of sewage sludge,
rationale & benefits, 214: 43
Land application, sewage sludge, 214: 41 ff.
Land contamination, chromium tannery
waste, 217: 81
Lead accumulation, in plants, 213: 117
Lead, as environmental contaminant, 213: 114
Lead, as toxin, 213: 114
Lead, behavior in plants, 213: 116
Lead detoxification, in plants, 213: 113 ff.
Lead effects, antioxidant enzymes (table),
213: 128
Lead effects, mineral nutrition, 213: 121
Lead effects, photosynthesis, 213: 121
Lead effects, plant enzymes (table), 213: 128

Lead effects, plant germination, 213: 118
Lead effects, plant growth, 213: 118
Lead effects, plant respiration, 213: 122
Lead effects, proteins, 213: 119
Lead exceedances, in medicinal plants (table),
214: 78
Lead exposure, plant effects, 213: 114
Lead genotoxicity, plants, 213: 123
Lead-induced, plant oxidative stress, 213: 124
Lead, in hyperaccumulator plants, 213: 118
Lead, in medicinal plant preparations, 214: 65
Lead, lipid peroxidation in plants, 213: 124
Lead poisoning, e-waste, 214: 6
Lead, reactive oxygen species, 213: 124
Lead, soil behavior, 213: 115
Lead, soil bioavailability, 213: 115
Lead, soil retention & mobility, 213: 115
Lead speciation effects, bioavailability,
213: 116
Lead tolerance in plants, mechanisms,
213: 125
Lead toxicity, plant effects, 213: 118
Lead translocation, plants, 213: 117
Lead transport, in plants, 213: 117
Lead transport, via xylem, 213: 118
Lead uptake and toxicity, in plants,
213: 113 ff.
Lead uptake, plants, 213: 116
Lead, water status effects, 213: 120
Leather tanning, history, 217: 78
Lethal dose, sodium fluoride, 211: 137
Ligand binding, copper, 213: 5
Lignocellulosics, structure, 212: 116
Lindane, calcium channel effects, 212: 13
Lindane, developmental abnormalities,
211: 44
Lindane effects, phosphoinositide
turnover, 212: 13
Lindane, endocrine disruptor, 212: 7
Lindane, HCH isomer, 212: 2
Lindane, non-Hodgkin Lymphoma, 212: 6
Lindane, oxidative stress effects, 212: 16
Lindane residues, human distribution, 212: 3
Linuron, chronic microbial effects, 214: 103
Lipid-lowering drugs, aquatic species toxicity,
218: 40
Lipid-lowering drug toxicity, aquatic species,
218: 67
Lipid membranes, ion permeation
(illus.), 219: 80
Lipid peroxidation in plants, lead, 213: 124
Lipid structure, biomembranes, 219: 79
Liver-blood partition coefficients,
allethrin & metabolites (diag.), 219: 42
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Liver-blood partition coefficients,
cypermethrin & metabolites (diag.),
219: 43

Liver cytochrome P450 hydroxylation,
models, 219: 69

Liver & plasma enzyme activity,
carboxylesterases, 219: 74

Lysosomal biomarkers, tributyltin, 213: 43

Macrodebris, plastic pollutant category, 220: 6

Malathion, acute criterion plot (illus.),
216: 20

Malathion, acute to chronic calculation (table),
216: 23

Malathion data set, acute toxicity (table),
216: 14

Malathion data set, chronic toxicity (table),
216: 17

Malathion, environmental fate (table), 216: 4

Malathion, physical-chemical properties
(table), 216: 3

Malaysia, aquatic mercury pollution, 220: 49

Malaysia contamination, mercury, 220: 47

Malaysia, mercury contaminated algae
& coral, 220: 53

Malaysia, mercury pollution, 220: 45 ff.

Malaysian environmental media, mercury
contamination, 220: 52

Malaysian fish & seafood, mercury levels
(table), 220: 51

Malaysian food, herbs & medicine, mercury
contamination, 220: 59

Malaysian mercury pollution, sea-&
river-water, 220: 49

Malaysian organisms, mercury contamination,
220: 52

Malaysian seafood & fish, mercury
contamination, 220: 53

Malaysian sediments, mercury contamination,
220: 51

Malaysian water ways, mercury levels (table),
220: 50

Malaysia, pollutant sources described, 220: 48

Malaysia standards, mercury residue
exceedances (diag.), 220: 47

Mammalian targets, pyrethroid insecticides
(table), 219: 80

Mammalian toxicity, HCHs, 212: 6

Mammalian toxicity, pyrethroid insecticides,
219: 20

Mammals & environmental stress, pathways
(diag.), 218: 107

Mammals, role of selenoproteins, 218: 114

Marine bird species, plastic pollutant effects,
220: 20

Marine birds, plastics ingestion, 220: 24

Marine debris, from naval & research vessels,
220: 7

Marine debris, from ships, 220: 7

Marine ecosystems, heavy metal pollution,
211: 2

Marine environment, anti-plastic legislation,
220: 33

Marine environment, chemical hazards, 213: 61

Marine environment contamination, heavy
metals (table), 213: 63

Marine environment, plastics accumulation,
220: 13

Marine environment, plastics contamination,
220: 1 ff.

Marine environment, plastics degradation,
220: 10

Marine environment, plastics effect, 220: 19

Marine environment, plastics ingestion,
220: 24

Marine environment, plastics pollution, 220: 5

Marine environment, pollution, 211: 1

Marine environment, preventing plastic
pollution, 220: 33

Marine environment remediation, plastic
debris, 220: 32

Marine fish, plastics ingestion, 220: 27

Marine hazard, plastics entanglement, 220: 19

Marine invertebrates, fate of organotins,
213: 38

Marine invertebrates, organotin toxicity,
213: 39

Marine invertebrates, tributyltin biomarkers,
213: 41

Marine litter, from fishing vessels, 220: 8

Marine mammals, organotin residues, 213: 39

Marine plastic contamination, from land,
220: 9

Marine plastics pollution, chemical impact,
220: 28

Marine pollutant, abandoned fishing gear,
220: 8

Marine pollutant, floating plastic debris,
220: 13

Marine pollutant, plastic macro-, meso-,
& micro-debris, 220: 6

Marine pollutant, polymer-containing fishing
gear (table), 220: 8

Marine pollutants, plastic debris
categorization, 220: 5

Marine pollution, from oil & gas platforms,
220: 8
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Marine pollution, municipal landfills, 220: 9

Marine pollution, petroleum hydrocarbons,
211: 2

Marine pollution sources, plastics, 220: 7

Marine pollution sources, tourism,
industry & sewage, 220: 10

Marine species effects, plastics pollution,
220: 19

Marine species entanglement, plastics (table),
220: 20

Marine species, plastics ingestion, 220: 24

Maritime legislation, against plastic pollution,
220: 33

Marketed shellfish, chemical monitoring,
213: 89,90

Mathematical expressions, Appendix A,
219: 118

Matrix metalloproteinases in fish,
characteristics, 218: 112

MBTE (methyl tert-butyl ether), co-occurrence
with BTEX, 211: 70

Mechanism of action, ozone-stressed plants,
212: 66

Mechanism of action, propoxur insecticide,
218: 146

Mechanisms, blood-partition coefficients,
219: 33

Mechanisms classed, pyrethroid insecticides
(table), 219: 82

Mechanisms, lead tolerance in plants,
213: 125

Mechanism studies, patch-clamp technique,
219: 81

Medicinal plant accumulation, heavy metals,
214: 68

Medicinal plant parts, metal levels (table),
214: 70

Medicinal plant residues, heavy metal
exceedances (table), 214: 78

Medicinal plants, carcinogenic heavy metal
content, 214: 67

Medicinal plants, characteristics, 214: 64

Medicinal plants, harvest quality, 214: 65

Medicinal plants, heavy metal content,
214: 63 ff.

Medicinal plants, heavy metal levels, 214: 69

Medicinal plant species, metal levels (table),
214: 70

Medicinal plants, regulation, 214: 66

Medicinal plants, worldwide role, 214: 64

Medicinal plant uptake, heavy metals (table),
214: 80

Medicinal plant use, developing countries,
214: 67

Medicinal plant use, health care effectiveness,
214: 66

Medicine contamination in Malaysia, mercury,
220: 59

Membrane-bound receptors, ozone-exposed
plants, 212: 71

Membrane lipids, ozone perception, 212: 71

Membrane permeability effects, nickel,
214: 140

Mercury contamination, biological samples,
220: 52

Mercury contamination, Malaysian food,
herbs & medicine, 220: 59

Mercury contamination, Malaysian
seafood & fish, 220: 53

Mercury contamination, Malaysian sediments,
220: 51

Mercury, environmental sources, 220: 47

Mercury exceedances, in medicinal plants
(table), 214: 78

Mercury exposure, human health indicators,
220: 60

Mercury exposure worldwide, described,
220: 46

Mercury levels, Malaysian fish & seafood
(table), 220: 54

Mercury levels, Malaysian water ways (table),
220: 50

Mercury pollution, Malaysia, 220: 45 ff.

Mercury pollution, Malaysian aquatic
environment, 220: 49

Mercury residues in Malaysia, annual standard
exceedances (diag.), 220: 47

Mesodebris, plastic pollutant category, 220: 6

Metabolic conjugation, pyrethroid insecticides,
219: 75

Metabolic enzymes, carboxylesterases,
219: 57

Metabolic hydrolysis, via hepatic microsomes
(table), 219: 60

Metabolic scheme, propoxur insecticide
(diag.), 218: 142

Metabolic scheme, propoxur metabolite
(diag.), 218: 142

Metabolism (in vivo), chromium, 217: 82

Metabolism in vitro parameters, pyrethroid
insecticides (table), 219: 62

Metabolism in vitro, permethrin insecticide
(table), 219: 61

Metabolism in vitro, pyrethroid insecticides,
219: 61

Metabolism in vivo, allethrin, 219: 44

Metabolism in vivo, befenthrin, 219: 44

Metabolism in vivo, cyfluthrin, 219: 45
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Metabolism in vivo, cyhalothrin, 219: 46

Metabolism in vivo, cypermethrin, 219: 46

Metabolism in vivo, deltamethrin, 219: 48

Metabolism in vivo, fenpropathrin, 219: 49

Metabolism in vivo, fenvalerate, 219: 49

Metabolism in vivo, fluvalinate, 219: 50

Metabolism in vivo, permethrin, 219: 50

Metabolism in vivo, phenothrin, 219: 52

Metabolism in vivo, pyrethroid insecticides,
219: 42

Metabolism in vivo, resmethrin, 219: 53

Metabolism in vivo, tefluthrin, 219: 54

Metabolism in vivo, tetramethrin, 219: 55

Metabolism in vivo, tralomethrin, 219: 56

Metabolism modeling, GI tract, 219: 24

Metabolism of fluoride, humans, 211: 121 ff.

