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Foreword

As the issues of global climate change and loss of biodiversity challenge the future
environmental stability of planet Earth, there has never been a time more important
than now to further assess the impacts of environmental contamination. Hence, the
publication of the book Wildlife Toxicology: Emerging Contaminant and Biodiversity
Issues comes at a time to stimulate and challenge the academic and research com-
munities as well as environmental public policy and decision makers to think more
globally about environmental contaminants and their potential impacts on biodiver-
sity and environmental degradation. I compliment one of the outstanding wildlife
toxicology research teams in the world for bringing together a robust and visionary
database in a book that will advance the science of wildlife toxicology and better
improve our ability to preserve biodiversity and enhance environmental protection
to sustain us into the future.

Thomas Lovejoy
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Preface

Wildlife Toxicology: Emerging Contaminant and Biodiversity Issues builds on the
previous successful book Wildlife Toxicology and Population Modeling: Integrated
Studies of Agroecosystems, published in 1994 and edited by Kendall and Lacher,
now the co-editors of the current book. Because our first wildlife toxicology book
was so successful and is now out of print, the current publisher, Taylor & Francis/
CRC Press, contacted us to develop a second edition. The second edition evolved
into a new book as we recognized a need to address emerging contaminant as well
as biodiversity issues. Therefore, we have expanded the editorship and the scope
of Wildlife Toxicology: Emerging Contaminant and Biodiversity Issues. Emerging
issues of particular interest are the role of global climate change and atmospheric
contaminants, losses of biodiversity at scales ranging from local to global, emerging
diseases, agricultural trends and biofuels, and the widespread use of munitions and
explosives from military- and industrial-related activities. Therefore, the goal of the
present book is not only to address development within the field of wildlife toxicol-
ogy, but also to integrate the broader issues of declining biodiversity and global
climate change in a way that allows for better assessment of wildlife exposures to
environmental contaminants.

The editors of Wildlife Toxicology: Emerging Contaminant and Biodiversity
Issues acknowledge financial support for both the research and development of this
book through the Strategic Environmental Research and Development Program
(SERDP). Over the last decade, SERDP has provided funding to various organi-
zations, including The Institute of Environmental and Human Health (TIEHH) at
Texas Tech University, to conduct research on perchlorate and high-energy explosives
residues in the environment. Building on our very successful textbook Perchlorate
Ecotoxicology, edited by Kendall and Smith (2008), SERDP supported our interest
in developing a wildlife toxicology textbook that not only includes research that
we had conducted for SERDP but also expands the scope of the book to include
previously mentioned issues as well as an integration of these issues with contami-
nant exposure and risk assessment. Research and development recommendations for
the future are also discussed in the present book. We appreciate SERDP’s role in
advancing environmental toxicology, particularly wildlife toxicology and the inte-
gration of toxicological aspects of contaminants with other environmental issues,
including global climate change.

The process of developing Wildlife Toxicology: Emerging Contaminant and
Biodiversity Issues was a collegial and very professional process, with the editors
working with an exceptional group of authors and co-authors to advance the field
of wildlife toxicology. In particular, we, the editors of the present book— Kendall,
Lacher, Cobb, and Cox—convened to develop and invite authorship for the various
chapters that we selected as being important for this book. In a period of over a year,
extensive communication occurred both electronically and via conference calls to
develop outlines and a scope and direction of the chapters, as well as to develop drafts
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that evolved into a single draft of the book before we convened in a final, multi-day
meeting held in Beaver Creek, Colorado. During the meeting, the text was refined,
the risk-assessment chapter and the research recommendations were developed, and
the book was brought together in a scientifically sound and professional manner
to enhance this communication to the scientific community. We acknowledge the
participants in the Beaver Creek meeting, including the editors, senior authors of
chapters, and co-authors of chapters. Although the co-authors did not participate
in the Beaver Creek Meeting, they did provide very useful and important scientific
information that made the final chapters state-of-the-art in advancing the field of
wildlife toxicology.

We had excellent support in the development of this textbook in the planning
process, communication in early drafts of the book, and facilitation at the Beaver
Creek meeting. These people include Ms. Lori Gibler, information technology
specialist; Mr. Ryan Bounds, administrative support; and Ms. Tammy Henricks,
secretarial and technical support for the book development. We offer this book
as a major new advancement in the field of wildlife toxicology and we appreciate
having the opportunity to make this contribution through the science of environ-
mental toxicology.

Ronald J. Kendall, Ph.D.

Professor and Chair, Department of Environmental Toxicology
Director, The Institute of Environmental and Human Health (TIEHH)
Texas Tech University
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1.1  INTRODUCTION

The development of the book Wildlife Toxicology: Emerging Contaminant and
Biodiversity Issues intends to build on the earlier successful book Wildlife Toxicology
and Population Modeling: Integrated Studies of Agroecosystems (Kendall and
Lacher 1994), which was widely distributed and used around the world. Since our
first wildlife toxicology book was so successful, we were contacted by the publisher
to develop a second edition; however, the current book has really evolved into a new
work in itself, since we needed to address emerging contaminant as well as biodiver-
sity issues. Although the field of wildlife toxicology has grown dramatically over the
past quarter century (Kendall 1982) and many outstanding scientists are contributing
to the development of the database on the response of wildlife to environmental con-
taminant exposures, things are really now more complex than ever, hence the rea-
son for the expanded editorship to develop the book Wildlife Toxicology: Emerging
Contaminant and Biodiversity Issues. Of particular interest has been the role of
global climate change and atmospheric contaminants, impacts on biodiversity from
a local to a global perspective, emerging diseases, agricultural trends and biofuels,
and the widespread use of munitions and explosives for military-related activities
and consequences of release into the environment. Therefore, the goal of this book
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will be to address not only developments within the field of wildlife toxicology but
also issues such as declining biodiversity and global climate change, while integrat-
ing this information in a way in which we may better assess concomitant exposures
to environmental contaminants.

