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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.
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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.
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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).
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2.1 INTRODUCTION

Interactions between environmental contaminants and ecological receptors are
important for assessing risk, developing management objectives that protect the
environment, and maintaining the health status of organisms. Despite numerous
strategies to contain or minimize the release of fugitive chemical residues into the
environment, organisms continue to be exposed to these potentially hazardous sub-
stances. As such, there continues to be a need for environmental and wildlife toxi-
cologists to determine the effects of these chemical residues in water and soil. As
basic toxicological information on a chemical is developed, scientists often shift
their attention toward (1) more subtle endpoints beyond death, and/or (2) potential
effects of the primary degradation products of the parent chemical. Such has largely
been the case with munitions-related compounds (Talmage et al. 1999).
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FIGURE 2.1 Structures of some nitroaromatic and nitramine explosives. TNT = 2.4,6-
trinitrotoluene; RDX = hexahydro-1,3,5-trinitro-1,3,5-triazine; HMX = octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine; CL-20 = hexanitrohexaazaisowurtzitane.

Explosives and munitions are a class of energetic materials used by both the mili-
tary and commercial sectors. Explosives as a group include mixtures and chemically
pure compounds. Nitroaromatics, such as 2.4,6-trinitrotoluene (TNT), are some of
the most common explosives of the last half century. In addition, the chemically
related nitramine explosives, such as the well-known (and well-characterized) hexa-
hydro-1,3,5-trinitro-1,3,5-triazine (RDX), octahydro-1,3,5,7-tetranitro-1,3,5,7-tetra-
zocine (HMX), and the recently developed hexanitrohexaazaisowurtzitane (CL-20),
are also common (Figure 2.1).

The U.S. military is required to maintain a delicate balance between mission
readiness through training and environmental protection (Boice 2006). The pro-
duction, testing, use, and disposal of explosives indicate that they will directly
or indirectly enter the environment. In addition, it is likely that their combustion
and other degradation products will also be found in various environmental com-
partments. In fact, the Department of Defense (DoD) has an estimated 12,000
sites (Zhang et al. 2006) that require some form of remediation as a result of the
presence of explosives. Coupled with this is the fact that the federal government
owns more than 264 million hectares of land within the United States; it is the
largest landowner and is thus responsible for land management (Stein et al. 2008).
Because of their remoteness and limited access, DoD facilities (live-firing ranges,
etc.) often harbor an abundance of indigenous wildlife; in some instances these
organisms include threatened or endangered species (Figure 2.2). DoD lands con-
tain a disproportionately greater number of species listed as threatened or endan-
gered (by the Endangered Species Act [ESA] or other regulations)—more species
than in lands managed by any other federal agency (Stein et al. 2008). This trend
has held for more than 10 years (the last comprehensive analysis) and has pro-
vided the impetus for the DoD to continue to manage its facilities in ways that
help sustain biodiversity and minimize habitat loss (Efroymson et al. 2009). The
DoD, through the Strategic Environmental Research and Development Program
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FIGURE 2.2 Density of endangered and imperiled species on federal land. Inset indicates
the distribution of endangered and imperiled species within the Department of Defense.
NPS = National Park Service, FWS = U.S. Fish & Wildlife Service, FS = Forest Service,
BLM = Bureau of Land Management, DoD = Department of Defense. (Adapted from Stein
et al. 2008 BioScience. 58:339-347.)

(SERDP), has taken an active role in supporting internal and external research to
determine the potential effects of munitions-related compounds on a variety of
important organisms.

Explosives can be placed in such categories as “first generation” and “‘second
generation” based on the oxygen/nitrogen balance of the material. First-generation
explosives have a low oxygen balance while more modern (second-generation) explo-
sives have higher or even positive oxygen balances. Most of the well-known (first-
generation) explosives (such as nitroaromatic TNT) have been studied in detail; the
environmental fate and the toxicity of these materials have been reviewed, previously
by Talmage et al. (1999) and recently by Sunahara et al. (2009). However, in com-
parison, relatively little toxicological data exist for the degradation products of these
well-known nitroaromatic and nitramine explosives or some of the more recently
developed (second-generation) explosives. This chapter summarizes the environ-
mental effects of selected nitroaromatic and nitramine compounds on various broad
taxonomic groups (aquatic and terrestrial invertebrates, reptiles and amphibians,
fish, and small mammals and birds). The compounds of interest will include the deg-
radation metabolites of TNT (first used in artillery shells in 1902) and RDX (widely
used during World War II), as well as HMX (first synthesized in 1930) and CL-20
(originally synthesized circa 1987).
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2.2 ENVIRONMENTAL FATE

An assessment of the risks associated with soil or water contamination of nitroaro-
matic and nitramine explosives would be less meaningful without information on
the fate and transport of these compounds. Their transport, transformation, and
uptake potential will depend on their individual physicochemical properties as well
as the environment in which they reside. In general, the environmental fates of many
nitroaromatics and nitramines, including TNT, RDX, and HMX, have been well
studied. However, much less information is available on CL-20. An excellent sum-
mary on the availability and uptake of nitroaromatic and nitramine energetic com-
pounds has recently been conducted (Johnson et al. 2009).

Nitroaromatic and nitramine compounds as a group have a wide range of
physicochemical properties and corresponding environmental fates. Reported
water solubilities in the literature vary somewhat with source, but in general
range from the slightly soluble CL-20 (4.8 mg/L) to the readily soluble 2,4-DNT
(270 mg/L). HMX and RDX are expected to be relatively mobile in the environ-
ment based on the available soil-sorption (K,-) data. TNT and CL-20 are con-
siderably less mobile in soil based on the low water solubility and the measured
Ko > 1000 mL/g, respectively. Volatilization from water and/or soil does not
appear to be an important environmental fate process for most nitroaromatic
and nitramine compounds. In addition, the data available in the literature sug-
gest that bioconcentration in aquatic and terrestrial organisms should not occur,
based on the relatively low octanol-water partition coefficients (Kgy) for this
group of compounds.

The uptake of nitroaromatic and nitramine explosives into terrestrial plants
appears to be a significant fate process. There are several studies in the literature
that have documented the reproductive effects in deer mice (Schneider et al. 1996).
More recently, studies have also been conducted on RDX (Harvey et al. 1991), HMX
(Groom et al. 2002), and even CL-20 (Rocheleau et al. 2008). Data indicate that RDX
and HMX are translocated to aboveground plant parts, while CL-20 is primarily
sequestered in the roots (Rocheleau et al. 2008). Bioaccumulation factors for these
compounds generally range from 10 to 15.

Photolytic degradation plays a significant role in the environmental fates of
nitroaromatic and nitramine explosives (Hawari et al. 2004), especially in the aquatic
environment; photolytic half-lives of a few days have been observed. Nitroaromatic
and nitramine explosives on the soil surface are also susceptible to photodegrada-
tion. Available data for TNT indicate that the rates are slightly slower than those in
water, but the degradation products (trinitrobenzaldehyde and trinitrobenzene, for
example) are consistent with those produced in water.

The biological degradation of nitroaromatic and nitramine explosives in soils/
sediments, water, and in some cases plants, has been well characterized (Boopathy
2001; McCormick et al. 1981; McCormick et al. 1976; Karakaya et al. 2009). Overall,
there is little biological degradation of these compounds under aerobic conditions.
In contrast, a number of studies have indicated that under reduced (anaerobic) condi-
tions, TNT, RDX, and HMX are readily transformed by microorganisms. Further,
the transformation products of TNT (Figure 2.3) and RDX (Figure 2.4) reduction
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FIGURE 2.3 TNT and some of its biotic and abiotic metabolites. TNT = 2,4,6-trinitro-
toluene; 2,4-DNT = 2,4-dinitrotoluene; 2A-DNT = 2-amino-4,6-dinitrotoluene; 4A-DNT =
4-amino-2,6-dinitrotoluene; 2,6 A-NT =2,6-diamino-4-nitrotoluene; 2,4A-NT =2 ,4-diamino-
6-nitrotoluene. The arrows do not necessarily imply a one-step reaction.

have been characterized; overall, less is known about the degradation products of
HMX (Radtke 2005).

Under anaerobic conditions, TNT is transformed (Figure 2.3) initially to 2-amino-
dinitrotoluene derivatives: 2-amino-4,6-dinitroltoluene (2A-DNT) and 4-amino-2,6-
dinitrotoluene (4A-DNT). These primary degradates can be further metabolized to the
corresponding 2,6-diamino-4-nitrotoluene and 2,4-diamino-6-nitrotoluene. There
is some controversy as to whether 2,4-dinitrotoluene (2,4-DNT) is a metabolite of
TNT or simply an impurity of TNT. There are authors who claim that 2,4-DNT and

NO, NO NO NO
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FIGURE 2.4 RDX and its anaerobic degradation products. RDX = hexahydro-1,3,5-tri-
nitro-1,3,5-triazine; MNX = hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine; DNX = hexa-
hydro-1,3-dinitroso-5-nitro-1,3,5-triazine; TNX = hexahydro-1,3,5-trinitroso-1,3,5-triazine.
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FIGURE 2.5 HMX and some of its known anaerobic degradation products. HMX =
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine; MN-HMX = mononitroso; DN-HMX = dini-
troso; TN-HMX = trinitroso.