Metabolism of propoxur, proposed
mechanism, 218: 144

Metabolomics approach, ozone-induced plant
effects, 212: 87

Metabolomics research approaches, ozone rice
effects (diag.), 212: 87

Metal accumulation, hazardous medicinal
plants, 214: 69

Metal binding, fluoride in soils, 211: 126

Metal biosorption process, microbes, 217: 88

Metal concentration effects, biosorption
process, 217: 92

Metal effects, microbial community structure,
211: 93

Metal ion effects, biosorption, 217: 91

Metal levels, in medicinal plants (table),
214: 70

Metallic nanoparticles, comparative toxicity,
215:76,79

Metallic nanoparticles, in vitro toxicity,
215: 62

Metallic nanoparticles, toxicity studies (table),
215: 63

Metallomic studies, role in biomarker
discovery, 218: 107

Metalloprotein biomarkers, fish, 218: 101 ff.

Metalloproteins, as biomarkers (table),
218: 109

Metalloproteins in fish, biomarkers of
environmental contamination, 218: 108

Metallothionein biomarker, tributyltin, 213: 41

Metallothioneins, heavy metal biomarkers,
218: 111

Metal oxide nanoparticles, comparative
toxicity, 215: 58, 61

Metal oxide nanoparticles, in vitro toxicity,
215:55,59,78

Metal oxide nanoparticles, toxicity, 215: 43
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Metal oxide nanoparticles, toxicity studies
(table), 215: 44

Metal pollutants, sources, 211: 2

Metal residues in Izmir Bay, vs. safe levels,
211: 13

Metal resistance mechanisms, microbes
(table), 211: 85

Metals, acetylcholinesterase interference,
212: 48

Metals in herbal drugs, regulatory limits
(table), 214: 78

Metals in human diets, optimal levels, 214: 67

Metals, microbial tolerance, 211: 82

Metals, microbial toxicity effects, 211: 81, 83

Methods, analyzing pollutants (table), 211: 74

Methods, pulp & paper mill effluent treatment,
212: 114

Methyl tert-butyl ether (MBTE),
co-occurrence with BTEX, 211: 70

Microalgae, pollutant effects, 211: 88

Microbe accumulation, heavy metals, 217: 95

Microbes, activities & metabolic reactions,
211: 95

Microbes, population dynamics, 211: 82

Microbes, wastewater treatment, 212: 115

Microbial accumulation, chromium, 217: 96

Microbial activities, soil microflora
interactions, 211: 95

Microbial activity indicator, respiration, 211: 95

Microbial activity, pollution indicator, 211: 95

Microbial bioaccumulation, pH effects,
217: 96

Microbial bioaccumulation, temperature
effects, 217: 96

Microbial biomass, chromium bioremediation
(table), 217: 113

Microbial biomass, conversion coefficient
measures, 211: 87

Microbial biomass, index to pollutant damage,
211: 86

Microbial bioremediation, phenolics &
hexavalent chromium (table), 217: 118

Microbial biosensors, study tools, 211: 102

Microbial biosorption, chromium (table),
217: 86

Microbial biosorption, contact time effects,
217:93

Microbial biosorption, living vs. dead cell
biomass, 217: 89

Microbial biosorption, metal ion effects,
217:91

Microbial biosorption, pH effects, 217: 89

Microbial biosorption process,
exopolysaccharide effects, 217: 93
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Microbial biosorption process, metals, 217: 88

Microbial biosorption, temperature effects,
217: 90

Microbial communities, phenylurea herbicide
effects, 214: 99

Microbial community diversity, carbon
utilization pattern, 211: 94

Microbial community diversity, pollutant
effects, 211: 94

Microbial community effects, triazine
herbicides, 214: 97

Microbial community, functional diversity,
211: 94

Microbial community structure, metal effects,
211: 93

Microbial community structure, pollutant
effects, 211: 92

Microbial decolorization, pulp & paper mill
effluent (table), 212: 123

Microbial degradation, chemical influences,
211: 80

Microbial degradation effects, heavy metals,
211: 101

Microbial degradation effects, pollutant
interactions, 211: 102

Microbial degradation, organotins, 213: 35

Microbial degradation, pollutant mixture
effects, 211: 100

Microbial detoxification, pulp & paper mill
effluent (table), 212: 123

Microbial effects, chloroacetamide herbicides,
214: 104

Microbial effects, 2,4-D, 214: 107

Microbial effects, diuron, 214: 99

Microbial effects, diuron (table), 214: 100

Microbial effects, glyphosate, 214: 106

Microbial effects, isoproturon, 214: 102

Microbial effects, of herbicide mixtures,
214: 108

Microbial effects, of pesticide mixtures,
214: 109

Microbial effects, organic herbicides, 214: 87 ff.

Microbial effects, pollutant degradation
products, 211: 101

Microbial effects, successive pesticide
treatments, 214: 110

Microbial effects, sulfonylurea herbicides,
214: 105

Microbial enzyme activity, pollutant effects,
211: 96

Microbial indicators, pollution monitoring
(table), 211: 103

Microbial interactions, chemical mixture
effects, 211: 81

Microbial limitations, pollution degradation,
211: 67

Microbial mats, toxic metal accumulation,
217: 99

Microbial metabolic effects, chemical
mixtures, 211: 80

Microbial metabolism, energy flow dynamics
(diag.), 211: 83

Microbial metal resistance, mechanisms
(table), 211: 85

Microbial nitrification, pollution monitoring,
211: 98

Microbial reduction, hexavalent chromium
(table), 217: 102

Microbial reduction of chromium, electron
donor role, 217: 108

Microbial respiration, heavy metal effects,
211: 95

Microbial respiration, microbial activity
indicator, 211: 95

Microbial response, to pollutant mixtures,
211: 78

Microbial safety assessment, testing types,
214: 88

Microbial soil activity, pollutants, 211: 63 ff.

Microbial sources, for bioremediation, 217: 84

Microbial tolerance, to metals, 211: 82

Microbial toxicity effects, metals, 211: 81, 83

Microbial treatment, pulp & paper mill
effluent, 212: 122

Microdebris, plastic pollutant category, 220: 6

Micronutrient role, chromium, 217: 83

Micronutrients, essential elements, 214: 65

Microorganisms, aircraft cabin air, 214: 25

Microsomes, substrate binding rates, 219: 64

Milk residues, HCHs, 212: 3

Mineral effects, As soil availability, 215: 7

Mineral nutrition, lead effects, 213: 121

Mine waste, chemical characteristics (table),
211: 73

Mitigation of toxicity, As in plants, 215: 19

Mitochondrial complex, pyrethroid
neurotoxicity, 219: 84

Mixtures of chemicals, pollution context,
211: 68

Mn oxide effects, As soil availability, 215: 7

Mobility, environmental fluoride, 211: 124

Mobility in soil, lead, 213: 115

Modeling dermal uptake, permethrin, 219: 32

Modeling estimates, ozone levels, 212: 65

Modeling GI absorption/metabolism,
pyrethroid insecticides, 219: 24

Modeling hydroxylation, liver cytochrome
P450, 219: 69
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Models, tissue-blood partition coefficients,
219: 36

Models, tissue partition coefficients, 219: 33

Modes of action, human-use pharmaceuticals,
218: 68

Modified batch equilibrium method, soil
adsorption, 215: 147

Molecular biomarkers, tributyltin, 213: 43

Molecular structure, copper, 213: 2

Molluscs, cholinesterasic forms present,
212: 37

Mollusk contaminant levels, seasonal
variability, 213: 76

Mollusk contaminants, bioconcentration
factors, 213: 75

Mollusk contaminants, bioconcentration
factors (table), 213: 77

Mollusk contamination, variations, 213: 75

Mollusks, contaminant accumulation, 213: 75

Mollusks, contaminant half-lives (table),
213: 80

Mollusks, human “high consumers,” (table),
213: 94

Monitoring residues, shellfish in France, 213:
55 ff.

Monitoring soil health, bioindicators, 211: 104

Mountain “cold traps,” POP reservoir, 211: 70

Multi-chemical exposure, aerial application,
214: 18,19

Multi-pesticide exposure, agricultural aviation,
214: 19

Municipal landfills, marine plastic pollution
source, 220: 9

Mussel contaminants, Bay of Seine, France
(table), 213: 88

Mussel contamination, heavy metals (illus.),
213: 65

Mutagenicity, chromium, 217: 81

Mycorrhizae, As residue reduction, 215: 24

Mycorrhizae effects, As/P interactions, 215: 11

Mycorrhization effects, As plant resistance,
215: 16

Nanochemicals, toxicity, 215: 39 ff.

Nanocopper, ecotoxicity, 213: 18

Nanomaterial in vitro toxicity, carbon
compounds compared, 215: 109

Nanomaterial toxicity, carbon compounds
compared, 215: 109

Nanomaterial (in vitro) toxicity, carbon
nanotubes, 215: 99

Nanomaterial (in vivo) toxicity, carbon
nanotubes, 215: 100

Nanomaterial toxicity, fullerene & ¢ dots,
215: 108

Nanomaterial toxicity, SiO2, 215: 85

Nanomaterial (in vitro) toxicity, Si02, 215: 85

Nanomaterial (in vivo) toxicity, SiO2, 215: 90

Nanomaterial toxicity studies, carbon
compounds (table), 215: 103

Nanoparticle in vitro toxicity, metal oxides,
215: 55

Nanoparticle in vitro toxicity, quantum dots,
215: 83

Nanoparticle in vivo toxicity, metal oxides,
215: 59

Nanoparticles, types & applications, 213: 18

Nanoparticle toxicity, carbon nanotubes,
215: 90

Nanoparticle toxicity, metal oxides, 215: 43

Nanoparticle toxicity, metal oxides compared,
215: 58, 61

Nanoparticle toxicity, metals, 215: 62

Nanoparticle toxicity, quantum dots, 215: 79

Nanoparticle toxicity (in vivo), quantum dots,
215: 84

Nanoparticle toxicity studies, carbon
nanotubes (table), 215: 91

Nanoparticle toxicity studies, metal oxides
(table), 215: 44

Nanoparticle toxicity studies, metals (table),
215: 63

Nanoparticle toxicity studies, Si compounds
(table), 215: 86

Nanotechnology, definition, 213: 18

Nanotechnology, description, 215: 40

Nanotoxicity of copper, aquatic species, 213: 18

Nanotoxicity toxicity, evaluation methods,
215: 39 ff.

Nano- vs. bulk-copper, aquatic species toxicity
(table), 213: 19

Natural role, copper, 213: 2

Naval vessels, marine debris source, 220: 7

Nepal, arsenic contamination, 218: 125 ff.