1.2 SOME PERSPECTIVES

Quantifying the impacts of contaminants on wildlife populations remains as dif-
ficult a task as it was almost 30 years ago, when the field began to emerge as a major
area of research (Kendall 1982, 1992; Kendall and Smith 2003). In fact, issues such
as global climate change, deforestation, and desertification, among other emerging
planet Earth environmental challenges, make the field of wildlife toxicology even
more complicated today. For example, how does one determine the tolerable number
or percentage of a wildlife species that may be killed outright, made more suscepti-
ble to disease or predation, or suffer reproductive impairment from exposure to toxic
chemicals? At the same time, along with contaminant exposure, other emerging envi-
ronmental factors that can cause increased stress or impaired reproduction in various
wildlife species have created challenging opportunities for scientific research. In
this chapter, I will discuss how the rapid expansion of environmental toxicology has
produced a growing number of wildlife toxicologists to find answers to these ques-
tions. These toxicologists are developing and using ecological and related acute and
chronic toxicological information to study wildlife potentially affected by environ-
mental contaminants.

1.3 WHAT IS WILDLIFE TOXICOLOGY?

Wildlife toxicology has been reviewed and defined as the study of the effects of envi-
ronmental contaminants on wildlife species as related to animals’ well-being, gen-
eral health, and reproduction (Kendall 1982). Wildlife toxicology has been expanded
on by Hoffman et al. (1990), who noted three principal strategies for understanding
xenobiotic effects on wildlife: chemical analysis, field ecology, and various con-
trolled field studies. To further expand on this observation, I propose that wildlife
toxicology requires an interdisciplinary approach of three major emphasis areas.
Initially, environmental chemistry and analytical toxicology are extremely critical
in identifying the toxic substances of concern and their concentrations both in the
environment and in vivo, respectively. Then, biochemical toxicology, encompass-
ing the physiological and biochemical disturbances of contaminants and their toxi-
cokinetics, provides information as to the “mechanism of action” and dynamics of
certain toxic substances that may gain entry into the bodies of wildlife. Finally, we
must consider ecotoxicology, or the field effects of chemicals on both the aquatic
and terrestrial environment as concerns impacts on wildlife and their populations.
Through ecotoxicological testing methods in wildlife toxicology, we may conduct
semi-controlled field studies, pen studies, and full-scale field studies, discussed later
in this chapter. Thus, we are integrating analytical chemistry, biochemical toxicol-
ogy, and toxicological testing methods with field ecotoxicological assessments. From
these data sets, we are able to construct information on the fate and effects of toxic
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chemicals, so that through our studies of wildlife toxicology we may be able to con-
duct ecological risk assessments (Bascietto et al. 1990).

As we consider wildlife toxicology and the well-being of wildlife species, we can
consider behavioral effects, such as whether there is a significant increase in the prob-
ability of being preyed upon, or an aberration in migratory behavior. Good general
health implies that the organism or population exists in a sustainable, homeostatic
condition with its environment and, therefore, can respond to various environmental
situations, such as global climate change. Because the reproductive process is often
very sensitive to chemical influences, these studies are a high priority in wildlife tox-
icology. Some researchers question what is so special about wildlife toxicology that
it should be identified as a particular branch of toxicology. All toxicologists have in
common a primary objective: to study the mechanism and processes by which toxic
substances produce adverse effects in biological systems. Such studies are based
largely on the use of certain laboratory animals, animal-derived tissue, or cell mod-
els regardless of whether they are conducted to assess hazards to humans or other
species. It is in risk assessment that a certain diversification among toxicologists
becomes noticeable. Those whose primary concern is assessing chemical hazards
to humans should be able to judge whether animal data are relevant to humans.
They must understand the toxic substance, the comparative physiology of the test
species to humans, and the potential for human exposure to the chemicals in ques-
tion. Likewise, wildlife toxicologists must understand the toxic substance, biological
systems, its response, and the potential for exposure (Kendall 1992); however, in
this case it is related to populations in the wild, where there is far less experimental
control and much more uncertainty.

Although there are no clear taxonomic guidelines for determining what wildlife
is, generally this pertains to vertebrate animals living in a natural, undomesticated
state. In the early years, wildlife toxicology research focused on wildlife with eco-
nomic benefits in terms of hunting and fishing, sources of food, enjoyment of nature,
subjects of photography, or for aesthetic appreciation. This emphasis derived from
the rationale that the most-studied species should be either beneficial or detrimental
to human society (Giles 1978). Although “value-added” species such as birds and
mammals are still quite important, this chapter includes issues related to amphibians
and reptiles. These taxa have been receiving more attention in terms of their suscep-
tibility to contaminant exposure.

Wildlife toxicology is truly interdisciplinary in nature, as already mentioned. It
draws on several sub-disciplines, among which are analytical toxicology, biochemi-
cal toxicology, and ecotoxicology, which concerns the effects of contaminants on
the ecology of wildlife species, including the effects on a species’ behavior and for-
aging strategies (Kendall 1992). The field of wildlife toxicology has benefited from
scientists whose diverse research interests helped assess exposure to and effects
on wildlife from environmental contaminants. Initially, biologists, chemists, vet-
erinarians, and pharmacologists who shared an interest in the effects of chemicals
on wildlife and humans were involved in the study of wildlife toxicology, but they
lacked a unified perspective. Academic programs specifically devoted to the inter-
disciplinary training of wildlife toxicology professionals were not available until
the early 1980s.