2,6-DNT are simply impurities of TNT (for example Hughes et al. 1999). However,
there are also reports that TNT can be metabolized to both 2,6-DNT (Nefso et al.
2005) and 2,4-DNT (Esteve-Nunez et al. 2001 and references therein).

The nitramine explosive RDX also undergoes reductive transformation in water
and soil (Figure 2.4). The degradation metabolites of RDX are a series of N-nitroso
compounds: hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX); hexahydro-1,3-
dinitroso-5-nitro-1,3,5-triazine (DNX); and hexahydro-1,3,5-trinitroso-1,3,5-triaz-
ine (TNX). There is also some evidence that these metabolites are formed in the gut
of deer mice (Pan et al. 2007).

HMX can be transformed by the white-rot fungus Phanerochaete chrysosporium
(Fournier et al. 2004), as well as anaerobically in sludge (Hawari et al. 2001). The
transformation rate of HMX under these conditions has been described as slower than
RDX and TNT transformation (Radtke 2005). Some degradation metabolites have
been identified; these include nitroso compounds (Figure 2.5) similar to anaerobic
RDX degradation: mononitroso-HMX (MN-HMX), dinotroso-HMX (DN-HMX),
and trinitroso-HMX (TN-HMX).

2.3 EFFECTS OF EXPLOSIVES ON INVERTEBRATES

Invertebrate organisms in soil and water represent a diverse group of animals. They
play critical roles in the ecological function of terrestrial and aquatic environments,
including the conversion of detritus and the cycling of nutrients. In addition, inver-
tebrates often serve as food sources for vertebrate organisms; thus they represent a
pathway through which environmental contaminants can move from soil or water
to higher animals. Assessments of contaminated sites rely on measurements of resi-
dues in invertebrates to determine exposure potential to higher organisms. Further,
information about the acute and chronic effects of contaminants of concern on inver-
tebrates helps maintain the ecological integrity of soil and aquatic environments.
Additional information on the potential effects of explosives on soil organisms
(including invertebrates) has recently been compiled (Kuperman et al. 2009).

2.3.1 CL-20

To date, few studies have been conducted to evaluate the effects of CL-20 on
aquatic invertebrates (Table 2.1). We were able to locate data on a single-celled alga
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TABLE 2.1
Laboratory Studies on the Toxic Effects of Hexanitrohexaazaisowurtzitane
(CL-20) on Various Aquatic Organisms

Test Species Test Test System Results Reference
Green algae (Haley et al. 2007)
Selenastrum 96 h U.S. EPA Method  1C,, =116 mg/L

capricornutum 10d U.S. EPA Method  IC,, =86 mg/L
Daphnia (Haley et al. 2007)
Ceriodaphnia dubia 7 d reproduction ~ U.S. EPA Method ~ ECs,=1.9 mg/L
Fathead minnow (Haley et al. 2007)
Pimephales 7 d growth U.S. EPA Method  ECy,=2.7 mg/L

promelas 7 d survival U.S. EPA Method  LCy,=2.0 mg/L

(Selenastrum capricornutum) and a daphnid (Ceriodaphnia dubia). The 96-hour
and 10-day ICs, values for CL-20 to S. capricornutum were 116 mg/L and 86 mg/L,
respectively. CL-20 had an IC5, = 1.9 mg/L in a 7-day C. dubia reproduction study.

We were able to locate several additional studies concerning CL-20 toxicity
on terrestrial invertebrates (Table 2.2), including data for two earthworm species
(Eisenia andrei and Eisenia fetida) and two potworm species (Enchytraeus cryp-
ticus and Enchytraeus albidus). In E. andrei, CL-20 affected survival, growth,
and reproduction; toxicity was influenced by soil type, particularly organic matter
content. Growth and reproductive endpoints were at least as sensitive and order of
magnitude more sensitive than survival. Reproductive effects (cocoon production,
cocoon hatching, juvenile survival) were observed at CL-20 concentrations far below
1 mg/kg in sandy loam soil. Similar results were observed for both potworm species.
Namely, CL-20 affected reproduction at soil concentrations < 1 mg/kg. In contrast,
however, CL-20 was lethal to both species (LCs, < 1 mg/kg), particularly in soil low
in organic carbon.

2.3.2 HMX

The acute (24- and 48-hour) toxicity of HMX to aquatic invertebrates has been stud-
ied in Daphnia magna and the midge Chironomus tentans. At 24 and 48 hours, no
mortality was observed for either species at the highest HMX concentration tested
(32 mg/L). Additional studies on aquatic organisms are summarized in Table 2.3.

HMX has been tested on the same terrestrial invertebrates as was CL-20: two earth-
worm species (Eisenia andrei and E. fetida) and two potworm species (Enchytraeus
crypticus and E. albidus). Studies of HMX effects on earthworms have emphasized
reproductive endpoints. In artificial soil, HMX reduced fecundity of Eisenia andrei
(LOEC = 280 mg/kg) but did not cause mortality. In sandy forest soil, E. andrei
fecundity was reduced at HMX concentrations > 15 mg/kg. In a sandy loam soil,
freshly spiked HMX negatively impacted reproduction of E. fetida (EC,, for cocoon
production = 2.7 mg/kg; EC,, for juvenile production = 0.4 mg/kg), but did not affect
either reproduction endpoint in HMX-weathered (aged) soil.



TABLE 2.2

Laboratory Studies on the Toxic Effects of Hexanitrohexaazaisowurtzitane (CL-20) on Various Terrestrial Organisms

Test Species

Earthworm
Eisenia andrei

Earthworm
Eisenia fetida

Potworm

Enchytraeus crypticus

Enchytraeus albidus

Japanese quail

Coturnix coturnix

Test

28 d survival
28 d growth

56 d reproduction

14 d contact

14 d survival
28 d reproduction
14 d survival
28 d reproduction
21 d survival
42 d reproduction
21 d survival
42 d reproduction

14 d subacute
42 d subchronic

Test System

Sandy loam soil
Forest soil
Sandy loam soil
Forest soil
Sandy loam soil
Sandy loam soil
Sandy loam soil
Forest soil
Forest soil
Forest soil

0-2.15 pg/cm?

Sandy loam soil
Sandy loam soil
Ag soil
Ag soil
Sandy loam soil
Sandy loam soil
Ag soil
Ag soil

0-5304 mg/kg

0-1085 mg/kg (feeding)

Results

LCy,=53.4 mg/kg

LCsy=>125 mg/kg

ECy, =0.04 mg/kg

ECy,=<0.01 mg/kg

ECy,=0.09 mg/kg cocoon production
EC;, = 0.07 mg/kg cocoon hatching
ECy, = 0.05 mg/kg juvenile survival
ECy, = 1.5 mg/kg cocoon production
EC,, = 1.45 mg/kg cocoon hatching
EC,, = 1.30 mg/kg juvenile survival

Retardation, stiffness, and body shrink at concentrations as low as 0.02
pg/cm?. Neurotoxicity was reversible. CL-20 more potent than RDX.

LCy,=0.4 mg/kg
EC5,=0.12 mg/kg
LCs,=0.1 mg/kg
ECy, =0.08 mg/kg
LCs,=0.2 mg/kg
ECy,= not determined
LC,,=>1.0 mg/kg
EC;, = not determined

No overt toxicity. Weight loss with dose. No overt toxicity. Decrease
eggs laid and embryo weights. Developmental deformities.

Reference
(Robidoux et al. 2004)

(Gong et al. 2007)

(Dodard et al. 2005)

(Bardai et al. 2005)
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TABLE 2.3 z
Laboratory Studies on the Toxic Effects of Octahydro-1,3,5,7-Tetranitro-1,3,5,7-Tetrazocine (HMX) on Various Aquatic Organisms §
Test Species Test Test System Results Reference e
Daphnia (Bentley et al. 1977) g
Daphnia magna 24 h Static LCs,=> 32 mg/L S
48 h Static LCsy=>32mg/L X,
Midge (Bentley et al. 1977) 8
Chironomus tentans 24 h Static LCsyy=>32mg/L g
48 h Static LCsy=>32mg/L <
Mediterranean mussel (Rosen and Lotufo 2007) =}
Mytilus galloprovincialis 48 h; 96 h Survival No effect; highest concentration (1.9 mg/L) <
48 h; 96 h Byssal thread formation No effect; highest concentration (1.9 mg/L) g
48 h; 96 h Larval development No effect; highest concentration (1.9 mg/L) =
Scud (Bentley et al. 1977) S
Gammarus fasciatus 24h Static LCs,=>32mg/L ¢
48h Static LCy, = >32 mg/L 7
Fathead minnow (Bentley et al. 1977) =)
Pimephales promelas 96 h Static; 7-d old fry LCy, =15 mg/L 8
Bluegill (Bentley et al. 1977) Q
Lepomis macrochirus 24 h Static LCso=>32mg/L -g
48 h Static LCy=>32 mg/L e
96 h Static LCy,=> 32 mg/L 2
Channel catfish (Bentley et al. 1977) »
Ictalurus punctatus 24 h Static LCs,=>32mg/L
48 h Static LCs,=>32 mg/L
96 h Static LCs,=>32mg/L
Rainbow trout (Bentley et al. 1977)
Oncorhynchus mykiss 24 h Static LCs,=>32mg/L
48h Static LCy,=> 32 mg/L
96 h Static LCs,=>32mg/L

€C
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Potworms appear to be insensitive to HMX in soil as determined by both survival
and reproduction endpoints. In agricultural soil with extremely high (23%) organic
matter, there was no effect of HMX (up to 918 mg/kg) on survival or reproduction
in Enchytraeus crypticus or E. albidus. In another study on E. crypticus in a sandy
loam soil, an NOEC of 21,750 mg/kg was observed for both 14-day survival and
28-day reproduction. Additional studies on HMX effects on terrestrial organisms
are summarized in Table 2.4.