Nepal, arsenic distribution levels, 218: 128

Nepal, arsenic exposure vulnerability via
water, 218: 134

Nepal, arsenic groundwater contamination,
218: 126

Nepal, arsenic in tubewells by district (table),
218: 128

Nepal, arsenic levels by tubewell depth (table),
218: 132

Nepal, As groundwater residue distribution,
218: 125 ff.

Nepalese arsenic, contamination levels among
districts (diag.), 218: 129
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Nepalese arsenic levels, by district (illus.),
218: 129

Nepalese districts, arsenic exposure hotspots,
218: 136

Nepalese districts, arsenic levels by depth,
218: 130

Nepalese districts, arsenic residues by
tubewell depth (diag.), 218: 130

Nepalese districts, human exposure via
drinking water (illus., table), 218: 135

Nepalese districts, population exposed to
arsenic (table), 218: 134

Nepalese exposure hotspots, arsenic residues
(illus.), 218: 137

Nepalese tubewell arsenic contamination, by
district (illus.), 218: 133

Nepal groundwater, arsenic contamination,
218: 128

Nepal, monitoring for arsenic residues,
218: 126

Nepal population, arsenic exposure, 218: 133

Neuronal effects, HCH isomers, 212: 17

Neurotoxicity effects, mitochondrial complex,
219: 84

Neurotoxicity of pyrethroids, sodium, calcium
& chloride channels, 219: 87

Neurotoxicity, pyrethroid insecticides, 219: 86

Nickel, antioxidant effects in plants, 214: 146

Nickel, as micronutrient, 214: 130

Nickel availability & uptake, plants, 214: 128

Nickel bioavailability, in plants, 214: 129

Nickel deficiency effects, in plants, 214: 127

Nickel deficiency in plants, causes &
symptoms, 214: 133

Nickel, distribution in plants, 214: 130

Nickel effects, on plant yield, 214: 148

Nickel environmental emission, sources,
214: 127

Nickel in plants, roles & hazards, 214: 125 ff.

Nickel, key microbial & plant enzyme
function (table), 214: 131

Nickel, membrane permeability effects,
214: 140

Nickel, photosynthesis effects, 214: 142

Nickel, photosynthetic pigment effects,
214: 141

Nickel, plant anatomy effects, 214: 149

Nickel, plant growth effects, 214: 127, 139

Nickel pollution, characteristics, 214: 126

Nickel, seed carbohydrate effects, 214: 137

Nickel, seed enzyme effects, 214: 138

Nickel, seed germination effects, 214: 131

Nickel, seed protein effects, 214: 139

Nickel toxicity, plants, 214: 134

Nickel, translocation in plants, 214: 130

Nitrification by microbes, pollution
monitoring, 211: 98

Non-Hodgkin Lymphoma, lindane, 212: 6

Nontarget effects, pollutant mixtures, 211: 79

Nurdles, plastic production, 220: 4

Nutraceuticals, dietary popularity, 214: 67

Nutrient pollution, Izmir Bay, 211: 6

Nutrients detected, [zmir Bay (tables),
211: 7-9

Nutrient status, pollutant degradation,
211: 100

Nylon entanglement, humpback whale
(illus.), 220: 23

Occupational exposure,
Chinese e-waste, 214: 8

Ocean-based sources, plastics, 220: 7

Oceanic accumulation, plastics, 220: 13

Ocean pollutant, plastic macro-, meso-,
& micro-debris, 220: 6

Official monitoring programs, shellfish
contamination (table), 213: 83

Oil platforms, marine pollution source, 220: 8

Olfactory toxicity, copper, 213: 15

Omics technology, emerging discovery tools,
218: 103

OP insecticide mixtures, water quality criteria
effects, 216: 24, 26

OP insecticides, acute water quality criteria
calculations, 216: 18

OP insecticides, bioaccumulation, 216: 30

OP (organophosphorous) insecticides,
bioavailability, 216: 24

OP insecticides, chronic water quality
criteria calculations, 216: 21

OP insecticides, environmental fate (table),
216: 4

OP insecticides, final criteria statements,
216: 36

OP insecticides, physical-chemical properties
(table), 216: 3

OP insecticides, water quality criteria,
216: 1 ff.

OP insecticides, water quality criteria effects,
216: 26

Organic carbon effects, chlorpyrifos sorption
(illus.), 215: 159

Organic carbon link, copper cycling, 213: 9

Organic chemical contamination, environment
(table), 213: 70

Organic chemical contamination, shellfish
flesh (table), 213: 70
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Organic chemical mixtures, as pollutants,
211: 69

Organic contaminants, found in shellfish
(table), 213: 70

Organic contaminants, French shellfish,
213: 65

Organic contaminants, in shellfish (table),
213: 72

Organic ligands, dissolved organic matter,
213:5

Organic matter effects, As in soil, 215: 9

Organic pollutants, detoxification mechanisms,
213: 78

Organic pollutants, dissipation pathways
(diag.), 211: 69

Organic pollutants, factors affecting fate
(table), 211: 82

Organic pollutants, man-made ecosystems
(table), 211: 64

Organic pollutants, with inorganics, 211: 72

Organoarsenics, plant toxicity, 215: 14

Organochlorine exposure, human disease
vulnerability, 214: 9

Organochlorine pesticides, Izmir Bay
pollutants, 211: 16

Organogenesis effects, atrazine, 211: 44

Organophosphorous insecticides,
cholinesterase sensitivity, 212: 40

Organophosphorous insecticides, crustacean
effects, 212: 46

Organophosphorous insecticides,
developmental abnormalities, 211: 44

Organophosphorous insecticides, wildfowl,
212: 45

Organophosphorous pesticides, cholinesterase
impairment, 212: 30

Organophosphorous pesticides, enzyme-
substrate “aging” effects, 212: 47

Organotin accumulation, aquatic organisms,
213: 33

Organotin biomarker, acetylcholinesterase
inhibition, 213: 42

Organotin compounds, regulation, 213: 44

Organotin contamination, aquatic systems,
213: 30

Organotin contamination, French shellfish,
213: 69

Organotin degradation products,
environmental contaminants, 213: 31

Organotin effects, aquatic species, 213: 29, 34

Organotin fate, marine invertebrates, 213: 38

Organotin remobilization, from sediments,
213: 37

Organotin residues, aquatic species, 213: 32

Organotin residues, human consumption,
213: 29

Organotin residues, marine mammals, 213: 39

Organotins, antifouling agent uses, 213: 28

Organotins, bioaccumulation, 213: 36

Organotins, biomarker roles & utility, 213: 40

Organotins, biomarkers, 213: 27 ff.

Organotins, biomethylation, 213: 37

Organotins, degradation process, 213: 35

Organotins, description, 213: 28

Organotins, environmental contaminants,
213: 28

Organotins, environmental distribution,
213: 30

Organotins, environmental effects & fate,
213: 34

Organotins, fish residues, 213: 29

Organotins, global production, 213: 29

Organotins, human exposure & environmental
fate, 213: 27 ff.

Organotins, human exposure routes, 213: 29

Organotin speciation, sediments, 213: 31

Organotins, photolysis, 213: 35

Organotins, sediment sorption, 213: 37

Organotins, soil residues, 213: 33

Organotin toxicity, marine invertebrates,
213: 39

Osmoregulatory effects of copper, aquatic
species, 213: 14

Oxidative damage & pesticides, aquatic
species, 211: 40

Oxidative metabolism of bioactive
compounds, described, 218: 143

Oxidative stress and pesticides, aquatic
species, 211: 25 ff.

Oxidative stress, developmental effects,
211: 39

Ocxidative stress effects, lindane, 212: 16

Oxidative stress induction, HCHs, 212: 14

Oxidative stress, in embryotoxicity &
teratogenicity, 211: 40

Oxidative stress in grass shrimp, heptachlor,
211: 44

Oxidative stress in plants, lead-induced,
213: 124

Oxidative stress links, pesticide teratogenicity
(table), 211: 41-43

Oxidative stress, pesticide-induced
teratogenicity, 211: 36

Oxidative stress, toxicity role, 218: 144

Oxygen role, copper cycling, 213: 10

Oxygen, role in embryogenesis, 211: 39

Oxyhydroxide effects, As soil availability,
215: 7
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Oyster contaminants, Arcachon Bay, France
(table), 213: 86

Oyster contamination, heavy metals (illus.),
213: 65

Ozone, atmospheric role, 212: 62

Ozone concentrations, atmosphere, 212: 64

Ozone, crop effects, 212: 62

Ozone-dependent signaling, possible pathways
(diag.), 212: 69

Ozone detoxification, plant cells, 212: 80

Ozone effects, crop yield, 212: 88

Ozone effects, on plants, 212: 61 ff.

Ozone effects on rice, omics research
approaches (diag.), 212: 87

Ozone effects, photosynthesis, 212: 74

Ozone effects, plant cells, 212: 77

Ozone effects, plant morphology, 212: 72, 74

Ozone effects, stomatal response, 212: 67

Ozone effects, vegetation, 212: 66

Ozone emission, sources, 212: 63

Ozone-exposed plants, membrane-bound
receptors, 212: 71

Ozone exposure, phytotoxicity, 212: 66

Ozone formation, trophosphere, 212: 62

Ozone, gaseous signaling molecule, 212: 68

Ozone impact, carbon dioxide effects, 212: 95

Ozone-induced effects, signal transduction,
212: 68

Ozone-induced plant effects, metabolomics
approach, 212: 87

Ozone-induced plant effects, proteomics
approach, 212: 86

Ozone-induced plant effects, transcriptomics
approach, 212: 85

Ozone-induced signal transduction,
phytohormones, 212: 71

Ozone-induced stress, plants (diag.), 212: 67

Ozone level, modeling estimates, 212: 65

Ozone levels, geographic variation, 212: 64

Ozone levels, seasonal variation, 212: 64

Ozone levels, worldwide trends, 212: 62, 64

Ozone mitigation, plant antioxidants, 212: 80

Ozone monitoring, India, 212: 65

Ozone perception, membrane lipids, 212: 71

Ozone, plant biochemical effects, 212: 78

Ozone & plants, reactive oxygen species
effects, 212: 68

Ozone, production & sources, 212: 62-3

Ozone recycling, depiction (illus.), 212: 63

Ozone responses, plant omics level, 212: 81

Ozone scavengers, plant antioxidants, 212: 79

Ozone sensing, by plant cells, 212: 68

Ozone signaling, reactive oxygen species role,
212: 69

Ozone stress, crop yield reduction (table),
212: 90

Ozone-stressed plants, mechanism of action,
212: 66

Ozone stress, plant response, 212: 66

Ozone stress reduction in plants, chemical
protectants, 212: 94

Ozone uptake, plants, 212: 67

PAHs, description, 211: 70

PAHs in Izmir Bay, extractable organic matter
(table), 211: 17

PAHs, in soils, 211: 70

PAHs (polyaromatic hydrocarbons), [zmir Bay
pollutants (table), 211: 16

PAHSs (polycyclic aromatic hydrocarbons),
marine pollution, 211: 3

Paper mill effluent, biological treatment
strategies, 212: 126

Paper mill effluent, detoxification, 212: 113 ff.