4 Wildlife Toxicology: Emerging Contaminant and Biodiversity Issues

1.4 WILDLIFE TOXICOLOGY — THE EARLY DAYS

The discovery that organochlorine pesticides could reduce eggshell thickness in rap-
torial species is perhaps the most well-known and extensively documented event
in wildlife toxicology. During the 1940s and 1950s, Derrick Ratcliff of the British
Nature Conservancy noted a decline in peregrine falcons (Falco peregrinus) across
Europe. Soon thereafter, correlations between eggshell thickness and reproductive
failure in these falcons, other raptors, and piscivorous (fish-eating) avian species
were discovered (Ratcliff 1967). These findings, and evidence of exposure among
humans, ultimately led to the ban on DDT (1,1,1-trichloro-2,2-bis (p-chlorophenyl)
ethane) in the United States in 1973.

In addition, a number of events raised society’s awareness and prompted the pub-
lic’s interest in environmental issues and, thus, wildlife toxicology. Rachel Carson’s
book Silent Spring (1962) fueled the debate on environmental contaminant effects on
humans and wildlife and brought these important issues to the widespread attention
of the American public. Many credit Silent Spring with spurring the ensuing envi-
ronmental movement. Carson’s cautionary words on the potential impacts of anthro-
pogenic substances in the environment have inspired many environmental scientists
to bring public awareness to this issue even to this day.

In 1979, the Society of Environmental Toxicology and Chemistry (SETAC) was
founded to fill the need for a professional organization dedicated to the research
on issues of environmental contamination. Among its early membership, SETAC
included many of the first wildlife toxicologists, and today it remains an important
organization for the dissemination of wildlife toxicology research (Kendall 2008).
SETAC remains the largest and most influential organization for environmental and
wildlife toxicology professionals and has become global in stature and reach.

The early days of wildlife toxicology saw extensive use of relatively simple
experimental methods, including the generation of LD, (lethal dose for 50% of a
test group) and LCs, (lethal air or water concentration for 50% of test subjects) val-
ues. Generally speaking, overt lethality was the most common endpoint assessed
by wildlife toxicologists. These methods were adapted from traditional toxicology.
A new era of intensive synthetic chemical usage in the mid-1900s unfortunately
resulted in many instances in which acute toxicity levels of contaminant levels
created “die offs” among wildlife. Environmental regulations evolved, slowly at
times, to address the booming industrial capacity, including those of the agricul-
tural chemical industries, to produce and disseminate toxic substances into the
environment.

Discoveries of wildlife mortality in the field led wildlife toxicologists to initiate
laboratory dosing experiments using wild, inbred, or domestic animal models to
establish benchmark data on acute and chronic toxicity of environmental contami-
nants, including pesticides, petroleum, and industrial waste products. For example,
Aulerich and Ringer used PCB-laden fish to evaluate lethality and reproductive
impairment of mink, which had begun to decline around the Great Lakes in the late
1960s and early 1970s (Aulerich and Ringer 1977). However, to generate statistically
meaningful datasets in light of inherent variability of wildlife species, many of the
early wildlife toxicity studies ironically resulted in the overkill of both laboratory
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animals and wildlife. Efforts to develop and validate sublethal indicators of exposure
and effect for sometimes-critical wildlife populations were intensified.

Many of the well-known environmental contaminants, such as DDT, PCBs, and
various metals, have been studied extensively for toxicity among wildlife. Although
there is still much to be learned about the effects of these chemicals alone, and
especially in mixtures, much progress has been made over the past approximately
30 years, the time frame of the most rapid development of the field of wildlife toxi-
cology. Today, sublethal chronic testing of single and multiple contaminants focus-
ing on alterations in wildlife physiological processes, reproductive success, and
fitness have become more common than lethality tests, which had provided the ear-
lier benchmark toxicity values. With the increased capabilities in genetic toxicology,
we are also able to better understand the influence of environmental contaminants on
wildlife genetics, which may ultimately manifest itself toxicologically with impair-
ment of reproduction, health, or well-being.

Although it is sometimes possible in wildlife toxicology to use the actual spe-
cies of interest in laboratory studies, generally data from one species must be
extrapolated to another using comparative physiology. When risk assessments are
conducted, wildlife toxicologists must consider hazards not only to one particular
species, but also to a variety of species and their ecosystem. This requires sufficient
understanding of the environmental chemistry of toxic chemicals (fate, activation,
and degradation) as well as knowledge of the life cycles of wildlife, which may influ-
ence exposure.

In this area of risk assessment, wildlife toxicologists have one major advantage
over human toxicologists: opportunities sometimes arise to conduct field studies to
echo the impact of the chemical on certain species or groups of species (Balk and
Koeman 1984). In most instances with humans, the effects of hazardous exposures
to chemicals can be evaluated only indirectly.

The design of field experiments in wildlife toxicology requires the combination
of disciplines previously mentioned: environmental chemistry and analytical toxi-
cology, biochemical toxicology, biostatistics, and wildlife biology and field ecotoxi-
cology. Consequently, wildlife toxicology should be seen as a rather broad area in
which scientists with different educational backgrounds and training can and should
collaborate.