2.3.3 RDX Metabolites

The toxicity of RDX metabolites (MNX and TNX) has been tested on two species of
terrestrial invertebrates, the earthworm FEisenia fetida and the cricket Acheta domesti-
cus (Table 2.5). MNX and TNX toxicity to earthworms were determined for two soil
types, a sandy loam (1.3% organic carbon) and a silt loam (2.5% organic carbon).
In general, MNX toxicity was not affected by soil type in 7-day and 14-day bioas-
says. TNX appeared to be more toxic in the sandy loam, based on the 7-day survival
data; however, the 14-day survival data were essentially equivalent in both soil types.
Reproductive toxicity assays for MNX and TNX in sandy loam soil indicated that
these compounds have equal effects on E. fetida cocoon production (ECs, =27.0 mg/
kg and ECs, = 27.3 mg/kg, respectively) and juvenile production (ECy, = 28.5 mg/
kg and ECs, = 28.4 mg/kg, respectively). MNX was slightly more toxic than TNX
with respect to cocoon hatching in sandy loam soil (ECs, = 9.5 mg/kg versus ECy, =
14.6 mg/kg).

TNX was slightly more toxic to cricket (A. domesticus) eggs than MNX. Zhang
and co-workers (2006) observed TNX EC,, and EC,, values of 12 mg/kg and
48 mg/kg, respectively. MNX had EC,, and ECs values of 29 mg/kg and 52 mg/kg,
respectively. Interestingly, both compounds were more toxic to cricket eggs in sand
than in topical exposures.

2.3.4 TNT Metabolites

With respect to aquatic invertebrates, TNT metabolites have been tested almost
exclusively on green algae (Selenostrum capricornutum) (Sunahara et al. 1999)
(Table 2.6). Two exceptions are that the toxicity of 2,4A-NT has also been tested
on Hyalella azteca (LCs, = 19 mmol/kg) (Steevens et al. 2002), and 2A-DNT and
2,4A-NT have been tested on the midge Chironomus tentans (Lotufo and Farrar
2005). Green algae data (96-hour growth) indicate that the order of toxicity from
greatest to least is 2A-DNT (ECs, = 13 uM), 4A-DNT (ECs, = 59.4 uM), 2,6A-NT
(ECsp=211 pM), and 2,4A-NT (ECy5, =293 uM). 2A-DNT and 2,4A-NT were found
to be equally toxic (LCs, = 307 umol/kg) to the midge in a 10-day survival study in
sediment.

TNT metabolites have been tested on one terrestrial invertebrate, the earthworm
Eisenia andrei. Earthworm data (14-day survival in a forest soil) indicate that 4A-DNT
(LCs, = 105 mg/kg) is slightly more toxic than 2A-DNT (LCs, = 215 mg/kg). In addi-
tion, 2,4A-NT (NOEC = 482 umol/kg) and 2,6A-NT (NOEC = 520 pumol/kg) had
minimal effects on survival at the concentrations tested (LaChance et al. 2004).



TABLE 2.4

Laboratory Studies on the Toxic Effects of Octahydro-1,3,5,7-Tetranitro-1,3,5,7-Tetrazocine (HMX) on Various Terrestrial Organisms

Test Species

Earthworm
Eisenia andrei

Earthworm
Eisenia andrei

Earthworm
Eisenia fetida

Potworm
Enchytraeus crypticus

Enchytraeus albidus

Potworm
Enchytraeus crypticus

Green anole
Anolis carolinensis

Quail
Colinus virginianus

Quail
Colinus virginianus

Test

28 d reproduction

28 d reproduction

Reproduction

14 d survival
28 d reproduction
21 d survival
42 d reproduction

14 d survival
28 d reproduction

Contaminated food

Contaminated food

Contaminated food

Test System

Artificial soil

Sandy forest soil

Sandy loam soil

Sandy loam soil

Ag soil (23% OM)
Ag soil (23% OM)
Ag soil (23% OM)
Ag soil (23% OM)

Sandy loam soil
Sandy loam soil

Up-and-Down
Exposed adults to 0, 12.5,
50, and 125 mg/kg

Exposed adults to 0, 12.5,
50, 125, and 250 mg/kg

Results

Reduced fecundity. LOEC = 280 mg/kg. Growth of adult
worms reduced, but no mortality.

Reduced fecundity at concentrations > 15.6 mg/kg. Adult
growth and survival were not reduced up to 711 mg/kg.

EC,, =2.7 mg/kg cocoon production
EC,, = 0.4 mg/kg juvenile production
Cocoon production and juvenile production in weathered/aged

HMX-treated soils were not different from control soils.

No effect up to 918 mg/kg.
No effect up to 918 mg/kg.
No effect up to 918 mg/kg.
No effect up to 918 mg/kg.

NOEC = 21,750 mg/kg; LOEC =>21,750.
NOEC = 21,750 mg/kg; LOEC =>21,750.

LDy, =>2000 mg/kg.
HMX accumulated in adults and eggs.

HMX was deposited into eggs. Metabolic rate of eggs at 5, 9,
and 21 days was not affected by HMX.

Apparent food aversion (and weight loss) at 125 and 250 mg/
kg. Alteration in body mass in 12.5 and 50 mg/kg dose groups.
No HMX-related effects in hatchling survival and growth.

Reference
(Robidoux et al. 2001)

(Robidoux et al. 2002)

(Simini et al. 2004)

(Dodard et al. 2005)

(Kuperman et al. 2004)

(Jones 2007)

(Liu et al. 2008)

(Brunjes et al. 2007)
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TABLE 2.5

Laboratory Studies on the Toxic Effects of RDX Metabolites on Various Terrestrial Organisms

Test Species
MNX
Earthworm
Eisenia fetida

Earthworm
Eisenia fetida

Test

7 d survival

14 d survival

7 d survival

14 d survival

Cocoon production

Juvenile production

Cocoon hatching

Test System

Sandy loam soil

Sandy loam soil

Silt loam soil

Silt loam soil

Sandy loam soil

Sandy loam soil

Sandy loam soil

Results Reference

(Zhang, Kendall, et al. 2006)

NOEC = 102.8 mg/kg
LC,,=114.3 mg/kg
LC,,=262.1 mg/kg
NOEC = 102.8 mg/kg
LC,,=114.3 mgkg
LCy,=262.1 mg/kg
NOEC =211.7 mg/kg
LC,,=233.8 mg/kg
LCy, = 389.9 mg/kg
NOEC =94.4 mg/kg
LC,,=112.7 mg/kg
LCy,=244.6 mg/kg
(Zhang et al. 2008)
NOEC = 10 mg/kg
ECs, =27 mg/kg
NOEC = 10 mg/kg
ECy, =27.3 mg/kg
NOEC = 0.1 mg/kg
EC,,=3.1 mg/kg
ECs,=9.5 mg/kg
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Cricket
Acheta domesticus

Deer mice

Peromyscus maniculatus

TNX
Earthworm
Eisenia fetida

Earthworm
Eisenia fetida

Egg hatching

Egg hatching

21 d old mice
50 d old mice
200 d old mice

7 d survival

14 d survival

7 d survival

14 d survival

Cocoon production

Juvenile production

Sand

Topical exposure

Up-and-down method

Sandy loam soil

Sandy loam soil

Silt loam soil

Silt loam soil

Sandy loam soil

Sandy loam soil

EC,, =29 mg/kg
ECs, =52 mg/kg
EC,, =65 mg/kg
ECy, = 140 mg/kg

LDy, = 181 mg/kg
LD, =575 mg/kg
LDy, = 542 mg/kg

NOEC =43.9 mg/kg
LC,,=113.7 mg/kg
LCy, =253.6 mg/kg
NOEC =43.9 mg.kg
LC,,=111.5 mgkg
LCy,=251.3 mg/kg
NOEC = 87.9 mg/kg
LC,,=200.1 mg/kg
LCs,=362.1 mg/kg
NOEC = 87.9 mg/kg
LC,,=96.7 mg/kg
LCy,=216.3 mg/kg

NOEC = 10 mg/kg
EC5,=28.5 mg/kg
NOEC = 10 mg/kg
EC,,=28.4 mg/kg

(Zhang et al. 2006)

(Smith et al. 2007)

(Zhang, Kendall, et al. 2006)

(Zhang et al. 2008)

(Continued)
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TABLE 2.5 (Continued)
Laboratory Studies on the Toxic Effects of RDX Metabolites on Various Terrestrial Organisms

Test Species

Cricket
Acheta domesticus

Deer mice

Peromyscus maniculatus

Deer mice

Peromyscus maniculatus

Deer mice

Peromyscus maniculatus

Test

Cocoon hatching

Egg hatching

Egg hatching

21 d old mice
50 d old mice
200 d old mice

Reproduction

Multi-generational

Test System

Sandy loam soil

Sand

Topical exposure

Up-and-down method

0,1, 10, 100 pg/L

0, 10, 100, 1000 pg/L

NOEC = 1 mg/kg
EC,,=4.7 mg/kg
ECs, = 14.6 mg/kg

EC,, =12 mg/kg
EC,, =48 mg/kg
EC,, =47 mg/kg
EC,, =128 mg/kg

LDy, =338 mg/kg
LDy, =338 mg/kg
LD, =999 mg/kg

Results

Bioaccumulation in the liver. Exposures

associated with postpartum mortality.