Paper mill effluent, microbial treatment,
212: 122

Paper mill effluent, microbial treatment
(table), 212: 123

Paper mill effluent treatment, anaerobic vs.
aerobic strategies, 212: 127

Paper mill effluent treatment, methods, 212: 114

Paper mill treatment, history, 212: 116

Paper mill waste treatment, biopulping,
212: 129

Paper mill waste, treatment strategies (diag.),
212: 121

Paper & pulp mill effluent, description, 212: 120

Parameters defined, pyrethroid insecticide risk
assessment, 219: 1

Parameters for risk assessment, QSAR-PBPK/
PD models, 219: 1

Partition coefficient calculations, pyrethroid
insecticides, 219: 41

Patch-clamp technique, mechanism studies,
219: 81

Pathogens, aircraft cabin air, 214: 25

Pathogens, in municipal wastewater
& sewage sludge (table), 214: 53

Pathogens, in wastewater & sewage sludge,
214: 53

Pathogens in wastewater, sewage treatment,
214: 42

Pathogens of plants, in sewage sludge, 214: 54

PBPK/PD (physiologically based
pharmacokinetic/pharmacodynamic)
models, derived absorption parameters,
219: 24
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PBPK/PD models, parameters for human risk
assessment, 219: 1 ff.

PBPK/PD parameters, QSAR models, 219: 67

PCB (polychlorinated biphenyl)
contamination, in plastic pellets (diag.),
220: 30

PCBs (polychlorinated biphenyls), Izmir Bay
pollutants (table), 211: 16

P (phosphorous) concentration, in soil, 215: 7

Periphyton effects, irgarol, 214: 97

Permethrin, acute to chronic calculation
(tables), 216: 74

Permethrin data set, acute toxicity (table),
216: 66

Permethrin data set, chronic toxicity (table),
216: 68

Permethrin effects, rat liver mitochondria
(diag.), 219: 85

Permethrin effects, rotenone sensitive NADH
(diag.), 219: 85

Permethrin insecticide, in vitro hydrolysis
(table), 219: 61

Permethrin, in vivo metabolism, 219: 50

Permethrin probability plot, SMAV (illus.),
216: 72

Persistence, chlorpyrifos, 215: 126

Persistence effects, soil adsorption, 215: 160

Persistence, tributyltin, 213: 31

Persistent organic pollutants (POPs), soil-air
correlation, 211: 69

Persistent pollutants, examples, 211: 67

Pesticidal copper, fate and toxicity (diag.),
213:5

Pesticidal endocrine disruptors, official lists,
213: 139

Pesticide absorption effects, DEET, 219: 32

Pesticide associated oxidative damage, aquatic
organisms, 211: 40

Pesticide contamination, German food supply,
213: 150

Pesticide contamination, German legacy,
213: 137 ff.

Pesticide effects on amphibians, carbamates
(table), 211: 50

Pesticide effects on fish, development
& reproduction (table), 211: 27

Pesticide effects, various in fish (table),
211: 4649

Pesticide-induced developmental effects,
pesticides (table), 211: 32-35

Pesticide-induced embryotoxicity,
aquatic species, 211: 25 ff.

Pesticide-induced reproductive effects,
aquatic invertebrates (table), 211: 37-38

Pesticide-induced reproductive effects,
pesticides (table), 211: 32-35

Pesticide-induced teratogenicity, amphibians,
211: 31

Pesticide-induced teratogenicity, aquatic
organisms, 211: 25 ff.

Pesticide-induced teratogenicity, fish, 211: 26

Pesticide intoxications, agricultural aviation,
214: 18

Pesticide leaching, environmental
contamination, 213: 141

Pesticide loss, from volatilization, 213: 141

Pesticide metabolism, enterohepatic
circulation, 219: 27

Pesticide mixture effects, on freshwater
microbes, 214: 109

Pesticide monitoring tool, cholinesterase
inhibition, 212: 30

Pesticide regulation, Germany, 213: 138

Pesticide residues, exposure monitoring,
214: 20

Pesticide residues, groundwater monitoring,
213: 143

Pesticide runoff, environmental contamination
route, 213: 140

Pesticides & adult aquatic biota, antioxidative
defense, 211: 45

Pesticides, chiral center benefits, 217: 2

Pesticides, chiral dataset curation (diag.),
217: 4

Pesticides, chiral datasets, 217: 3

Pesticides, chiral elements, 217: 2

Pesticides, chiral forms (illus.), 217: 6

Pesticides, chiral forms (table), 217: 57-61

Pesticides, chiral forms described, 217: 56

Pesticides, chirality, 217: 1 ff.

Pesticides (misc.), ChirBase entries, 217: 68

Pesticides, emission routes to the environment,
213: 139

Pesticides, endocrine-active agents, 213: 138

Pesticides, endocrine activity, 213: 137 ff.

Pesticides, endocrine disruption, 213: 139

Pesticides, exposure monitoring indices,
214: 20

Pesticides in German food, health
implications, 213: 150

Pesticides in Germany, water contamination,
213: 142

Pesticides & invertebrates, biochemical effects
(table), 211: 50

Pesticides, invertebrate teratogenicity, 211: 36

Pesticide skin absorption, vehicle effects,
219: 31

Pesticides, molecular asymmetry, 217: 1
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Pesticide soil desorption, chlorpyrifos,
215: 155

Pesticides, persistent pollutants, 211: 67

Pesticides, point source discharges, 213: 141

Pesticide spray drift, environmental
contamination, 213: 140

Pesticides, skin absorption, 219: 32

Pesticides, surface water contamination,
213: 144

Pesticide (misc.) structures, chiral forms
(illus.), 217: 62-67

Pesticide studies, aerial application research
(table), 214: 21

Pesticides, use and safety, 215: 124

Pesticides, water quality criteria, 216: 2

Pesticides, water supply contamination (table),
213: 145

Pesticide target, acetylcholinesterase, 212: 30

Pesticide teratogenicity, links to oxidative
stress (table), 211: 41-43

Pesticide toxicity, agricultural aviation, 214: 17

Pesticide use, copper, 213: 1 ff.

Pesticide use, European Union, 213: 138

Petroleum hydrocarbons, Izmir Bay sediment,
211: 17

Petroleum hydrocarbons, marine pollution,
211: 2

Petroleum products, accidental release,
211: 68

Pharmaceutical acute toxicity, aquatic species,
218: 4

Pharmaceutical acute toxicity, aquatic species
(table), 218: 5-32

Pharmaceutical chronic toxicity, aquatic
species (table), 218: 43-58

Pharmaceutical classes, toxicity & plasma
conc. (diag.), 218: 70

Pharmaceutical residues, fish, 218: 3

Pharmaceuticals, aquatic contaminants,
218: 1 ff.

Pharmaceuticals, bioaccumulation, 218: 3

Pharmaceuticals, ecotoxicity testing
guidelines, 218: 4

Pharmaceuticals, environmentally persistent,
218:2

Pharmaceuticals, riverine pollutants, 211: 67

Pharmaceuticals, toxicity & plasma conc.
(table), 218: 71

Pharmaceutical toxicity, aquatic testing,
218: 1 ff.

pH effects, As soil availability, 215: 6

pH effects, microbial biosorption, 217: 89

Phenolics bioremediation, with chromium,
217: 116

Phenolics & chromium (hexavalent), microbial
bioremediation (table), 217: 118

Phenothrin, in vivo metabolism, 219: 52

Phenylurea herbicide effects, freshwater
microbial communities, 214: 99

Phosphatic fertilizers, fluoride source, 211: 125

Phosphoinositide turnover effects, lindane,
212: 13

Phospholipase activity effects, HCHs, 212: 14

Photodegradation, plastics, 220: 11, 16

Photolysis, organotins, 213: 36

Photosynthesis effects, As, 215: 15

Photosynthesis effects, nickel, 214: 142

Photosynthesis, lead effects, 213: 121

Photosynthesis, ozone effects, 212: 74

Photosynthetic microbes, herbicidal effects,
214: 87 ff.

Photosynthetic microbes, triazine herbicide
effects, 214: 88

Photosynthetic pigment effects, nickel,
214: 141

Phototrophic freshwater microbes, diuron
effects (table), 214: 100

Phototrophic microbial communities,
herbicide effects, 214: 87 ff.

Phototropic freshwater microbes, atrazine
effects (table), 214: 92

Phthalates, plastics additive, 220: 28

Physical-chemical properties (table), 216: 106

Physical-chemical properties, chlorpyrifos,
malathion, diazinon (table), 216: 3

Physical-chemical properties, copper (table),
213:3

Physical-chemical properties, OP insecticides
(table), 216: 3

Physical-chemical properties, pyrethroid
insecticides, 216: 53

Physiochemical characteristics, sewage sludge
(table), 214: 44

Physiological role, acetylcholinesterase,
212: 31

Phytoaccumulation, plant-trait effects (diag.),
215: 14

Phytoextraction, As, 215: 19

Phytofiltration, As, 215: 21

Phytohormones, ozone-induced signal
transduction, 212: 71

Phytopharmacuticals, analysis, 214: 65

Phytoplankton communities, atrazine-induced
effects, 214: 96

Phytoplankton effects, irgarol, 214: 97

Phytoremediation, As, 215: 19

Phytostabilization, As, 215: 21

Phytotoxicity, ozone, 212: 66
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Plant absorption & transport, As, 215: 10, 11

Plant absorption, tropospheric ozone,
212: 61 ff.

Plant accumulation, As, 215: 12

Plant accumulation, lead, 213: 117

Plant anatomy effects, nickel, 214: 149

Plant antioxidants, ozone mitigation, 212: 80

Plant behavior, As, 215: 10

Plant behavior, lead, 213: 116

Plant bioavailability, nickel, 214: 129

Plant bioavailability of As, soil pH effects,
215:24

Plant biochemical effects, ozone, 212: 78

Plant cells, carbon-dependent detoxification
(diag.), 212: 79

Plant cells, ozone detoxification, 212: 80

Plant cells, ozone sensing, 212: 68

Plant cellular effects, ozone, 212: 77

Plant defense, As compartmentalization,
215: 19

Plant defense, As efflux, 215: 17

Plant deficiency effects, nickel, 214: 127

Plant detoxification model, antioxidants
(diag.), 212: 79

Plant development effects, As, 215: 15

Plant disease-causing pathogens, in sewage
sludge, 214: 54

Plant distribution, As, 215: 13

Plant distribution, fluoride, 211: 127

Plant distribution, nickel, 214: 130

Plant effects, As-induced oxidative stress,
215: 15

Plant effects & behavior, ozone, 212: 61 ff.