1.5 WILDLIFE TOXICOLOGY — THE MOVEMENT FORWARD

1.5.1 Laws AND REGULATIONS

Although human health continues to generate a high level of concern among regula-
tors, understanding the effects of chemicals in wildlife has increased the develop-
ment of regulations governing the manufacture and use of chemical substances. In
1942, the U.S. Congress passed the Federal Insecticide, Fungicide and Rodenticide
Act (FIFRA) to deal with pesticide registration, efficacy, and use under jurisdic-
tion of the United States Department of Agriculture. FIFRA became the Federal
Environmental Pesticide Control Act in 1972, charging the U.S. EPA with determin-
ing whether pesticides represented “unreasonable risk” to people, the environment,
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and wildlife. Other Congressional acts, including the Toxic Substance Control Act of
1976 and the Comprehensive Environmental Response, Compensation and Liability
Act (Superfund) in 1980, have added strength to governmentally controlled chemi-
cals and their release into the environment with possible impact on wildlife popu-
lations. These acts directly or indirectly led to increased funding for research in
wildlife toxicology in the 1980s and early 1990s, fueled to a large degree by the need
to evaluate the risk of agrochemicals in wildlife (Kendall 1992). Often, large com-
plex field studies were combined with extensive laboratory testing on fish, birds, and
mammals to provide data for registering and labeling a chemical or pesticide. These
studies often included carcass searches in treated and untreated fields as well as
chemical analysis of soil, vegetation, excrement, foot washes, and biological tissues.
Bioassays ranging from cholinesterase measurements to induction of metabolizing
enzyme evaluations aided in assessing physiological responses to chemical exposure,
thus allowing spatial analysis of exposure and effects. Moreover, population-level
indices of contaminant effects, such as reproductive success and survival, help assess
contaminant effects beyond the individual level. However, in the 1990s, changes in
EPA policy reduced requirements for extensive field studies. In the 2000s, very few
field studies were required by the EPA, and thus few were conducted.

The U.S. federal government demonstrated early concern for wildlife interac-
tions with environmental contaminants. The U.S. Fish and Wildlife Service’s
(USFWS) environmental contaminant program began in the 1950s. It became inti-
mately involved with environmental quality issues similar to ones addressed by
the EPA, but its mission focused on the health and well-being of fish and wildlife.
Today, the USFWS has approximately 75 locations throughout the United States,
with contaminant specialists within the USFWS focusing on pollution prevention,
contaminant identification and risk assessment, cleanup, and technical support for
other USFWS biologists.

In 1992, the EPA released an Ecological Risk Assessment Framework in which
the evaluation of wildlife health, reproduction, and survival were established as cri-
teria for registering chemicals for commercial use and contaminants found at haz-
ardous waste sites (U.S. EPA 1992). This document provided the necessary outline
for examining environmental issues facing wildlife populations and incorporating
exposure and effects assessments into a quantitative process that accounts for associ-
ated uncertainties in regulatory decision making.

In 1998, this document was replaced with the EPA’s Guidelines for Ecological
Risk Assessment, which was designed to improve the quality and consistency of the
risk assessment process (U.S. EPA 1998). This framework allows for the assessment
of toxic chemical impacts and other stressors on ecological systems. In the formula-
tion phase, a conceptual model is usually developed that describes routes of expo-
sure, biota of concern, and anticipated effect endpoints. The actual risk of chemicals
to wildlife is then determined using exposure and effects data for the chemicals of
interest. Toxicity data for species of concern at either the individual or population
level may be incorporated in the risk-characterization phase (Kendall and Ackerman
1992). Exposure and effects data accumulated in the analysis phase are combined
and the risk potential is characterized.



Introduction and Overview 7

1.6 ECOLOGICAL RISK ASSESSMENT

The EPA has published a good example of an ecological risk assessment involving
the exposure of wildlife to the insecticide carbofuran (2,3-dihydro-2,2-dimethyl-7-
benzofuranol methylcarbamate) (Houseknecht 1993). This study documented wide-
spread and repeated mortality events, particularly when birds ingested carbofuran
granules in agricultural systems. According to legislation promulgated by FIFRA,
chemicals in the environment could not pose unreasonable adverse effects to birds
or other wildlife populations. In addition, the Migratory Bird Treaty Act protects
species internationally by prohibiting the killing of songbirds or waterfowl with a
pesticide. New tools have emerged in conducting ecological risk assessments using
probabilistic risk assessment with both fish and wildlife that will improve our abil-
ity to understand the implications of toxic chemical impacts on fish and wildlife
resources (Giddings et al. 2005; Solomon et al. 2001).

1.7 ENDOCRINE DISRUPTION — AN EMERGING ISSUE

The 1990s presented several issues with direct consequences to wildlife toxicology, but
endocrine-disrupting properties topped the list. With the passage of the Food Quality
Protection Act of 1996, the U.S. Congress charged the U.S. EPA to address scientific
questions regarding the potential for chemicals to cause endocrine disruption in both
humans and wildlife. With the hypothesis that these compounds impact reproduc-
tion of wildlife, Theo Colborn’s book Our Stolen Future stimulated an intense debate
(Colborn et al. 1996). Guillette et al. (1994) had previously reported alterations in alli-
gator (Alligator mississippiensis) sex hormones and gonadal development related to
environmental contaminants in Florida. The combination of legislation and other find-
ings generated intense scientific debate, workshops, and ultimately books addressing
the potential influence of contaminants on endocrine function (Kendall et al. 1998).
In response, the EPA established the Endocrine-Disruptor Screening and Testing
Advisory Committee (EDSTAC), on which I participated, to examine this issue and
make recommendations on testing and regulation of endocrine-disrupting chemicals.
Endocrine disruptors remain an issue of concern as new chemicals with these types
of properties are identified. Recently, perchlorate, a thyroid hormone inhibitor, gained
national attention because of its widespread distribution in groundwater and surface
water supplies. Perchlorate detected in numerous plant, fish, and wildlife species
(Smith et al. 2001) can effectively inhibit metamorphosis and shift sex ratios in amphib-
ians (Goleman et al. 2002). As endocrine-altering chemicals continue to emerge, the
demand for studies to examine their effects on wildlife will increase. In fact, even at
the time of the preparation of this book in 2010, industry is preparing to extensively
increase testing of the effects of endocrine-disrupting compounds on wildlife.