Dose-dependent decrease in body weight from

birth to weaning.

Decreased litter size at TNX exposure of 1000

pg/L. Increased mortality of offspring born to
parents exposed to 10 and 1000 pg/L. Little

effect on body and organ weights of survivors.

Reference

(Zhang et al. 2006)

(Smith et al. 2007)

(Smith et al. 2006)

(Smith et al. 2009)
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TABLE 2.6

Laboratory Studies on the Toxic Effects of TNT Metabolites on Various Aquatic Organisms

Test Species

2A-DNT
Green algae
Selenastrum capricornutum
Midge
Chironomus tentans
Sheepshead minnow

Cyprinodon variegatus

4A-DNT
Green algae
Selenastrum capricornutum
2,4A-NT
Green algae
Selenastrum capricornutum
Amphipod
Hyalella azteca
Midge
Chironomus tentans
Sheepshead minnow

Cyprinodon variegatus

2,6A-NT
Green algae

Selenastrum capricornutum

Test

96 h growth

10 d survival

Toxicokinetic study

96 h growth

96 h growth

10 d survival

10 d survival

Toxicokinetic study

96 h growth

Test System Results

Static ECs, =13 uM
Sediment LCs, =307 pmol/kg

Water Low bioaccumulation potential and rapid elimination.
Higher BCF than TNT, but unlikely to pose risk to fish.

Static ECyy=59.4 uM
Static ECy, =293 uM
Static LCy, = 19 mmol/kg

Sediment LCs, =307 umol/kg

Water Low bioaccumulation potential and rapid elimination.
Lower BCF than TNT, and unlikely to pose risk to fish.

Static ECsy=211uM

Reference

(Sunahara et al. 1999)

(Lotufo and Farrar 2005)

(Lotufo and Lydy 2005)

(Sunahara et al. 1999)

(Sunahara et al. 1999)

(Steevens et al. 2002)

(Lotufo and Farrar 2005)

(Lotufo and Lydy 2005)

(Sunahara et al. 1999)
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2.4 EFFECTS OF EXPLOSIVES ON REPTILES AND AMPHIBIANS

Reptiles and amphibians are both cold-blooded vertebrates that occupy both aquatic
and terrestrial environments. Reptiles are air-breathing, while amphibians meta-
morphose from water-breathing juvenile forms to air-breathing adult forms. Most
reptiles are carnivores and overall have slow digestive processes. Amphibians have
varied diets (Henry 2000).

Toxicity data for the new nitramine explosives or the metabolites of older nitroar-
omatic and nitramine explosives on amphibian and reptiles were nearly non-existent
(Johnson and Salice 2009). We were able to locate two studies in the literature. Jones
(2007) measured the LD5, for HMX in the green anole (Anolis carolinensis) using
the up-and-down method with exposure through contaminated food. HM X did accu-
mulate in both adults and eggs; however, it was not toxic to anoles at the highest
concentrations tested (the LDs, was estimated as >2000 mg/kg) (Table 2.4).

Johnson and co-workers (Johnson, Holladay et al. 2000; Johnson, Vodela et al.
2000) evaluated the acute toxicity of 2A-DNT and 4A-DNT to the tiger salamander
(Ambystoma tigrinum) in soil and through a feeding trial. Initial soil concentrations of
2A-DNT and 4A-DNT were 39 mg/kg and 62 mg/kg, respectively. Following a 14-day
exposure, there were no adverse effects for any of the endpoints evaluated (immuno-
logical indicators, blood parameters, and histopathology of the liver and kidney). In
the feeding trial, salamanders fed contaminated earthworms (2A-DNT =2.1-2.6 pg/g;
4A-DNT =2.1-2.5 pg/g) for 14 days also showed no adverse effects (Table 2.7).

2.5 EFFECTS OF EXPLOSIVES ON FISH

Fish are ectothermic vertebrates that are abundant in both freshwater and saltwater
environments. They are used as a food source by other aquatic and terrestrial verte-
brates, including humans, as well as some avian species (piscivorous birds). As such,
they represent a potential pathway through which contaminants could bioaccumulate
in aquatic environments or move from aquatic to terrestrial environments. They are
also the focus of toxicity assessments for contaminants of concern because of their
sensitivity and ecological importance. Finally, adequate background information
concerning the life history of various fish species exists, making it easier to interpret
and compare toxicity data.

In general, a variety of fish species have been tested for effects in response to
nitroaromatic and nitramine explosives. However, there are fewer studies on newer
explosives or explosive metabolites. In addition, monitoring data have indicated the
presence of energetic materials in marine environments, but a limited amount of tox-
icological data are available for marine and estuarine species (Nipper et al. 2009).

Only one fish species has been evaluated for toxic effects upon exposure to CL-20
(Table 2.1). Fathead minnows (Pimephales promelas) have been tested in both 7-day
growth and 7-day survival assays using EPA test protocols (Haley et al. 2007). CL-20
was lethal to fathead minnows (LCs, = 2.0 mg/L) and also affected growth (ECs, =
2.7 mg/L), with lethality being the more sensitive endpoint.

In contrast, a larger variety of fish species have been tested with HMX, includ-
ing the scud (Gammarus fasciatus), fathead minnow (P. promelas), bluegill



Laboratory Studies on the Toxic Effects of TNT Metabolites on Various Terrestrial Organisms

TABLE 2.7
Test Species Test
2A-DNT

Earthworm

Eisenia andrei 14 d survival

Tiger salamanders

Ambystoma tigrinum 14 d survival
4A-DNT

Earthworm

Eisenia andrei 14 d survival

Tiger salamanders

Ambystoma tigrinum 14 d survival

2,4A-NT

Earthworm

Eisenia andrei 14 d survival
2,6A-NT

Earthworm

Eisenia andrei 14 d survival

Test System

Forest soil

Soil

Feeding study

Forest soil

Soil

Feeding study

Forest soil

Forest soil

Results

LCsy =215 mg/kg

Initial soil concentration of 39 mg/kg did not produce any
adverse effect for the endpoints evaluated.

Salamanders fed earthworms containing 2.1-2.6 ug/g showed
no adverse effects.

LCs, =105 mg/kg
Initial soil concentration of 62 mg/kg did not produce any
adverse effect for the endpoints evaluated.

Salamanders fed earthworms containing 2.1-2.5 nug/g showed
no adverse effects.

NOEC =482 pmol/kg

NOEC = 520 umol/kg

Reference

(LaChance et al. 2004)

(Johnson, Holladay et al. 2000)

(LaChance et al. 2004)

(Johnson, Holladay et al. 2000)

(LaChance et al. 2004)

(LaChance et al. 2004)

(continued)
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TABLE 2.7 (Continued)
Laboratory Studies on the Toxic Effects of TNT Metabolites on Various Terrestrial Organisms

Test Species
2,4-DNT
Western fence lizard
Sceloporus
occidentalis

White-footed mouse
Peromyscus leucopus

Northern bobwhite

Colinus virginianus

2,6-DNT
White-footed mouse

Peromyscus leucopus

Test

14 d survival

60 d subchronic

14 d survival

14 d survival

60 d subchronic

14 d survival

Test System

Oral dose

Oral dose

Feeding study

Oral dose

Oral dose

Feeding study

Results

LDs, = 380 mg/kg for males and 577 mg/kg for females.

Dose-dependent mortality at 25, 42, and 70 mg/kg/d. Changes
in body weight, kidney weight, food consumption, and blood
chemistry at doses above 9 mg/kg/d.

NOAEL = 158 mg/kg/d in males and 74 mg/kg/d in females.
LOAEL =286 mg/kg/d in males and 158 mg/kg/d in females.

LD50 = 55 mg/kg. NOAEL = 15 mg/kg/d.
LOAEL = 35 mg/kg/d.
NOAEL = 1 mg/kg/d. LOAEL =5 mg/kg/d.

NOAEL = 103 mg/kg/d in males and 44 mg/kg/d in females.
LOAEL =238 mg/kg/d in males and 103 mg/kg/d in females.

Reference

(Suski et al. 2008)

(USACHPPM 1996)

(Johnson et al. 2005)

(USACHPPM 1996)
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(Lepomis macrochirus), channel catfish (Ictalurus punctatus), and rainbow trout
(Oncorhynchus mykiss) (Table 2.3). Similar to the results for aquatic invertebrates,
HMX was rarely toxic to any of these fish species at 24, 48, or 96 hours (LCss > 32
mg/L) (Bentley et al. 1977). The lone exception was the fathead minnow, in which a
96-hour HMX LC;, of 15 mg/L was observed.