Plant effects from As, soil mobility, 215: 10

Plant effects, lead exposure, 213: 114

Plant effects, lead toxicity, 213: 118

Plant effects, tropospheric ozone, 212: 61 ff.

Plant efflux, As, 215: 17

Plant enzyme effects, lead (table), 213: 128

Plant fate, of As, 215: 1 ff.

Plant genotoxicity, lead, 213: 123

Plant germination effects, lead, 213: 118

Plant growth effects, lead, 213: 118

Plant growth effects, nickel, 214: 127, 139

Plant growth inhibition, diuron, 216: 124

Plant growth regulators, chiral forms (table),
217: 20-28

Plant growth regulator structures, chiral forms
(illus.), 217: 29-37

Plant hazards, nickel, 214: 125 ff.

Plant hyperaccumulation, lead, 213: 118

Plant metabolic effects, As, 215: 16

Plant micronutrient, nickel, 214: 130

Plant morphology, ozone effects, 212: 72
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Plant nutrition disorders, toxic element
induced, 215: 15

Plant nutrition effects, lead, 213: 121

Plant omics level, ozone responses, 212: 81

Plant oxidative stress, lead-induced, 213: 124

Plant pathogens, in sewage sludge, 214: 54

Plant pathways, possible ozone-dependent
signaling (diag.), 212: 69

Plant physiology, ozone effects, 212: 74

Plant protectants, ozone scavengers, 212: 79

Plant relative growth rate, diuron, 216: 124

Plant resistance, As effects, 215: 16

Plant resistance, As exclusion, 215: 17

Plant respiration, lead effects, 213: 122

Plant response, ozone stress, 212: 66

Plant response, tropospheric ozone, 212: 61 ff.

Plants, lead detoxification, 213: 113 ff.

Plants, lead translocation, 213: 117

Plants, lead uptake & toxicity, 213: 113 ff.

Plants, nickel toxicity, 214: 134

Plant-soil systems, managing As (diag.),
215: 20

Plants, ozone-induced stress (diag.), 212: 67

Plants, ozone uptake, 212: 67

Plants, reducing As transfer, 215: 21

Plant-stress from ozone, antioxidant effects
(table), 212: 82

Plant tolerance mechanisms, lead toxicity,
213: 125

Plant tolerance to lead, antioxidant enzymes
role, 213: 127

Plant toxicity, As, 215: 14

Plant toxicity, organoarsenics, 215: 14

Plant traits, As-accumulation effects (diag.),
215: 14

Plant translocation, nickel, 214: 130

Plant transport, As, 215: 1

Plant uptake, As species effect, 215: 10

Plant uptake & availability, nickel, 214: 128

Plant uptake, fluoride (illus.), 211: 128

Plant uptake, lead, 213: 116

Plant vegetation, ozone effects, 212: 66

Plant yield, nickel effects, 214: 148

Plant yield reduction, from ozone stress
(table), 212: 90

Plastarch material, plastics alternative, 220: 35

Plastic accumulation, beaches, 220: 15

Plastic additive, bisphenol A, 220: 5

Plastic additives, toxic examples, 220: 5

Plastic debris, categorization, 220: 5

Plastic debris, contaminant absorption,
220: 29

Plastic debris, marine environment
monitoring, 220: 14
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Plastic debris, marine environment
remediation, 220: 32

Plastic debris, marine organism transport,
220: 31

Plastic debris, marine pollutant, 220: 13

Plastic debris, on the seabed, 220: 16

Plastic debris, seabed monitoring, 220: 17

Plastic debris, seafloor (illus.), 220: 18

Plasticizers, in plastics, 220: 5

Plastic microdebris, sediment & seawater,
220: 16

Plastic pellets, chlorinated compound
contamination, 220: 30

Plastic pellets, PCB contamination (diag.),
220:30

Plastic pollutant effects, coastal bird species,
220: 20

Plastic pollutant effects, marine bird species,
220: 20

Plastic pollutant effects, seals, 220: 21

Plastic pollutant effects, whales, 220: 22

Plastic production, nurdles, 220: 4

Plastic properties, role of additives, 220: 5

Plastics accumulation, at sea, 220: 13

Plastics accumulation, marine environment,
220: 13

Plastics additives, phthalates & bisphenol A,
220: 28

Plastics alternative, plastarch material, 220: 35

Plastics alternative, polylactic acid, 220: 35

Plastics, alternatives, 220: 34

Plastics, beach debris monitoring, 220: 15

Plastics, biodegradation, 220: 12

Plastics clean-up, options, 220: 36

Plastics contaminants, transfer to organisms,
220: 30

Plastics degradation, marine environment,
220: 10

Plastics, description, 220: 2

Plastics effect, on marine environment, 220: 19

Plastics entanglement, grey seal (illus.), 220: 21

Plastics entanglement, humpback whale
(illus.), 220: 23

Plastics entanglement, marine hazard, 220: 19

Plastics from land, marine pollutant, 220: 9

Plastics, history, 220: 2

Plastics ingestion, fish, 220: 27

Plastics ingestion, marine & coastal birds,
220: 24

Plastics ingestion, marine environment,
220: 24

Plastics ingestion, seals, 220: 25

Plastics ingestion, sea turtles, 220: 27

Plastics ingestion, whales, 220: 26

Plastics, in the marine environment, 220: 1 ff.

Plastics, marine species entanglement (table),
220: 20

Plastics, ocean-based sources, 220: 7

Plastics, photodegradation, 220: 11, 16

Plastics pollution, from discarded fishing gear
(table), 220: 8

Plastics pollution, ghost fishing, 220: 23

Plastics pollution, marine environment, 220: 5

Plastics pollution, marine species effects,
220: 19

Plastics pollution origins, in marine
environment, 220: 7

Plastics pollution, sea turtle effects, 220: 24

Plastics, production processes, 220: 3

Plastics production, worldwide (diag.), 220: 4

Plastics rafting, marine organism transport,
220: 31

Plastics, recovery and disposal (table), 220: 36

Plastics, recycling, 220: 35

Plastics, toxic additives, 220: 28

Plastics transport, sources & pathways (diag.),
220: 18

Pleasure craft, marine debris source, 220: 7

Point source discharge, pesticides, 213: 141

Poisoning incidents, agricultural aviation,
214: 17

Pollutant analysis, methods (table), 211: 74

Pollutant, atmospheric copper, 213: 12

Pollutant damage indicator, microbial
biomass, 211: 86

Pollutant degradation products, microbial
effects, 211: 101

Pollutant degradation, soil nutrient status,
211: 100

Pollutant effects, microalgae & cyanobacteria,
211: 88

Pollutant effects, microbial community
diversity, 211: 94

Pollutant effects, microbial community
structure, 211: 92

Pollutant effects, microbial enzyme activity,
211: 96

Pollutant effects on microbes, soil activity,
211: 63 ff.

Pollutant interactions, microbial degradation
effects, 211: 102

Pollutant interactions, soil microbes, 211: 76

Pollutant mixture effects, microbial
degradation, 211: 100

Pollutant mixtures, description, 211: 68

Pollutant mixtures, inorganic chemicals,
211: 71

Pollutant mixtures, interaction types, 211: 77
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Pollutant mixtures, microbial response,
211: 78

Pollutant mixtures, nontarget effects, 211: 79

Pollutant mixtures, risk assessment, 211: 77

Pollutant removal tool, algae, 211: 90

Pollutants, bioavailability influences, 211: 79

Pollutants & microbes, environmental effects,
211: 63 ff.

Pollutants, organic chemical mixtures, 211: 69

Pollutant sources, Malaysia, 220: 48

Pollutants, pharmaceuticals, 218: 2

Pollutants, variable impact, 211: 67

Pollutant treatment, bacterial strategies (illus.),
211: 84

Pollution degradation, microbial limitations,
211: 67

Pollution, description, 211: 64, 66

Pollution effects, bacterial denitrification,
211: 99

Pollution, from anthropogenic activities,
211: 66

Pollution indicator, soil microbial activity,
211: 95

Pollution in ecosystems, man-made (table),
211: 64

Pollution in Malaysia, mercury, 220: 45 ff.

Pollution, marine environment, 211: 1

Pollution, microbial role in soils, 211: 65

Pollution monitoring, microbial indicators
(table), 211: 103

Pollution monitoring, microbial nitrification,
211: 98

Pollution, of Izmir Inner Bay, 211: 5

Pollution of soil, factors affecting fate, 211: 67

Pollution sources, metals, 211: 2

Pollution sources, Straits of Malacca, 220: 48

Pollution type, intentional, 211: 66

Polyaromatic hydrocarbon effects,
cholinesterase inhibition, 212: 50

Polycyclic aromatic hydrocarbons (PAHs),
marine pollution, 211: 3

Polyethylene terephthalate, history, 220: 3

Polylactic acid, plastics alternative, 220: 35

Polymer-containing fishing gear, marine
pollutant (table), 220: 8

Polymer degradation, UV radiation (diag.),
220: 12

Polymer development, history, 220: 3

Polymorphism, anticholinesterasic forms,
212:33

Polystyrene, history, 220: 3

Polytetrafluoroethylene, history, 220: 3

Polyurethane, history, 220: 3

Polyvinylchloride, history, 220: 3

POPs (persistent organic pollutants), in
mountain “cold traps”, 211: 70

Population dynamics, microbes, 211: 82

Preventing plastic pollution, marine
environment, 220: 33

Priority pollutant, chromium, 217: 76

Priority pollutants, single vs. multiple
chemical reproductive effects (illus.),
211: 91

Priority pollutants, U.S. EPA, 211: 2

Probabilistic distributions, pharmaceutical
toxicity & plasma conc. (table), 218: 71

Probabilistic plot, pharmaceutical toxicity &
plasma conc. (diag.), 218: 70

Production processes, plastics, 220: 3

Production volume, plastics (diag.), 220: 4

Progestin drug toxicity, aquatic species,
218: 65

Propionylcholinesterase, earthworms, 212: 35

Propoxur action, proposed oxidative
mechanism, 218: 144

Propoxur insecticide, metabolic scheme
(diag.), 218: 142

Propoxur insecticide, proposed mechanism of
action, 218: 141 ff.

Propoxur mechanism of action, described,
218: 146

Propoxur metabolite, metabolism (diag.),
218: 142

Propoxur, novel toxicity mechanism,
218: 141 ff.