1.8 AMPHIBIANS — A NEW ERA IN WILDLIFE TOXICITY TESTING

Because of declining populations and discoveries of malformations in amphibians
and reptiles, they have received much attention from the general public and biologists
in the past decade (Campbell and Campbell 2002). Numerous studies have indicated
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dramatic reductions in amphibian populations worldwide, with explanations such as
climate change, parasitic, bacterial, fungal, and viral infections, and increased pre-
dation. In 1998, the U.S. federal government established the Interagency Task Force
on Amphibian Declines and Deformities to examine the changes seen in amphibian
populations (USFWS 1999). Although amphibians have become a major focus, rep-
tiles remain relatively underrepresented in the wildlife toxicology literature (Sparling
et al. 2000). As new analytical tools and methods improve our abilities to evaluate
subtle changes in environmental quality and wildlife health, additional challenges
are sure to emerge.

1.9 ATRAZINE — THE GREAT DEBATE

The herbicide atrazine (6-chloro-N-ethyl-N"-isopropyl-1,3,5-triazine-2,4-diamine) is
widely used in agriculture in the production of corn and other crops. After applica-
tion, atrazine is sometimes found in surface waters, which can be inhabited by aquatic
organisms, particularly amphibians. Some studies reported adverse effects of atrazine
on sexual development in frogs (Hayes et al. 2002; Hayes et al. 2003). The suggestion
that atrazine induced hermaphroditism at 0.1 ppb in American leopard frogs (Rana
pipiens) created intense debate in the scientific community as well as at the U.S. EPA
(Solomon et al. 2008). To assess whether atrazine causes adverse effects in frogs
through mechanisms mediated by endocrine and other pathways, several hypotheses
were tested in laboratory and field studies using guidelines for the identification of
causative agents of disease. Extensive research of more than a decade involving labora-
tory and field studies with a variety of species of frogs on several continents revealed
that, based on the weight of the evidence and analysis of all the data, the central theory
that environmentally relevant concentrations of atrazine affect reproduction and/or
reproductive development in amphibians is not supported by the vast majority of obser-
vations (Solomon et al. 2008). The same conclusions also hold for the supporting theo-
ries, such as induction of aromatase, the enzyme that converts testosterone to estradiol.
For other responses, such as immune function, stress endocrinology, and parasitism of
population level effects, there is no indication of effects, or there is such a paucity of
good data that definitive conclusions cannot be made (Solomon et al. 2008).

1.10 WILDLIFE TOXICITY — SOME EXAMPLES
AND STRATEGIES FOR ASSESSMENT

Laboratory tests generally required for the development of data for risk assessment
in wildlife are limited, providing only basic toxicological and biochemical charac-
teristics of the test product in free-ranging wildlife. If preliminary laboratory testing,
when available, indicates that a substance may harm wildlife, then field-testing may
be required for an ecological risk assessment. Prior to the initiation of such testing,
a chemical such as a pesticide is evaluated to characterize potential impacts, such as
mortality, behavioral effects, and biochemical or physiological disturbances.

Initial testing generates acute toxicity data through LDy, and/or LCs, determina-
tions in addition to laboratory reproductive toxicity data. Also, representative species
resident in a geographic area of planned field tests can be exposed to the compound
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under laboratory conditions to obtain lethality and toxicity data. These studies maxi-
mize the use of the test animals not simply by quantifying mortality but also by
evaluating behavioral and biochemical impacts of the chemical or toxic substance.
In the case of organophosphate pesticides, for example, which have been relatively
well studied in relation to wildlife toxicology, cholinesterase activities are measured
in both blood and brain tissues.

The use of plasma-cholinesterase activities in live-trapped wild animals has sev-
eral benefits compared to conventional brain-cholinesterase analysis. First, it allows
multiple captures and samplings from radio-tagged or otherwise marked animals,
so that biochemical toxicity in individuals can be evaluated over time (Kendall and
Lacher 1994). Depression of plasma cholinesterase, occurring with exposures well
below lethal levels, best provides a very sensitive non-lethal means of establishing
low-level OP exposure in wildlife, particularly birds that have been well studied.

Sublethal effects of pesticides on behavior of wildlife also have been examined.
For instance, northern bobwhite (Colinus virginianus) have been assessed for preda-
tor-evasion responses subsequent to being exposed to the organophosphate pesticide
methyl parathion (phosphorothioic acid, O,0-dimethyl O-(4-nitrophenyl) ester). The
organophosphate-treated birds were less capable of escaping predators than were
controls in simulated environments (Galindo et al. 1985). The activity and mortal-
ity of radio-tagged northern bobwhite exposed to non-lethal doses of methyl para-
thion and released back into their natural habitat have been evaluated (Buerger et
al. 1991). Multiyear tests have shown that methyl-parathion-exposed bobwhites are
more susceptible to predation, primarily from raptors. The evidence also suggests
that exposure to organophosphates may influence the integrity of northern bobwhite
coveys. Individuals suffering from acute toxicity may have difficulty maintaining
covey affiliation, a behavior important for winter survival and predator detection in
this species. These several examples provide insight as to how disturbed behavior
can ultimately manifest itself in the impairment or death of exposed wildlife.