Lotufo and Lydy (2005) tested the toxicokinetics of 2A-DNT and 2,4A-NT in the
sheepshead minnow (Cyprinodon variegatus) (Table 2.6). Both compounds were
characterized as having a low bioaccumulation potential with rapid elimination.
2A-DNT had a higher bioconcentration factor (BCF) than TNT (13.1 versus 9.6),
while 2,4A-NT had the lowest BCF (0.5) of the compounds examined. The authors
concluded that neither of these TNT metabolites was likely to pose unacceptable
risks to fish.

2.6 EFFECTS OF EXPLOSIVES ON SMALL MAMMALS AND BIRDS

Small mammals and birds are endothermic vertebrates that primarily occupy ter-
restrial environments. They are carnivores, herbivores, or omnivores. In order to
maintain a relatively high and constant body temperature, small mammals will
forage and eat frequently. Several small mammals are fossorial. Birds have a high
metabolic rate and often satisfy their water needs through the food they consume.
Both small mammals and birds make excellent models for assessing effects of
contaminants (Kendall and Dickerson 1996). Additional information beyond that
presented below on the potential effects of explosives on small mammals and birds
has recently been compiled (Johnson and Salice 2009).

We were able to obtain one study on the effects of CL-20 on birds (Table 2.2).
Bardai and coworkers (2005) conducted subacute (14-day) and subchronic (42-day)
studies using Japanese quail (Coturnix coturnix japonica). In the subacute study,
there was no overt toxicity, but weight loss was observed with increasing dose
(0-5304 mg/kg). In the subchronic feeding study (0—1085 mg/kg), CL-20 did not
produce overt toxicity in quail, but did decrease the number of eggs laid as well as
the weight of embryos. CL-20 also produced developmental deformities.

HMX as well has been tested on a quail species, the northern bobwhite (Colinus
virginianus) (Table 2.4). Quail were exposed to HMX through contaminated food.
There was food aversion and concomitant weight loss in adults at the two highest
HMX concentrations tested (125 and 250 mg/kg) (Brunjes et al. 2007). In a compan-
ion study, HMX was detected in eggs laid following exposure; however, the meta-
bolic rate of the eggs was not affected by HMX (Liu et al. 2008). In addition, there
were no HMX-related effects in hatchling survival and growth.

RDX metabolites (MNX and TNX) have been tested in one small mammal
species, the deer mouse Peromyscus maniculatus (Table 2.5). Using the up-and-
down method and mice in three age groups (21-day, 50-day, and 200-day-old mice),
the LDs,s were 181 mg/kg, 575 mg/kg, and 542 mg/kg for MNX and 338 mg/kg,
338 mg/kg, and 999 mg/kg for TNX (Smith et al. 2007). In addition, TNX was also
tested for reproductive effects in deer mice. Smith and et al. (2006) observed bioac-
cumulation of TNX in the liver as well as postpartum mortality associated with TNX
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exposure. Pups experienced a dose-dependent decrease in body weight from birth to
weaning. Multigenerational effects were also seen when deer mice were exposed to
aqueous TNX (Smith et al. 2009). TNX exposure decreased litter size and increased
postpartum mortality of offspring in cohorts receiving 1000 pg/L.

2.7 CONCLUSIONS

Nitroaromatic and nitramine explosives or munitions are energetic materials used
by both military and commercial sectors. Recently, much research effort has been
focused on filling data gaps related to the fate and toxicity of these compounds in
soil and water. While much toxicity information typically exists for the parent explo-
sives (especially nitroaromatics), much less data generally describe the degradation
metabolites of these explosives. Products of the biotic and abiotic degradation of
these compounds may also pose some toxicological risk to terrestrial and aquatic
organisms. Further, some newer parent explosives are relatively understudied.

As the largest landowner in the United States, the federal government, in par-
ticular the DoD, has taken an active role in managing its facilities in ways that help
sustain biodiversity and in supporting research on the potential effects of munitions-
related compounds. DoD lands contain a disproportionately greater number of
species listed as threatened or endangered. Potential habitat loss from range con-
struction and management, as well as species sensitivities to energetic materials, are
of particular importance.

From an exposure assessment perspective, we generally understand most of the
fate processes for nitroaromatic and nitramine explosives. However, the fates of
some newer explosives such as CL-20 and relatively understudied older explosives
such as HMX are much less understood. This is particularly true for the degradation
metabolites of some of the newer energetic materials. As a group, nitroaromatic and
nitramine compounds are readily susceptible to photodegradation, which can limit
their persistence in the environment. However, numerous studies have indicated that
these compounds can be taken up by vegetation, which could represent a pathway of
exposure from soil to higher organisms.

In this chapter, we have attempted to summarize the literature currently available
on the environmental effects of selected nitroaromatic and nitramine compounds on
broad taxonomic groups (aquatic and terrestrial invertebrates, reptiles and amphib-
ians, fish, and small mammals and birds). Given that most of the first-generation
explosives (such as TNT) have been studied in detail and the toxicity of these materi-
als has been reviewed as recent as 2009, we focused our efforts on the degradation
products of these well-known nitroaromatic and nitramine explosives and some of
the more recently developed explosives where little toxicological data exist. Most of
the toxicological information for this select group of nitroaromatic and nitramine
compounds is on terrestrial and aquatic invertebrates. Importantly, the data available
suggest that in several instances the degradation metabolites can have a toxicity sim-
ilar to that of the parent explosives. Much less information (if any) is available on the
toxicological effects of these compounds on fish, reptiles, amphibians, small mam-
mals, and birds. Collectively, this represents a significant data gap in our understand-
ing of the potential impacts of energetic compounds on wildlife species.
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3.1 INTRODUCTION

The relationships between pesticides, plant genetics, and biofuels comprise an
important component of agricultural land use, development, and sustainability. Each
of these aspects has the potential to alter wildlife habitat quality and quantity.

As of this writing, the world population is estimated to be over 6.8 billion people.
That number is projected to grow to between 8 and 10.5 billion by 2050. Global food
demand is estimated to at least double in the next 50 years (Yu 2008). Fiber and fuel
demand will also need to increase substantially to meet the needs of our growing
world population. How do we continue to grow enough food and fiber and produce
enough fuel to sustain the growing population? Perhaps more important, how do we
do so while protecting our environment and the wildlife it supports? While there are
no easy answers to these questions, it is certain that pesticides, plant genetics, and
biofuels will play major roles, and each will pose its corresponding risks to wildlife.

This chapter will address our current understanding of pesticides, plant genetics,
and biofuels in the context of potential ecological effects. Given the more complete
understanding of pesticide use and distribution, these materials will be discussed in
the context of risk assessment. As part of this evaluation, we will explore the chang-
ing paradigm of pesticides and cropping practices with the advent of more selective
chemical products and plant genetics that incorporate additional tools to help address
pest resistance issues. The chapter will offer insights into agricultural practices that
are likely to decrease ecological risks as well as data collection and evaluation pro-
cesses that hold promise for improving future risk assessment paradigms in light
of these changing practices. The transition to biofuel production will also be dis-
cussed in the context of alterations in agricultural practices, nutrient cycling, and
contaminants. Potential ecological and toxicological effects from these changes will
be explored.

3.2 PESTICIDES

Pesticides have been used, to one degree or another, for improving the quantity and
quality of crops for the production of food and fiber (and more recently fuels) almost as
long as humans have been involved in agriculture. The United States Environmental
Protection Agency (U.S. EPA) defines a pesticide (or a crop-protection product) as
“any substance or mixture of substances intended for preventing, destroying, repelling,
or mitigating any pest” (U.S. EPA 2009). Pesticides encompass a number of physical,
chemical, or biologic agents that are more specifically classified by their use pattern
and type of pest they control (Ecobichon 2001). The most common types of pesticides
(and target pests) are insecticides (insects), herbicides (weeds), fungicides (fungi), and
rodenticides (rodents), but there are also aracnicides or miticides (mites), molluscicides
(snails and mollusks), larvicides (insect larvae), and pediculocides (lice). Additionally,
attractants (pheromones), defoliants, desiccants, plant growth regulators, and repel-
lants also are considered to be pesticides, especially from a regulatory standpoint
(Costa 2008; Ecobichon 2001). Furthermore, within each broad pesticide class (e.g.,
insecticides), there are a number of subclasses (e.g., chlorinated hydrocarbons, organo-
phosphates, carbamates, pyrethroids, botanical insecticides, insect growth regulators,
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neonicitinoids, formamides, microbials, fumigants, inorganics, amidinohydrazones,
pyrazoles, oxadiazines, sulfonamides, pyridazinones, nereistoxin analogs, pyridine
azomethines, pyrimidinamines, nicotinimides, benzene dicarboximides, dichloro-
propenyl ethers, tetronic acids, tetramic acids, anathranilic diamides, and pesticidal
oils and soaps). Even within subclasses, important chemical and toxicological differ-
ences can exist, as is the case, for example, of the organophosphate insecticides (e.g.,
parathion, methyl parathion, and malathion). Thus, a comprehensive understanding
of a pesticide’s physical and chemical properties, fate and metabolism, toxicological
effects, and temporal- and spatial-use profile is essential for the proper evaluation of its
risk to non-target organisms, including wildlife.