Propoxur, toxicity, 218: 145

Protein effects in seeds, nickel, 214: 139

Protein effects, lead, 213: 119

Proteomic approaches, biomarker discovery,
218: 102

Proteomics approach, ozone-induced plant
effects, 212: 86

Proteomics research approaches, ozone rice
effects (diag.), 212: 87

Pulping, hazardous chemical releases,
212: 117

Pulping process, described, 212: 120

Pulp mill effluent, biological treatment
strategies, 212: 126

Pulp mill effluent, detoxification, 212: 113 ff.

Pulp mill effluent, microbial treatment,
212: 122

Pulp mill effluent, microbial treatment (table),
212: 123

Pulp mill effluent treatment, anaerobic vs.
aerobic strategies, 212: 127

Pulp mill effluent treatment, methods,
212: 114
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Pulp mill waste, color removal strategies
(diag.), 212: 121

Pulp mill waste treatment, biobleaching,
212: 129

Pulp & paper mill effluent, description,
212: 114, 120

Pulp treatment, Kraft process, 212: 117

Pulp treatment process, Kraft method (diag.),
212: 118

Pulp waste treatment, bleaching process
(diag.), 212: 119

Pyrethrin I & 11, structures (diag.), 219: 5

Pyrethrin insecticide, description, 219: 2

Pyrethrin I, stereochemistry depicted (illus.),
219:9

Pyrethrins, chiral components described,
219: 17

Pyrethrins I, stereodescriptors (diag.), 219: 8

Pyrethroid effects, mitochondrial complex,
219: 84

Pyrethroid insecticide acids, structures
& names (table), 219: 19

Pyrethroid insecticide alcohols, structures
& names (table), 219: 21

Pyrethroid insecticide analysis, isomer
methods, 219: 12

Pyrethroid insecticide binding to protein,
QSAR models, 219: 67

Pyrethroid insecticide hydrolysis,
carboxylesterases, 219: 59

Pyrethroid insecticide hydrolysis,
carboxylesterases (table), 219: 60

Pyrethroid insecticide metabolism, aromatic
leaving groups, 219: 75

Pyrethroid insecticide metabolism,
conjugation, 219: 75

Pyrethroid insecticide mixtures, water quality
criteria effects, 216: 78

Pyrethroid insecticide neurotoxicity, sodium,
calcium & chloride channels, 219: 87

Pyrethroid insecticide neurotoxicity, sodium
channels, 219: 87

Pyrethroid insecticide risk, model parameters
(table), 219: 2

Pyrethroid insecticides, acute rat toxicities
(table), 219: 22

Pyrethroid insecticides, acute rat toxicity
(illus.), 219: 23

Pyrethroid insecticides, acute water quality
criteria calculations, 216: 54

Pyrethroid insecticides, bioaccumulation,
216: 86

Pyrethroid insecticides, bioavailability,
216: 76

Pyrethroid insecticides, calculated QikProp
3.0 values (table), 219: 68

Pyrethroid insecticides, calculating partition
coefficients, 219: 41

Pyrethroid insecticides, chiral components
described, 219: 17

Pyrethroid insecticides, chirality, isomers,
technical products described (Appendix
B), 219: 121-129

Pyrethroid insecticides, cytochrome
CYP 1A2 & 2C19 kinetic parameters
(table), 219: 70

Pyrethroid insecticides, cytochrome CYP 3A4
kinetic parameters (table), 219: 72

Pyrethroid insecticides, cytochrome CYP 2C9
& 2D6 kinetic parameters (table),
219: 71

Pyrethroid insecticides, data collection &
evaluation, 216: 52

Pyrethroid insecticides, description, 216: 51,
219: 2

Pyrethroid insecticides, discovery traced,
219: 6

Pyrethroid insecticides, final criteria
statements, 216: 91

Pyrethroid insecticides, final numeric criteria
(table), 216: 92

Pyrethroid insecticides, human risk assessment
models, 219: 1 ff.

Pyrethroid insecticides, intestinal permeability,
219: 68

Pyrethroid insecticides, in vitro metabolism,
219: 61

Pyrethroid insecticides & isomers,
chromatographic separation methods
(Appendix C), 219: 131-212

Pyrethroid insecticides, isomers & technical
products, 219: 7

Pyrethroid insecticides, log-logistic
distributions, 216: 69

Pyrethroid insecticides, mechanism classed
(table), 219: 82

Pyrethroid insecticides, metabolic pathways
(Appendix E), 219: 213-250

Pyrethroid insecticides, metabolism, 219: 42

Pyrethroid insecticides, modeling GI
absorption/metabolism, 219: 24

Pyrethroid insecticides, multiple mammalian
targets (table), 219: 80

Pyrethroid insecticides, neurotoxicity, 219: 86

Pyrethroid insecticides, physical-chemical
properties (table), 216: 53

Pyrethroid insecticides, QSAR & PBPK/PD
models, 219: 1 ff.



Cumulative and Comprehensive Index (Volume 211-220)

Pyrethroid insecticides, rat liver microsomal
metabolism (table), 219: 62

Pyrethroid insecticides, skin permeation
constants, 219: 77

Pyrethroid insecticides, skin permeation
constants (table), 219: 78

Pyrethroid insecticides, stereochemistry, 219: 9

Pyrethroid insecticides, structures (table),
219:3

Pyrethroid insecticides, water quality criteria,
216: 51 ff.

Pyrethroid insecticides, water quality criteria
effects, 216: 80

Pyrethroid insecticide synthesis, alcohol
components, 219: 20

Pyrethroid insecticide turnover numbers,
rat vs. human carboxylesterases (diag.),
219: 63

Pyrethroid metabolism & neurotoxicity,
discussion, 219: 88-95

Pyrethroid water quality criteria, data
reduction, 216: 54

QikProp 3.0 model values, pyrethroid
insecticides (table), 219: 68

QSAR (quantitative structure-activity
relationship) models, for human risk
assessment, 219: 1 ff.

QSAR models, PBPK/PD parameters,
219: 67

QSAR models, pyrethroid binding
to proteins, 219: 67

QSAR models, tissue-blood partition
coefficients, 219: 78

QSAR-PBPK/PD (quantitative
structurediactivity
relationshipiiphysiologically based
pharmacokinetic/pharmacodynamic)
models, risk assessment, 219: 1

Quantum dot nanoparticles, in vitro toxicity,
215: 83

Quantum dot nanoparticles, in vivo toxicity,
215: 84

Quantum dot nanoparticles, toxicity, 215: 79

Quantum dot nanoparticles, toxicity studies
(table), 215: 80

Radiation sensitivity, vertebrates vs.
invertebrates, 220: 93
Radionuclide contamination, shellfish
& the environment (table), 213: 69
Radionuclide effects, described, 220: 68
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Rafting on plastic, marine organism transport,
220: 31

Rat liver mitochondria, permethrin effects
(diag.), 219: 85

Reactive oxygen species (ROS), copper
toxicity, 213: 15

Reactive oxygen species effects, ozone &
plants, 212: 68

Reactive oxygen species role, ozone signaling,
212: 69

Reactive oxygen species, toxicity role,
218: 144

Recycling, plastics, 220: 35

Redox cycling, catechol (diag.), 218: 143

Reduced plant oxygen evolution, diuron,
216: 125

Regulated organic contaminants, found in
shellfish (table), 213: 70

Regulation, medicinal plants, 214: 66

Regulation of organotins, global summary,
213: 44

Regulation, organotin compounds, 213: 44

Regulatory consumption thresholds, bivalve
mollusk contamination (table), 213: 60

Regulatory limits, metals in herbal drugs
(table), 214: 78

Remediation techniques, chromium waste
(diag.), 217: 77

Reproductive aquatic animal effects, tritium
& gamma irradiation, 220: 67 ff.

Reproductive effects, e-waste exposure,
214: 8

Reproductive effects, pesticides & amphibians
(table), 211: 32-35

Reproductive effects, pesticides & aquatic
invertebrates (table), 211: 37-38

Reproductive effects, pesticides & fish (table),
211: 27-30

Reproductive effects, single chemical vs.
mixtures (illus.), 211: 91

Reproductive toxicity, HCHs, 212: 7

Reptiles, cholinesterasic forms present,
212: 39

Reptile sensitivity, anticholinesterasic agents,
212: 43

Research vessels, marine debris source, 220: 7

Residue accumulation, organotins in aquatic
organisms, 213: 33

Residue mitigation, As in crops, 215: 23

Resmethrin, in vivo metabolism, 219: 53

Rice residues, As, 215: 23

Risk assessment models, pyrethroid
insecticides, 219: 1 ff.

Risk assessment, pollutant mixtures, 211: 77
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Risk assessment, shellfish hazard along French
coasts, 213: 55 ff.

Risk assessment, tritium & gamma irradiation,
220: 94

Risk reduction, As crop residues, 215: 24

River pollution in Malaysia, mercury, 220: 49

Rock content, fluoride (table), 211: 124

Rodents, anticholinesterasic agents, 212: 43

Role, nickel in plants, 214: 125 ff.

ROS (reactive oxygen species), lead, 213: 124

Rotenone sensitive NADH, cyhalothrin effects
(diag.), 219: 85

Rotenone sensitive NADH, permethrin effects
(diag.), 219: 85

Safe limits in medicinal plants, heavy metals,
214: 69
Safety guidelines, fluoride, 211: 136
Salinity effects, copper biodistribution,
213: 14
Scallop monitoring, cadmium non-
compliances (table), 213: 91
Seabed monitoring, plastic debris, 220: 17
Seabed, plastic debris, 220: 16
Seafloor, plastic debris (illus.), 220: 18
Seafood contamination, mercury, 220: 53
Seals, plastic pollutant effects, 220: 21
Seals, plastics ingestion, 220: 25
Seasonal variability, mollusk contaminant
levels, 213: 76
Seasonal variation, ozone levels, 212: 64
Sea turtle effects, plastics pollution, 220: 24
Sea turtles, plastics ingestion, 220: 27
Seawater, copper speciation, 213: 6
Sea water pollution in Malaysia,
mercury, 220: 49
Seawater transparency, Izmir Bay, 211: 8
Se-containing proteins, role in fish, 218: 115
Sedative drugs, aquatic species toxicity,
218: 40
Sediment adsorption, chlorpyrifos,
215: 123 ff.,140
Sediment (aquatic), chlorpyrifos adsorption
(table), 215: 142
Sediment contamination in Malaysia,
mercury, 220: 51
Sediment contamination, organotins, 213: 31
Sediment, copper speciation, 213: 9
Sediment desorption, chlorpyrifos, 215: 123 ff.
Sediment metal residues, [zmir Bay (table),
211: 13
Sediment or air criteria, harmonization with
water quality criteria, 216: 32

Sediment partitioning, diuron, 216: 132

Sediments, organotin speciation, 213: 31

Sediment sorption, organotins, 213: 37

Seed carbohydrate effects, nickel, 214: 137

Seed germination effects, nickel, 214: 135

Selenoprotein roles, mammals & fish, 218: 114

Sensitive species, diuron, 216: 128

Sensitive species effects, water quality criteria,
216: 26, 81, 128

Sewage effluent pollution, India, 214: 42

Sewage, marine plastic pollution source,
220: 10

Sewage sludge amendment, biological
property implications, 214: 50

Sewage sludge amendment, soil effects, 214: 47

Sewage sludge application, soil property
effects, 214: 45

Sewage sludge, characteristics & sources,
214: 43

Sewage sludge effects, soil properties (table),
214: 46

Sewage sludge, geographical comparison
(table), 214: 44

Sewage sludge, land application, 214: 41 ff.