In terms of reproductive toxicity, which is often difficult to measure with environ-
mental contaminants, studies with European starlings (Sturnus vulgaris) have used
enhanced local populations attracted into test fields with artificial nest boxes. These
tests have led to greater insight into the reproductive success of a passerine species
exposed, for instance, to organophosphate pesticides (Kendall et al. 1989).

The starling is an excellent species for use in environmental monitoring. It is
geographically widespread and utilizes many habitat types. As an introduced spe-
cies in North America, it has acquired the status of a pest species, thus increasing its
acceptability as a wild test organism. Nest boxes placed in study fields are readily
utilized, providing a large synchronistic breeding population of passerines on the
treatment site. The starlings’ diet during the breeding season consists of primarily
terrestrial invertebrates that live in direct contact with pesticides present in the soil.
An additional important benefit is the starlings’ tolerance of handling and monitor-
ing methods used to quantify breeding success. This provides an example of the
necessary strategy for identifying the wildlife to sample and assess for contaminant
impacts.

The enhanced avian population model entails the establishment of starling nest
boxes on study sites. One or more of the sites are treated with a chemical of interest,
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such as a pesticide. In field tests with the organophosphate methyl parathion, con-
trolled birds had 48% successful nesting (fledging at least one bird from the nest)
while those in a field treated with 1 kilogram of methyl parathion per hectare had
only a 19% success rate (Robinson et al. 1988).

Nest boxes placed in agroecosystems not recently treated with pesticides have
provided healthy nestlings that have been evaluated in the nest for their responses to
increasing levels of the organophosphate pesticide diazinon (phosphorothioic acid
0,0 diethyl-O-[6-methyl-2-(1-methylethyl-4-pyrimidinyl] ester). The compound
was administered orally in a corn oil vehicle to evaluate the differential sensitiv-
ity between nesting starlings of different ages. Newly hatched young were nearly
20 times more sensitive to an acute dose of diazinon when compared with fledglings
(Hooper et al. 1990).

As previously mentioned, in the 1980s wildlife toxicology saw a significant
increase in the number of field studies conducted to rebut the assumption of risk,
particularly of pesticides to wildlife through the EPA Pesticide Registration Process.
Field studies conducted in the early to mid-1980s on the effects of pesticides in birds
generally included environmental chemistry data and response of birds (including
mortality) to applied pesticides (Brewer et al. 1988). The EPA subsequently evolved
a set of criteria upon which pesticide field studies could be conducted at either Level
1 or Level 2 (Fite et al. 1988).

A Level 1 field study generally involved mortality as a key endpoint for a vari-
ety of sites treated with pesticides and assessed for the response of birds and other
wildlife possibly exposed to a chemical. Some residue analyses as well as behavioral
observations were employed. These Level 1 field studies were generally known as
“screening trials” and were a more qualitative assessment of the potential hazard
of the pesticide or other toxic chemical to birds and other wildlife that may utilize
habitats receiving such agents, for instance. Data acquired from Level 1 field trials
then made it possible for an assessment for higher levels of field study, or a Level 2
study. A Level 2 field study sought to quantify the response of wildlife populations
to chemicals such as agricultural pesticides. This quantification can take the form of
extensive chemical analyses, radio telemetric monitoring techniques, and starling
nest-box studies. Conducting a field experiment generally includes a number of sites
for sufficient replication and a variety of observations that allow quantification of the
response of wildlife to chemicals in terms of their reproduction, health, and well-
being (Kendall and Lacher 1994). A Level 2 field study conducted in Iowa to assess
the response of wildlife to the corn rootworm insecticide Counter 15-G (terbufos;
phosphorodithioic acid S-[(1,1-dimethylethyl) thio] O,0 diethyl) was submitted to
the EPA to meet requirements of FIFRA guidelines (Kendall and Ackerman 1992;
Kendall 1992). This is one of only a few known studies that have ever been sub-
mitted to the EPA to address Level 2 requirements. Data generated from Level 1
and particularly Level 2 studies provided useful information for the development
of ecological models related to the effects of pesticides in avian and other wildlife
species. Although very few pesticide-related field studies are conducted currently in
the field of wildlife toxicology, their need is still extremely important when trying to
fully understand the response of wildlife in their natural habitats to toxic chemical
exposures.
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1.11 THE FUTURE OF WILDLIFE TOXICOLOGY

Wildlife toxicology has much more sophisticated tools now than 30 years ago, when
the field really began to emerge as a dynamic area of toxicology research. New ana-
lytical equipment and more economical technologies, such as enzyme-linked immu-
nosorbent assays, passive sampling devices, and accelerated solvent extractors, have
improved detection capabilities and removed many of the restrictions on measuring
contaminants in various environmental matrices. For example, until the 1990s, no
reliable method was available to detect perchlorate in water at the parts-per-billion
concentrations now commonly detected in environmental samples. Scientists at the
California EPA developed a new method in the 1990s sensitive enough to reveal
widespread contamination of ground and surface waters in that state and elsewhere.
The analytical method was evaluated and refined for detection of perchlorate in soil,
sediment, and plants (Ellington and Evans 2000). A method for tissue was developed
at a later time (Anderson 2002).