It is not the intent nor is it possible in this chapter to provide a thorough review of
the chemistry nomenclature, biotransformation, degradation, environmental effects,
toxicity in target and non-target organisms, or mode of action of all pesticides. The
reader is referred to the following articles for additional information: Matsumura
(1985), Dikshith (1991), Hayes and Laws (1991), Krieger (2001), Senseman and
Armbrust (2007), Costa (2008), and Yu (2008).

3.2.1 THe NEeeD FOR PESTICIDES

Pesticides continue to have a clear role in helping provide a sustainable supply of
food, fiber, and biofuels for a growing human population, while protecting us from
vector-borne diseases and organisms that threaten to damage or destroy the build-
ings in which we live and work.

3.2.2 Foob ProbucTiON

In parts of the world, excessive loss of food crops to pests contributes directly or
indirectly to starvation, and in those places the use of pesticides has an obvious risk-
benefit relationship. Today more than a billion people in the world are hungry. The
primary cause of hunger is flawed policies, but wars, revolutions, and natural disas-
ters, including pests, compounded by climate change, are also key factors. Of pests,
the data clearly show that weeds are the major cause of food production losses. It is
estimated that weeds cause nearly $100 billion a year in loss of global food produc-
tion, which translates to approximately 3.63 million metric tons of wheat, or more
than half of the world production expected in 2009 (FAO 2009). Even with pesticide
use, about a third of the world’s food crops are destroyed by pests during growth,
harvesting, and storage (Ware and Whitacre 2004). Losses are greater in develop-
ing countries. For example, in Latin America, approximately 40% of crops are lost
because of pests. It has been estimated that 50% of cotton production in developing
countries would be destroyed without the use of insecticides. In the United States
alone, current crop losses due to pests are estimated to be 30%. It has been esti-
mated that removing pesticides from U.S. agriculture alone would cause a decline
of crop production by as much as 50%, depending on the crop species (NRC 2000).
Additionally, there would be an expected proportional decrease in farm exports with
a concomitant increase in food prices to the consumer, ultimately leading to food
price inflation. In the United States, it is estimated that we would spend three to five
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times more on food than we currently do. The National Research Council (NRC
2000) concluded that chemical pesticides should remain part of a larger toolbox of
diverse pest management options for the foreseeable future.

3.2.3 Disease CONTROL

Pesticides play a major role in the control of insects, mites, rodents, and other pests that
are involved in the life cycle of vector-borne diseases such as malaria, yellow fever,
typhus, and many other diseases that represent a major threat to the health of human
populations. Several well-known diseases are transmitted to humans by invertebrates
(Table 3.1); a detailed discussion of disease-related issues is presented in Chapter 4.

The World Health Organization (WHO) has documented that the use of synthetic
insecticides can greatly reduce the risk of insect-borne diseases, especially in the case
of malaria (Nauen 2007). The case of DDT (1,1,1-trichloro-2,2-bis (p-chlorophenyl)
ethane) highlights the difficulty in striking a balance between the benefits of pesticide
use with environmental risk. When introduced in 1942, DDT held immense promise
of benefiting agricultural economics and protecting human health against vector-borne
diseases. In fact, the public-health benefits of DDT were so great that Paul Miiller
was awarded the Nobel Prize in Medicine in 1948 for recognizing DDT’s insecticidal
properties. However, because of its propensity to bioaccumulate in the environment,
particularly in human mother’s milk, insect resistance, and concerns about its effects
on avian reproduction, DDT was banned in most countries by the mid-1970s. In South
Africa, DDT was not banned until 1996, and at the time fewer than 10,000 cases of
malaria were registered in the country. By the year 2000, cases of malaria had reached
approximately 62,000. DDT was subsequently reintroduced at the end of 2000, and
cases afterward decreased to 12,500. There are still hundreds of millions of people in
the world who are at risk from vector-borne diseases, particularly in Africa and some
Asian countries. Human health protection and ecological risks posed by pesticides
must be carefully weighed in these situations (Costa 2008).

TABLE 3.1
Some Common Diseases That Are Transmitted to Humans by
Invertebrate Pests

Disease Vector

African sleeping sickness, anthrax, dysentery, Flies
onchocerciasis, leishmaniasis, trypanosomiasis

Bubonic plague, endemic typhus Fleas

Dengue fever, encephalitis, malaria, St. Louis Mosquitoes
encephalitis, West Nile virus, yellow fever

Epidemic typhus Lice

(Hemorrhagic fevers), lyme disease, Q fever, Ticks (and mites)

relapsing fevers, Rocky Mountain spotted fever

Source: Adapted from Ware, G.W. and Whitacre, D.M., The Pesticide Book, MeisterPro
Information Resources, Willoughby, OH, 2004. With permission.
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3.2.4 TrenDs IN Pesticipe Use

As is mentioned in Chapter 9 of this book, risk is a function of exposure and toxic-
ity. Understanding pesticide use, therefore, is very important for risk assessment
purposes as it defines the exposure parameter of risk equations.

Quantitative and descriptive analyses of pesticide use generally are difficult and
can be misleading because pesticide use patterns are driven by numerous factors:
weather changes, pest population changes, introduction of new pesticides, regulatory
changes, economic factors, changes in agronomic practices, introduction of non-
chemical pest control products, voluntary cancellation of pesticides, and changes in
crop preferences (Gianessi and Silvers 2000). Many if not all of these factors fluctu-
ate annually, and with these fluctuations come changes in both amounts and types
of pesticides used.

3.2.4.1 Pesticide Use Resources

Several good resources provide pesticide-use data that are inexpensive or free. The
U.S. EPA periodically publishes a report titled “Pesticides Industry Sales and Usage”
that can be accessed via the Internet at http://www.epa.gov/oppbeadl/pestsales/
(Aspelin 1997; Aspelin and Grube 1999; Donaldson et al. 2002; Kiely et al. 2004). The
National Center for Food and Agricultural Policy published a report titled “Trends
in Crop Pesticide Use: Comparing 1992 and 1997 (Gianessi and Silvers 2000). The
California Department of Pesticide Regulation (CA DPR) provides perhaps the most
extensive pesticide use information in its annual “Summary of Pesticide Use Report
Data” (see http://www.cdpr.ca.gov/docs/pur/purmain.htm) (CDPR 2008). The State
of New York’s “Pesticide Sales and Use Reporting” site (http://pmep.cce.cornell.edu/
psur/) provides state-specific pesticide use data as well as links to a number of addi-
tional sources of important data, including two U.S. Department of Agriculture sites:
the USDA Pesticide Data Program (http://www.ams.usda.gov/AMSv1.0/science) and
the USDA National Agricultural Statistics Service (http://usda.mannlib.cornell.edu/
MannUsda/viewDocumentInfo.do?documentID=1001).

As a whole, pesticide use increased steadily in the United States between 1950
and 1980, but has since plateaued (with moderate increases or decreases from year
to year), which is thought to be attributed to the utilization of more efficacious active
ingredients and formulations, introduction of integrated pest management programs,
and organic farming in developed countries (Costa 2008). This is not, however, the
trend for all classes of pesticides. For example, cholinesterase-inhibiting insecti-
cides (organophosphates and carbamates) grew steadily from the 1950s to the mid-
1970s, but have since declined steadily, with the exception of 1999, which showed an
increase in the use of organophosphate insecticides as a result mainly of the increased
amount of malathion used as part of the USDA-sponsored Boll Weevil Eradication
Program (Kiely et al. 2004; Mortensen 2006). Interestingly, California saw nearly
10% decreases in all pesticides used in 2007 compared to 2006. More importantly,
decreases were seen (both in pounds of active ingredients applied and in cumula-
tive acres treated) in pesticides classified as “known to cause reproductive effects,”
“known to cause cancer,’ the cholinesterase-inhibiting pesticides, pesticides on the
DPR’s groundwater protection list, and pesticides on CADPR’s toxic air contaminants
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list. There were also decreases in fumigants, oil pesticides (in pounds applied, but
marginal increase in cumulative acres treated), and biopesticides (CADPR 2008).

Of the 2.3 million metric tons of pesticide active ingredient used globally in 2000
and 2001, 37% was herbicide, 24% was insecticide, 9% was fungicide, and 21% was
other (nematicides, fumigants, rodenticides, molluscicides, etc.) (Kiely et al. 2004).
It is noteworthy that of the 75 new active ingredients registered in the United States
between 1999 and 2002, more than half were conventional chemical, reduced-risk
products (Ware and Whitacre 2004).

Most pesticide-use summaries are not intended to serve as indicators of pesticide
risk to the public or the environment (CADPR 2008). Pesticide-use data and trend
analyses, however, can be useful in estimating exposure, which in turn may help risk
assessors and risk managers make better informed decisions by providing estimates
of typical applications and how pesticides are used.