Sewage sludge, land application benefits,
214: 43

Sewage sludge, major pathogens present
(table), 214: 53

Sewage sludge, microbial response, 214: 41 ff.

Sewage sludge, pathogens present, 214: 53

Sewage sludge, physiochemical response,
214: 41 ff.

Sewage sludge, plant disease-causing
pathogens, 214: 54

Sewage sludge, processed sewage solids,
214: 42

Sewage sludge soil amendment, crop effects,
214: 49

Sewage sludge, soil enzyme effects, 214: 50

Sewage sludge, soil fertility effects, 214: 52

Sewage sludge, soil microbe effects, 214: 50

Sewage sludge sources, heavy metals (illus.),
214: 44

Sewage treatment, pathogen removal, 214: 42

Shellfish, chemical hazards, 213: 61

Shellfish, chemical monitoring, 213: 89, 90

Shellfish consumption, hazards & European
regulation, 213: 56

Shellfish consumption, heavy metal intake,
213: 96

Shellfish consumption, residues and risks,
213: 55 ff.

Shellfish contaminants, human consumption,
213: 95
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Shellfish contaminants, regulated chemicals
(table), 213: 70

Shellfish contamination, environmental
monitoring, 213: 81

Shellfish contamination, European regulation,
213: 60

Shellfish contamination, European waters,
213: 56

Shellfish contamination, in France (illus.),
213: 65

Shellfish contamination, inorganic chemicals,
213: 62

Shellfish contamination, radionuclides (table),
213: 69

Shellfish, dioxin contamination, 213: 69

Shellfish flesh contamination, heavy metals
(table), 213: 63

Shellfish food safety regulation, Europe,
213: 59

Shellfish monitoring, formal programs (table),
213: 83

Shellfish mortality, management methods,
213: 89

Shellfish organic contaminants, France,
213: 65

Shellfish production & consumption, France,
213: 56

Shellfish purification effects, chemical
contaminants, 213: 78

Shellfish residues, monitoring & risks,
213: 55 ff.

Shellfish, unregulated organic contaminants
(table), 213: 72

Si compound nanoparticles, toxicity studies
(table), 215: 86

Signal transduction, ozone-induced effects,
212: 68

Si02 nanomaterials, in vitro toxicity, 215: 85

Si02 nanomaterials, in vivo toxicity, 215: 90

SiO2 nanomaterials, toxicity, 215: 85

Skeletal fluorosis, fluoride intake effect,
211: 135

Skin absorption, chemicals, 219: 29

Skin absorption, factors affecting pesticide
uptake, 219: 32

Skin absorption, pesticides, 219: 32

Skin-blood partitioning, process, 219: 31

Skin permeability, among animals, 219: 30

Skin permeation constants, pyrethroid
insecticides, 219: 77

Skin permeation constants, pyrethroid
insecticides (table), 219: 78

SMAV5s (species mean acute values), bifenthrin
probability plot (illus.), 216: 70
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SMAVs, cyfluthrin probability plot (illus.),
216: 71

SMAVs, ?-cyhalothrin probability plot (illus.),
216: 72

SMAVs, cypermethrin probability plot (illus.),
216: 71

SMAV3s, diazinon probability plot (illus.),
216: 19

SMAVSs, permethrin probability plot (illus.),
216: 72

Smoke effects, aircraft cabin air, 214: 28

Sodium channel, concentration-dependent
effects, 219: 83

Sodium channel effect, cismethrin
& deltamethrin (diag.), 219: 83

Sodium channel effects, concentrations,
219: 82

Sodium channels, pyrethroid insecticide
neurotoxicity, 219: 87

Sodium fluoride, lethal dose, 211: 137

Soil adsorption, batch equilibrium method,
215: 133

Soil adsorption calculation, from Kow,
215: 153

Soil adsorption calculation, from solubility,
215: 153

Soil adsorption, chlorpyrifos, 215: 123 ff.

Soil adsorption, chlorpyrifos (table), 215: 135

Soil adsorption effects, persistence & toxicity,
215: 160

Soil adsorption method, column
chromatography, 215: 150

Soil adsorption methods, chromatography,
215: 149

Soil adsorption method, soil-thin-layer
chromatography, 215: 150

Soil adsorption, modified batch equilibrium
method, 215: 147

Soil adsorption, pH effects on fluoride (illus.),
211: 127

Soil amendment effects, from sewage sludge,
214: 47

Soil amendment, reducing As residues,
215: 24

Soil As, clay mineral effects, 215: 8

Soil As effects, organic matter, 215: 9

Soil availability, As, 215: 6

Soil availability, As interactions (diag.), 215: 5

Soil behavior, lead, 213: 115

Soil bioavailability, lead, 213: 115

Soil biological properties, sewage sludge
effects (table), 214: 46

Soil chemical properties, sewage sludge
effects (table), 214: 46
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Soil column chromatography, adsorption
method, 215: 150

Soil, copper speciation, 213: 11

Soil desorption, chlorpyrifos, 215: 123 ff., 155

Soil desorption values, chlorpyrifos (table),
215: 157

Soil distribution, fluoride, 211: 127

Soil dynamics, As, 215: 3

Soil enzyme activity, detecting contamination,
211: 97

Soil fate, of As, 215: 1 ff.

Soil fertility effects, sewage sludge, 214: 52

Soil influence, copper complexation, 213: 11

Soil microbe effects, sewage sludge, 214: 50

Soil microbes, pollutant mixture interactions,
211: 76

Soil microbes, pollution role, 211: 65

Soil microbial activity, pollution indicator,
211: 95

Soil mobility, As, 215: 4

Soil mobility, As (diag.), 215: 5

Soil mobility, fluoride, 211: 125

Soil mobility, lead, 213: 115

Soil mobility, plant effects on As, 215: 10

Soil organic matter, chlorpyrifos adsorption,
215: 143

Soil organic matter, copper speciation effects,
213: 12

Soil P, As interactions, 215: 8

Soil pH, As plant bioavailability, 215: 24

Soil physical properties, sewage sludge effects
(table), 214: 46

Soil-plant systems, managing As (diag.),
215: 20

Soil pollutants, analyzing mixtures, 211: 72

Soil pollutants, carcinogenicity &
genotoxicity, 211: 66

Soil pollutants, examples cited, 211: 66

Soil pollutants, factors affecting fate, 211: 67

Soil pollution, microbial role, 211: 65

Soil property effects, chlorpyrifos adsorption
(illus.), 215: 141

Soil property effects, sewage sludge
application, 214: 45

Soil residues, As extraction, 215: 4

Soil residues, organotins, 213: 33

Soil residues, PAHs, 211: 70

Soil retention, lead, 213: 115

Soil solubility, As, 215: 4

Soil solution, As levels, 215: 4

Soil toxicity, fluoride, 211: 129

Solid waste, characteristics & sources, 214: 42

Solid waste, in India, 214: 42

Sources of As, globally, 215: 2

Sources of heavy metal contamination, marine
environment (table), 213: 64

Space vehicle cabin air, toxicants present,
214: 27

Species mean acute values (SMAVs),
chlorpyrifos probability plot (illus.),
216: 18

Spray drift, pesticide contamination route,
213: 140

Stereochemistry, definition, 217: 5

Stereochemistry described, pyrethroid
insecticides, 219: 9

Stereoisomer enrichment, bacterial fungicides,
217: 18

Stereoisomer enrichment, herbicides, 217: 19

Stereoisomer enrichment, insecticides, 217: 55

Stereoisometry, biological implications, 217: 3

Stereoselective hydrolysis rates, rat serum
carboxylesterase (table), 219: 76

Steroidogenesis effects, HCH isomers, 212: 18

Stimulant drugs, aquatic species toxicity,
218: 40

Stomatal response, ozone effects, 212: 67

Straits of Malacca, pollution sources, 220: 48

Study tools, microbial biosensors & indicators,
211: 102

Study types, acceptable for criteria setting
(table), 216: 133

Substrate binding rates, microsomes & P450s
(diag.), 219: 64

Substrate preference, cholinesterases, 212: 34

Successive pesticide treatments, freshwater
microbial effects, 214: 110

Sulfonylurea herbicides, freshwater microbial
effects, 214: 105

Superoxide dismutases in fish, oxidative stress
role, 218: 116

Surface water contamination, pesticides,
213: 144

Surface water, copper speciation (diag.),
213:5

Surface water residues, chlorpyrifos (table),
215: 131

Surfactant effects, cholinesterases, 212: 49

Symptoms, nickel deficiency in plants,
214: 133

Symptoms of exposure, chromium, 217: 82

Tannage, history, 217: 78

Tannery effluent, bacterial biotransformation,
217: 101

Tannery effluent, bioremediation strategies,
217: 75 ff.
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Tannery effluent, chromium bioremediation,
217: 75 ff.