Tools for assessing physiological changes in wildlife related to environmental
contaminants have also become increasingly more sophisticated. Polymerase chain
reaction, DNA fingerprinting, cDNA microarrays, and other molecular techniques
now provide more detailed information on the impacts of chemicals beyond indi-
vidual and cellular levels. Thus, studies of contaminant effects of wildlife today may
include measurement endpoints on all levels, from molecular, cellular, organ system,
individual, and population to entire ecosystems.

Clearly the health of the environment influences the viability of people and wild-
life. Current risk assessments for chemicals in the environment that establish pro-
tective limits for humans often rely on wildlife exposure data. Therefore, wildlife
toxicologists have an opportunity to participate in regulatory processes aimed at
protecting environmental and human health.

The field of wildlife toxicology continues to evolve while maintaining its original
interdisciplinary nature by enlisting diverse specialists to help understand complexi-
ties of contaminant movement, fate, bioavailability, and physiological, population,
and ecosystem effects. In the future, wildlife toxicologists could contribute signifi-
cantly to assessing the global threats of chemical contamination, and they also have
the expertise in environmental assessments to understand and perhaps counter poten-
tial terrorist attacks that use chemical and biological agents. Attacks with biological
and chemical weapons intended for humans or livestock could have simultaneously
devastating effects on wildlife resources and diversity (Dudley and Woodford 2002;
Kendall et al. 2008).

REFERENCES

Anderson, T.A. and T.H. Wu. 2002. Extraction, clean-up, and analysis of the perchlorate
anion in tissue samples. Bulletin of Environmental Contamination and Toxicology
68:684-691.

Aulerich, R.J. and R.K. Ringer. 1977. Current status of PCB toxicity to mink, and effect on their
reproduction. Archives of Environmental Contamination and Toxicology 6:279-292.

Balk, F. and J.H. Koeman. 1984. Future hazards from pesticide use. Environmentalist
4:1-100.



12 Wildlife Toxicology: Emerging Contaminant and Biodiversity Issues

Bascietto, J., D. Hinckley, J. Plafkin, and M. Slimak. 1990. Ecotoxicity and ecological risk
assessment. Environmental Science & Technology 24:10-15.

Brewer, L.W., C.J. Driver, R.J. Kendall, J.C. Galindo and G.W. Dickson. 1998. Avian
response to a turf application of Triumph4E. Environmental Toxicology and Chemistry
7(5):391-401.

Buerger, T.T., R.J. Kendall, B. Mueller, T. DeVos, and B.A. Williams. 1991. Effects of methyl
parathion on northern bobwhite survivability. Environmental Toxicology and Chemistry
10(4):527-532.

Campbell, K.R. and T.S. Campbell. 2002. A logical starting point for developing priorities for
lizard and snake ecotoxicology: a review of available date. Environmental Toxicology
and Chemistry 21:894-898.

Carson, R. 1962. Silent Spring, Houghton Mifflin, Boston.

Colborn, T., D. Dumanoski, and J.P. Myers. 1996. Our Stolen Future, Plume: New York.

Dudley, J.P. and M.H. Woodford. 2002. Bioweapons, biodiversity, and ecocide: potential
effects of biological weapons on biological diversity. Bioscience 52:583-592.

Ellington, J.J. and J.J. Evans. 2000. Determination of perchlorate at parts-per-billion levels in
plants by ion chromatography. Journal of Chromatography A 898:193-199.

Fite, E.C., L.W. Turner, N.J. Cook, and C. Stunkard. 1988. Guidance Document for Conducting
Terrestrial Field Studies. U.S. EPA, Washington, DC.

Galindo, J., R.J. Kendall, C.J. Driver, and T.E. Lacher, Jr. 1985. The effect of methyl parathion
on the susceptibility of bobwhite quail (Colinus virginianus) to domestic cat predation.
Behavioral and Neural Biology 43:21-36.

Giddings, J.M., T.A. Anderson, L.W. Hall, Jr., A.J. Hosmer, R.J. Kendall, R.P. Richards, R.R.
Solomon, and M.W. Williams. 2005. Atrazine in North American Surface Waters: A
Probabilistic Aquatic Ecological Risk Assessment. Society of Environmental Toxicology
and Chemistry (SETAC) Press, 432 pp.

Giles, Jr., R.H. 1978. Wildlife Management, W.H. Freeman, San Francisco.

Goleman, W.L., L.J. Urquidi, T.A. Anderson, R.J. Kendall, R.J., E.E. Smith, and J.A. Carr.
2002. Environmentally relevant concentrations of ammonium perchlorate inhibit devel-
opment and metamorphosis in Xenopus laevis. Environmental Toxicology and Chemistry
21:424-430.

Guillette, L.J., Jr., T.S. Gross, G.R. Masson, J.M. Matter, H.F. Percival, and A.R. Woodward.
1994. Environmental Health Perspective 102:680—-688.

Hayes, T.B., A. Collins, M. Mendoza, N. Noriega, A.A. Stuart, and A. Vonk. 2002.
Hermaphroditic, demasculinized frogs exposed to the herbicide atrazine at low eco-
logically relevant doses. Proceedings of the National Academy of Sciences USA
99:5476-5480.

Hayes, T.B., K. Haston, M. Tsui, A. Hoang, C. Haeffele, and A. Vonk. 2003. Atrazine-induced
hermaphroditism at 0.1 ppb in American leopard frogs (Rana pipiens): laboratory and
field evidence. Environmental Health Perspective 111:568-575.

Hoffman, D.J., B.A. Rattner, and R.J. Hall. 1990. Wildlife Toxicology. Environmental Science
and Technology 24:276-283.