3.2.5 Errects oN WiLDLIFE FROM PEesTiCIDE USE

When Wildlife Toxicology and Population Modeling: Integrated Studies of
Agroecosystems (Kendall and T. E. Lacher 1994) was published, the major questions
of wildlife risk from pesticide exposure included chemical occurrence, transport, and
transformation, as well as wildlife encounters with pesticides and the various toler-
ances to toxicities among organisms. During the past sesquidecade, significant prog-
ress has been made in chemical modeling and understanding interspecies toxicities.
However, site-specific chemical degradation, interspecies exposures, and interspecies
sensitivities remain poorly understood in some situations (USEPA 2003). The U.S.
Geological Survey maintains records of wildlife mortality in the United States (USGS
2008), and the incidence of poisonings has diminished over time (Figure 3.1). Even
though the frequency of incidents and extent of mortality involving organophosphate
(OP) and carbamate insecticides are at 20-year lows, poisonings still occur.
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FIGURE 3.1 Avian mortality incidents in the United States reported to have involved
organophosphorus or carbamate insecticides. (Data obtained from Wildlife Mortality
Information: Wildlife Organophosphate/Carbamate Poisoning (OP/CARB). Washington, DC:
U.S. Geological Survey, 2008.)
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The decrease in the incidence of wildlife mortality due to pesticide poisonings may
be a function of the phase-out of certain chemical classes of pesticides as well as the
high specificity, rapid degradation, and low bioaccumulation of recently registered
synthetic pesticides. For example, in the United States, the European Union (EU),
and many other parts of the world, most of the persistent and bioaccumulative chlo-
rinated hydrocarbon insecticides have been phased out of use unless there has been a
compelling benefit for its use (such as the use of DDT to control malaria in India and
certain African countries) (Yu 2008). Additionally, there has been a relatively steady
decline in the use of the more toxic cholinesterase-inhibiting (organophosphorus and
carbamate) insecticides (Mortensen 2006), which as a class have been implicated in
a number of wildlife mortalities (USGS 2008). While most of the cases of wildlife
mortality were likely associated with product misuse, some clearly were not (Cobb
et al. 2003; Tank et al. 1993). For example, Swainson’s hawks (Buteo swainsoni)
migrating from Canada and the United States to Argentina were killed by the hundreds
when they gorged themselves on grasshoppers treated with monocrotophos (dimethyl
(E)-1-methyl-2-(methylcarbamoyl) vinyl phosphate), a product whose use had been
banned in the United States since 1977 (Hooper 2003). Because of this and other simi-
lar events, a very focused and collaborate effort involving a number of government
agencies, university personnel, industry, and non-governmental organizations led to a
withdrawal of this insecticide and eventual ban of its use in Argentina.

Pyrethroid insecticides are synthetic derivatives of pyrethrum, a solvent extract
of dried flowers of Chrysanthemum cinerariaefolium. Pyrethroids are a widely used
class of insecticides with the second-largest market share (approximately 20%) rela-
tive to the cholinesterase-inhibiting insecticides (OPs = 25% and carbamates = 11%).
Like the cholinesterase-inhibiting insecticides, they are very effective at control-
ling a wide range of insect pests, but they are not as toxic to terrestrial organisms.
However, pyrethroid insecticides are highly toxic to many aquatic organisms, with
the lowest EC/LC,, values in the part-per-trillion range. They are nonpolar com-
pounds that are strongly hydrophobic (K, or Log P values in the 5-7 range), and
they tend to bind tightly to soils and sediments (K . values in the 40,000-300,000
range). Despite their high K ,/Log P values, they do not tend to bioconcentrate in
fish as much as would be expected (BCF values in the 400—6,000 range; many below
1,000). Recently, however, there have been concerns about the effects of some pyre-
throid insecticides on benthic invertebrates that dwell in the sediments of creeks
within residential neighborhoods (Westin et al. 2005), but not necessarily within
agricultural environments, specifically water bodies near cotton-growing regions of
the United States (Solomon et al. 2001; Giddings et al. 2001; Hendley et al. 2001;
Travis and Hendley 2001; Maund et al. 2001).

A relatively new class of insecticide, the neonicitinoids (or chloronicotinyls), repre-
sents nearly 16% of the global market share of the major classes of insecticides (Nauen
2007). The neonicitinoids are analogs of nicotine, but unlike nicotine these insecticides
are much less toxic to mammals, with LDs, values ranging from 400 mg/kg to >5,000
mg/kg (Yu 2008). This class of chemicals recently received some bad press when it
was implicated as one of the suspected causes of honeybee colony collapse disorder,
or CCD. Consequently, all of the uses of neonicitinoids were banned from being used
in some countries in the EU, most notably France. However, the ban of neonicitinoids
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has not eliminated CCD, and recent research data suggest that the primary causes
of CCD are likely biological (viruses and/or mites) and that other factors, including
pesticides, may play a contributing role. It should be noted that samples of bee bread,
pollen, and bees themselves indicate that the most likely pesticide contributors to CCD
may be the very pesticides (acaricides) that have traditionally been used to control the
mites that parasitize the bees. There was an unfortunate incident recently involving
neonicitinoids and bees that occurred in Germany. Corn seeds being treated with the
neonicitinoid clothianadin did not include enough binding agent used to ensure that the
insecticide would adhere to the seed. The equipment used to drill the seeds (a pneu-
matic device) blew pesticide-laden dust from the corn seeds into the air rather than
toward the ground. Prevailing winds blew the dust toward flowering canola fields that
were filled with bees pollinating the crop. The result was the death of many colonies
of bees. This incident was not related to CCD, but was instrumental in developing
improved label language, including the employment of proper equipment under more
favorable environmental conditions.

While habitat loss or alteration, introduction of nonindigenous species, over-
exploitation and collection, and, more recently, diseases such as the chytrid fun-
gus rank among the greatest risks to amphibians (Solomon et al. 2008), there has
been growing interest in the potential effects of pesticides on amphibians. A recent
review on amphibians and agricultural chemicals (Mann et al. 2009) provides excel-
lent information on this subject. Of particular interest is the purported effect of the
herbicide atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) on develop-
ing frogs at concentrations as low as 0.1 ug/L (Hayes et al. 2002; Hayes et al. 2003).
However, data from research by a number of other investigators support the conclu-
sion that “the weight of available evidence does not substantiate claims that atrazine
is a reproductive toxicant that feminizes and demasculinizes male frogs” (Solomon et
al. 2008). Based on a recent examination of all the studies and their results, the U.S.
EPA concluded that atrazine does not adversely affect amphibian gonadal develop-
ment when exposure falls within the range of 0.01 to 100 pug/L (USEPA 2007).

Effects of pesticide mixtures on wildlife in laboratory or semi-field studies have
received significant attention recently (Relyea 2009). Interestingly, a USGS report
(Gilliom et al. 2007) noted that “more than 6,000 unique 5-compound mixtures
were found at least 2 percent of the time in agricultural streams,” but “the number
of unique 5-compound mixtures found in agricultural streams is less than 100 when
only concentrations greater than 0.1 micrograms per liter (ug/L) are considered.”
The USGS noted that, “many mixtures do not occur very often at high concentra-
tions, and the most frequently occurring mixtures are composed of relatively few
pesticides. Furthermore, a study conducted by the Danish Environmental Protection
Agency (Kudsk 2005) examined 22 pesticides in a total of 101 binary combinations
of pesticide mixtures and test systems suggests that significant divergence from addi-
tivity was only observed in relatively few cases.

Given the potential for adverse effects by pesticides to non-target organisms,
assessment of risks posed by pesticides is an essential part of sound management
strategies. Where pesticides co-occur at environmentally relevant concentrations
and for a biologically meaningful duration, they should be evaluated for potential
synergistic effects and included in the risk assessment process.
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| Ecological Chemical Hazard Assessment |

| Animals | | Plants | | Microbes | | Animals |
| | | |
| Birds | | Emergence | | Soil | | Fish | | Algae |
| | |
| Wild Mammals | |Vegetative Vigor| | Invertebrates | |Macrophytes|

| Soil Macro-organisms |

| Insects |

FIGURE 3.2 Organisms used in ecotox-testing programs with pesticides to determine hazard.

3.2.6 EcorocicaL EFrects TESTING

Several wildlife toxicity studies are required as part of data requirements for pesticide
registration. There certainly are differences in the requirements between regulatory
bodies as to the organisms and guidelines used in the conduct of ecotoxicological stud-
ies, but a global pesticide registration generally requires toxicity studies with represen-
tative or surrogate species from the following major groups: terrestrial vertebrates and
invertebrates, aquatic (freshwater and estuarine/marine) vertebrates and invertebrates,
terrestrial and aquatic plants, and soil macro- and microorganisms (Figure 3.2).

The purpose of the first tier of studies is to develop acute (generally median lethal
mortality or morbidity) and chronic (generally growth and development) endpoints to
be used in simple hazard quotients that are compared to a specific level of concern. In
addition to the first tier of studies required for registration, regulatory authorities can
require pesticide registrants to conduct additional toxicity studies that may include
higher-tiered studies (such as full life-cycle, mico/mesocosm, semi-field, field, and
pen). The purpose of the higher-tiered studies is to refine early-tiered hazard or risk
assessments by evaluating surrogate wildlife species that are exposed to pesticides
under more environmentally realist scenarios. It is noteworthy that requirements are
continuously reviewed and updated as necessary. Recently, both the United States and
the EU have made revisions to ecotoxicology study requirements and guidelines. For
example, the United States recently updated the avian acute oral toxicity test require-
ments by adding another species. Now, a pesticide registrant is required to test either
an upland game species (northern bobwhite quail, Colinus virginianus), or a water-
fowl (mallard duck, Anas platyrhynchos) along with a passerine species (CFR 2008).