Tannery effluent, chromium pollution, 217: 80

Tannery waste, bioremediation strategies,
217: 84

Tannery waste, chromium involvement,
217:76

Tannery waste, chromium land contamination,
217: 81

Tannery waste limits, of chromium, 217: 76

Tannery workers, chromium effects, 217: 82

Tanning evolution, chrome role, 217: 79

Tanning industry described, India, 217: 76

Tanning leather, ancient art, 217: 78

Tanning process, chrome chemistry, 217: 79

Tanning process, chrome role, 217: 79

Tanning process, description, 217: 78

Tanning waste treatment, in India, 217: 80

TCPs (tricresyl phosphates), in aircraft oils,
214: 32

Technical HCH, isomers, 212: 1

Tefluthrin, in vivo metabolism, 219: 54

Temperature effect, copper cycling, 213: 10

Temperature effects, fluorite solubility (table),
211: 132

Temperature effects, microbial biosorption,
217: 90

Teratogenicity in amphibians, pesticides,
211: 31

Teratogenicity of pesticides, invertebrates,
211: 36

Teratogenicity, oxidative stress effects, 211: 40

Teratogenicity & pesticides, oxidative stress
links (table), 211: 41-43

Testing guidelines, pharmaceutical
ecotoxicity, 218: 4

Tetramethrin, in vivo metabolism, 219: 55

Threatened & endangered species, role in
water quality criteria, 216: 29, 85, 131

Tissue-blood partition coefficients,
cypermethrin (table), 219: 38

Tissue-blood partition coefficients, modeling,
219: 36

Tissue-blood partition coefficients, QSAR
models, 219: 78

Tissue partition coefficients, modeling, 219: 33

Tourism, marine plastic pollution source,
220: 10

Toxic additives, flame retardants, 220: 29

Toxic additives, plastics, 220: 28

Toxicants present, space vehicle cabin air,
214: 27

Toxic chemicals released, pulping
& bleaching, 212: 117

Toxic effects, organotins, 213: 34

Toxic elements, plant nutrition effects,
215: 15

Toxic e-waste, human health effects (table),
214: 7

Toxicity (in vitro), carbon compound
nanomaterials, 215: 109

Toxicity, carbon nanomaterials, 215: 102

Toxicity (in vitro), carbon nanotube
nanomaterials, 215: 99

Toxicity (in vivo), carbon nanotube
nanomaterials, 215: 100

Toxicity, carbon nanotube nanoparticles,
215: 90

Toxicity, chromium, 217: 81

Toxicity differences, copper vs. nanocopper,
213: 18

Toxicity effects, soil adsorption, 215: 160

Toxicity evaluation methods, nanochemicals,
215: 39 ff.

Toxicity, e-waste components, 214: 5

Toxicity implications, in aviation, 214: 16

Toxicity in mammals, HCHs, 212: 6

Toxicity mechanism, propoxur, 218: 141 ff.

Toxicity, metallic nanoparticles, 215: 62

Toxicity (in vitro), metallic nanoparticles,
215: 62

Toxicity mitigation, As in plants, 215: 19

Toxicity modeling, description, 219: 67

Toxicity, nanochemicals, 215: 39 ff.

Toxicity of fluoride, in soil, 211: 129

Toxicity of lead, plants, 213: 113 ff.

Toxicity of nanomaterials, carbon compound
studies (table), 215: 103

Toxicity of nanoparticles, carbon nanotube
studies (table), 215: 91

Toxicity of nanoparticles, metal oxides,
215: 43

Toxicity (in vitro) of nanoparticles, metal
oxides, 215: 55

Toxicity (in vivo) of nanoparticles, metal
oxides, 215: 59

Toxicity of nanoparticles, metal oxide studies
(table), 215: 44

Toxicity of nanoparticles, metal studies
(table), 215: 63

Toxicity of nanoparticles, quantum dots,
215:79

Toxicity of nanoparticles, quantum dot studies
(table), 215: 80

Toxicity of nanoparticles, Si compound studies
(table), 215: 86

Toxicity of organotins, marine invertebrates,
213: 39
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Toxicity of pharmaceuticals, aquatic species
(tables), 218: 5, 43

Toxicity, propoxur insecticide, 218: 145

Toxicity (in vitro), quantum dot nanoparticles,
215: 83

Toxicity (in vivo), quantum dot nanoparticles,
215: 84

Toxicity role, reactive oxygen species
& oxidative stress, 218: 144

Toxicity, SiO2 nanomaterials, 215: 85

Toxicity (in vitro), SiO2 nanomaterials,
215: 85

Toxicity (in vivo), SiO2 nanomaterials,
215: 90

Toxicity testing, air-craft-related chemicals
(table), 214: 21

Toxicity-testing considerations, human-use
pharmaceuticals, 218: 79

Toxicity to aquatic species, bulk vs.
nanocopper (table), 213: 19

Toxicity to olfaction, copper, 213: 15

Toxicity (predicted) to rare species, diuron
(table), 216: 132

Toxicity to rats, pyrethroid insecticides,
(illus.), 219: 22

Toxicity to rats, pyrethroid insecticides (table),

219: 22

Toxic metal accumulation, microbial mats,
217: 99

Toxic organics exposure, Chinese e-waste,
214: 8

Trace components, in e-waste, 214: 6

Trace elements, detoxification mechanisms,
213: 77

Trace elements, in human health, 214: 67

Trace metal pollutants, Izmir Bay, 211: 10

Trace metal residues, sediment & fish (table),
211: 13

Trace metals in fish, [zmir Bay (table),
211: 15

Tralomethrin, in vivo metabolism, 219: 56

Transcriptomics approach, ozone-induced
plant effects, 212: 85

Transcriptomics research approaches, ozone
rice effects (diag.), 212: 87

Transferrin, iron-binding metalloproteins,
218: 113

Transport of As, in plants, 215: 12

Transport, ozone cycling (illus.), 212: 63

Treatment strategies, paper & pulp mill waste
(diag.), 212: 121

Triazine effects, on photosynthetic microbes,
214: 88

Triazine herbicides, chronic freshwater
microbe effects, 214: 96

Triazine herbicides, microbial community
effects, 214: 97

Tributyltin biomarkers, apoptosis & imposex,
213: 43,44

Tributyltin, lysosomal & molecular
biomarkers, 213: 43

Tributyltin, metallothionein biomarker, 213: 41

Tributyltin, persistence, 213: 31

Triphenyltin, biomagnifications, 213: 32

Tritium, aquatic invertebrate developmental
effects, 220: 74

Tritium, aquatic invertebrate effects, 220: 70

Tritium, aquatic vertebrate effects, 220: 75

Tritium, aquatic vertebrate effects
(table), 220: 76

Tritium, developmental effects on aquatic
vertebrates, 220: 78

Tritium, DNA effects, 220: 70, 75

Tritium effects, aquatic invertebrate survival
& reproduction, 220: 73

Tritium effects, on aquatic invertebrates
(table), 220: 71

Tritium, effects review, 220: 70

Tritium, genotoxic & reproductive effects,
220: 67 ff.

Tritium irradiation, biomonitoring & risk
assessment, 220: 94

Tritium irradiation safety, benchmark values,
220: 91

Tritium radiation sensitivity, vertebrates vs.
invertebrates, 220: 93

Tritium, sources & description, 220: 68

TRIX (trophic index) data, Izmir Bay (table),
211: 10

TRIX values, [zmir Bay, 211: 9

Trophospheric levels, ozone, 212: 64

Trophospheric ozone, formation, 212: 62

Tropospheric ozone, plant absorption,
212: 61 ff.

Tropospheric ozone, plant effects, 212: 61 ff.

Tropospheric ozone, plant response,
212: 61 ff.

Tubewell contamination in Nepal, arsenic
(table), 218: 128

Tubewell depth, effect on arsenic levels,
218: 132

Tubewells in Nepal, arsenic levels by depth,
218: 130

Tumor promotion effects, HCH isomers,
212: 18

Turkey, Izmir Bay description, 211: 3
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UC Davis methodology (UCDM), water
quality criteria, 216: 1 ff., 51 ff., 105 ff.

UCDM water quality criteria, comparison to
existing criteria, 216: 33, 88, 134

UCDM water quality criteria, comparison to
USEPA method, 216: 35, 90, 135

UCDM water quality criteria, description,
216: 1, 51

UCDM water quality criteria, pesticides,
216: 2

Unicellular organisms, cholinesterases, 212: 35

Uptake of lead, in plants, 213: 113 ff.

UV radiation, polymer degradation (diag.),
220: 12

Vehicle effects, pesticide skin absorption,
219: 31

Vertebrate butyrylcholinesterase, role, 212: 31

Vertebrate (aquatic) reproduction, gamma
irradiation effects, 220: 88

Vertebrate (aquatic) reproductive effects,
tritium, 220: 75

Vertebrates, cholinesterasic types, 212: 34

Vertebrate (aquatic) survival, gamma
irradiation effects, 220:88

Vertebrate (aquatic) survival, tritium effects,
220: 75

Vetiveria zizanioides, heavy metal levels
(table), 214: 79

Volatilization loss, pesticides, 213: 141

Voltage dependence, kinetics of activation,
219: 81

Wastewater disposal, heavy metals, 217: 76
Wastewater, major pathogens present (table),
214: 53
Wastewater, pathogens, 214: 42
Wastewater, pathogens present, 214: 53
Wastewater treatment, microbes, 212: 115
Wastewater treatment, pharmaceuticals, 218: 2
Water characteristics, copper toxicity, 213: 13
Water contamination, fluoride, 211: 129
Water levels, copper in California marina
water (table), 213: 20
Water quality criteria, aquatic life,
216: 1 ff., 51 ft., 105 ff.
Water quality criteria, chronic criterion
calculation, 216: 73
Water quality criteria, data derivation, 216: 2
Water quality criteria, data reduction
methods, 216: 5

Water quality criteria, diuron, 216: 105

Water quality criteria, ecosystem-level
studies, 216: 28, 83, 129

Water quality criteria, harmonizing with air
or sediment criteria, 216: 32

Water quality criteria, OP insecticide mixture
effects, 216: 24

Water quality criteria, OP insecticides, 216: 1 ff.

Water quality criteria, pyrethroid insecticides,
216: 51 ff.

Water quality criteria, role for threatened &
endangered species, 216: 29, 85, 131

Water quality criteria, sensitive species effects,
216: 26, 81, 128

Water quality criteria setting, intangibles,
216: 32, 88, 133

Water quality criteria setting, role for
bioaccumulation, 216: 30, 86

Water quality effects, diuron, 216: 127

Water quality effects, on calculating aquatic
criteria, 216: 26, 80

Water quality, Izmir Bay, 211: 1 ff., 3

Water quality standards, copper monitoring,
213: 19

Water salinity effects, copper fate, 213: 14

Water solubility curve, fluoride (illus.), 211: 131

Water status effects, lead, 213: 120

Water supply contamination, pesticides (table),
213: 145

Water supply detections, endocrine-active
pesticides, 213: 147

Water treatment plants, processing
pharmaceuticals, 218: 2

Whales, plastic pollutant effects, 220: 22

Whales, plastics ingestion, 220: 26

Wildfowl, organophosphorous insecticides,
212: 45

Woodfordia floribunda, use in herbal
medicine, 214: 79

Woody materials, description, 212: 116

Woody material, structure, 212: 116

Woody plants, constituents, 212: 116

Worker exposure, pesticides from reentry,
219: 30

Worldwide trends, ozone levels, 212: 62, 64

Worldwide use, medicinal plants, 214: 64

Xylem transport, lead, 213: 11

Yield loss, ozone-induced plant stress (table),
212: 90
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