Hooper, M.J., L.W. Brewer, G.P. Cobb, and R.J. Kendall. 1990. An integrated laboratory and
field approach for assessing hazards of pesticide exposure to wildlife. In: L. Somerville
and C.H. Walker, Eds. Pesticide Effects on Terrestrial Wildlife; Taylor and Francis, New
York.

Houseknecht, C.R. 1993. A Review of Ecological Assessment Case Studies from a Risk
Perspective. EPA/630/R-92-005 Vol. 3. U.S. Environmental Protection Agency; U.S.
Government Printing Office, Washington, DC.

Kendall, R.J. and J. Akerman. 1992. Terrestrial wildlife exposed to agrochemicals: an
ecological risk assessment perspective. Environmental Toxicology and Chemistry
11(12):1727-1749.



Introduction and Overview 13

Kendall, R.J., L.W. Brewer, T.E. Lacher, B.T. Marden, and M.L. Whitten. 1989. The Use of
Starling Nest Boxes for Field Reproductive Studies; Provisional Guidance Document
and Technical Support Document: U.S. EPA, Washington, DC, EPA/600/8-89/056,
[NTIS publication number: PB89 195 028/AS].

Kendall, R.J., R.L. Dickerson, J.P. Giesy, and W.A. Suk. 1998. Principles and Processes for
Evaluating Endocrine Disruption in Wildlife; Society of Environmental Toxicology and
Chemistry (SETAC) Press, Pensacola, FL, 491pp.

Kendall, R.J. and P.N. Smith. 2003. Wildlife Toxicology Revisited, Environmental Science &
Technology 37(9):178A-183A.

Kendall, RJ. 1992. Farming with agrochemicals: the response of wildlife. Environmental
Science & Technology 26(2):238-245.

Kendall, R.J. 2008. Wildlife Toxicology: Integration of Ecological and Toxicological Research
Strategies. Society of Environmental Toxicology and Chemistry 29th Annual Meeting,
Tampa, FL., November 16-20, 2008.

Kendall, R.J. and T.E. Lacher, Jr. 1994. Wildlife Toxicology and Population Modeling:
Integrated Studies of Agroecosystems; Lewis Publishers/CRC Press, 576pp.

Kendall R.J., S.M. Presley, G.P. Austin, and P.N. Smith, editors. 2008. Advances in Biological
and Chemical Terrorism Countermeasures; Taylor & Francis/CRC Press, 280pp.
Ratcliffe, D.A. 1967. Decrease in eggshell weight in certain birds of prey. Nature

215:201-210.

Robinson, S.C., R.J. Kendall, C.J. Driver, T.E. Lacher, Jr., and R. Robinson. 1988. Effects of
agricultural spraying of methyl parathion on cholinesterase activity and reproductive
success in wild starlings (Sturnus vulgaris). Environmental Toxicology and Chemistry
7(5):343-349.

Smith, P.N., C.W. Theodorakis, T.A. Anderson, and R.J. Kendall. 2001. Preliminary assess-
ment of perchlorate in ecological receptors at the Longhorn Army Ammunition Plant
(LHAAP), Karnack, Texas. Ecotoxicology 10:305-313.

Solomon, K.R., J.P. Giesy, R.J. Kendall, L.B. Best, J.R. Coats, K.R. Dixon, M.J. Hooper, E.E.
Kenaga, and S.T. McMurry. 2001. Chlorpyrifos: ecotoxicological risk assessment for
birds and mammals in corn agroecosystems. Human and Ecological Risk Assessment
7(3):497-632.

Solomon, K.R., J.A. Carr, L.H. Du Preez, J.P. Geisy, R.J. Kendall, E.E. Smith, and G.J. Van
Der Kraak. 2008. Effects of atrazine on fish, amphibians, and aquatic reptiles: a critical
review. Critical Reviews in Toxicology 38:721-772.

Sparling, D., G. Linder, and C. Bishop, Eds. 2000. Ecotoxicology of amphibians and reptiles.
Society of Environmental Toxicology and Chemistry, Pensacola, FL.

United States Environmental Protection Agency. 1992. Framework for Ecological Risk
Assessment, U.S. EPA/630/R-92/001; U.S. Government Printing Office, Washington,
DC.

United States Environmental Protection Agency. 1998. Guidelines for Ecological Risk
Assessment, EPA/630/R-95/002F, Risk Assessment Forum, Washington, DC.

United States Fish and Wildlife Service. 1999. Department of Environmental Quality, Amphibian
Declines and Deformities, http://contaminants.fws.gov/Issues/Amphibians.cfm.






2 Environmental Toxicology
of Munitions-Related

Compounds

Nitroaromatics and
Nitramines

Todd A. Anderson

CONTENTS
2.1 INETOAUCTION .uutieniiieiiieiie ettt ettt ettt et e st ebeesaresbeesaneeane 15
2.2 Environmental Fate.........cccoviiiiiiiiiiiiieieeteeeeete et 18
2.3 Effects of Explosives on Invertebrates..........ccooueevveeriierieenienieiniienieeeeseeenne 20
231 CL20 ittt 20
2.3.2 0 HMX oottt 21
2.3.3 RDX Metabolites .....eevuveeiieriiieiieniieeniiesieeiee st eite st sireseveesiae e 24
2.3.4  TNT MEetabOlites .....eevoveeruieriiieiienieeniieeieeite st eite st e e ereesiae e enaees 24
2.4 Effects of Explosives on Reptiles and Amphibians.........ccccoecveevieviernieennenne 30
2.5 Effects of Explosives