3.2.7 Pesticipes AND EcoLocicAL Risk ASSESSMENT

The overall U.S. ecological risk assessment process is presented below (Figure 3.3)
(USEPA 1998). Similar ecological risk assessment processes exist for most countries
that have a formal regulatory program for pesticide registrations.
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Ecological Risk Assessment

Planning
(Risk Assessor/ PROBLEM FORMULATION

Risk Manager
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1
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As Necessary: Acquire Data,
Iterate Process, Monitor Results

RISK CHARACTERIZATION

Communicate Results to
Risk Manager
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FIGURE 3.3 The ecological risk assessment process. (From U.S. EPA’s Guidelines for
Ecological Risk Assessment, April 1998.)

The first and arguably most important step in the process is the problem formula-
tion phase, where the purpose for the assessment is articulated, the problem is defined,
and a plan for analyzing and characterizing risk is determined. During the analysis
phase, data are evaluated to determine how exposure to stressors is likely to occur, the
magnitude of the exposure, and the potential and types of ecological effects that are
expected given different exposure scenarios. The risk characterization phase includes
a summary of assumptions and identification of uncertainties as well as strengths and
limitations of the analyses.

It is important to understand that the ecological risk assessment process is con-
sidered to be an iterative process. Something learned during the analysis or charac-
terization phase may lead to a reevaluation of the problem formulation or require the
collection of additional data with subsequent analysis (USEPA 1998).

From a U.S. regulatory perspective, the primary purpose of the risk assessment
process is to compare the appropriate exposure endpoint with the appropriate effects
(toxicity) endpoint and calculate a risk or hazard quotient (see Chapter 9). The risk
quotient is then compared to a predetermined level of concern (LOC). In the first
tier, very conservative estimates of exposure and effects are assumed so that if the
exposure/toxicity ratio is less than the LOC, the risk to the non-target organism from
exposure to the pesticide under consideration is considered to be low. Conversely, if
the exposure/toxicity ratio is greater than the LOC, there is a presumption of risk,
and refinements to the risk assessment must be made if possible. If not, additional
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research is needed or mitigation measures are required. The end result is that the risk
assessor provides the risk manager with a series of risk presumptions based on the
comparison of hazard quotients with the respective LOC. This first-tier assessment
is deterministic and does not comply with the true definition of risk, which implies
that the probability of a particular adverse effect occurring under a given exposure
scenario will be evaluated (see probabilistic approaches in Chapter 9 in this book).

In the United States, the ecological risk assessors send their assessments to the
risk managers, who weigh the risks against their benefits. In a perfect world, com-
munication between the risk assessors and risk managers would occur early in the
process during problem formulation. However, this is not always followed in practice
and can cause some confusion. For example, the risk assessor may determine that
one or more risk quotients for a given pesticide are greater than their corresponding
LOC:s. The risk manager, however, may determine that the benefits of the pesticide
outweigh the risks and so the pesticide may be registered. If the risk assessment but
not the benefits analysis is made available to the public, it may not be clear to the
public why the pesticide was registered. Clear and transparent risk communication
between the risk assessors and risk managers and between risk managers and the
public would likely establish more trust among all stakeholders.

3.3 GENETICS AND CROP PROTECTION

3.3.1 History oF GENETICS AND CROP DEVELOPMENT

Humans have been using genetics to improve agricultural production ever since
agriculture began over 10,000 years ago. Targets of these efforts have been improved
food and fiber quality as well as quantity, and the tool has been selection-based
breeding (Knauft and Gardner 1998). More recently, science and technology have
played a significant role in advancing goals for agriculture. Understanding the sci-
entific basis of genetics was advanced when Gregor Mendel noted in the 1850s that
the flower color of peas followed a predictable pattern. Within the last 60 years,
our knowledge of the molecular details of genetic structure, function, and mecha-
nisms of action has expanded greatly. As a result, many of the major commercial
commodity crops have been highly domesticated through breeding that involves
strong selection for characteristics desirable to growers and consumers. Recently,
plant breeders have utilized the techniques of modern biotechnology to complement
proven practices in crop improvement. Today, molecular breeding and genetic modi-
fication involving recombinant DNA are valuable means by which crop protection
technologies are incorporated into the genetics of the plant. Consequently, yields
and production efficiency have been increased to the point where much less land
and fewer human resources are required to produce certain foods, feeds, and fibers
(McCloud 1998).

Since 1996, biotechnology-derived crops, also known as genetically modified
(GM) crops, have integrated crop protection technologies that are useful to growers.
This has taken place in countries that have developed workable regulatory systems.
Farmers in the major commodity-producing areas of the world have widely adopted
GM corn (Zea mays) and cotton (Gossypium spp.) products that are both tolerant to
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TABLE 3.2

Biotechnology-Derived Crop Protection Technologies Available in the U.S.
Crop Trait Gene(s)

Canola Herbicide tolerant cp4 epsps & gox (glyphosate tolerance)

bar (glufosinate tolerance)
pat (glufosinate tolerance)

Corn Herbicide tolerant cp4 epsps (glyphosate tolerance)
bar (glufosinate tolerance)
Insect protected crylAb, cry2Ab, crylA.105, crylF (Iepidopteran protected)
mery3A, cry3Bb, cry34/35 (coleopteran protected)
Cotton Herbicide tolerant cp4 epsps (glyphosate tolerance)
bar (glufosinate tolerance)
Insect protected crylAb, crylAc, cry2Ab, cryl F & vip3A (lepidopteran
protected)
Papaya Virus resistant CMV-PRV (papaya ringspot virus coat protein)
Plum Virus resistant PPV-CP (plum pox virus coat protein)
Squash Virus resistant CMV/WMV-2/ZYMV (cucumber mosaic virus, watermelon
mosaic virus 2, zucchini yellow mosaic virus coat proteins)
Sugarbeet Herbicide tolerant cp4 epsps (glyphosate tolerance)
Soybean Herbicide tolerant cp4 epsps, gat4601 (glyphosate tolerance)

pat (glufosinate tolerance)
gm-hra (imidazolinone tolerance)

Note: Agbios keeps an excellent global database on GM crops at http://www.agbios.com/main.php.

broad-spectrum herbicides and able to resist key insect pests. Herbicide tolerance in
corn, cotton, canola (Brassica napus), and soybeans (Glycine max) is a common, per-
haps baseline, trait in efficient, conventional production systems, while herbicide-tol-
erant sugar beet (Beta vulgaris) is new to the market in the United States. Resistance
to virus-induced diseases is commercially available in such crops as papaya (Carica
papaya), plum (Prunus domestic), and yellow squash (Cucurbita pepo). Application
of modern biotechnology to agriculture has increased the number of crop protection
technologies available to growers (Table 3.2).

3.3.2 Current Status oF GM Croprs

Between 2007 and 2008, the area producing GM crops grew by 9.4% or 10.7 mil-
lion hectares (26.43 million acres), to reach a total of 125 million hectares (309
million acres) (James 2008). According to James (2008), 13.3 million farmers in
25 countries are growing GM crops, and 90% (12.3 million) of these are resource-
poor farmers in 15 developing countries (Table 3.3). Some of the reasons given for
the rapid adoption of herbicide-tolerant canola, cotton, maize, and soybean have
been ease of weed control, improved control, less crop injury, concordance with soil
conservation practices, economic return, and use of herbicides that are less toxic
to humans and degrade rapidly in the environment (Burnside 1996; Culpepper and
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TABLE 3.3
Global Plantings of Biotech Crops
Rank Country Area (million Biotech Crops
hectares)
1 USA* 62.5 Soybean, maize, cotton, canola,
squash, papaya, alfalfa, sugar beet
2 Argentina* 21.0 Soybean, maize, cotton
3 Brazil* 15.8 Soybean, maize, cotton
4 India* 7.6 Cotton
5 Canada* 7.6 Canola, maize, soybean, sugar beet
6 China* 3.8 Cotton, tomato, poplar, petunia,
papaya, sweet pepper
7 Paraguay* 2.7 Soybean
8 South Africa* 1.8 Maize, soybean, cotton
Uruguay* 0.7 Soybean, maize
10 Bolivia* 0.6 Soybean
11 Philippines* 0.4 Maize
12 Australia® 0.2 Cotton, canola, carnation
13 Mexico* 0.1 Cotton, soybean
14 Spain* 0.1 Maize
15 Chile <0.1 Maize, soybean, canola
16 Colombia <0.1 Cotton, carnation
17 Honduras <0.1 Maize
18 Burkina Faso <0.1 Cotton
19 Czech Republic <0.1 Maize
20 Romania <0.1 Maize
21 Portugal <0.1 Maize
22 Germany <0.1 Maize
23 Poland <0.1 Maize
24 Slovakia <0.1 Maize
25 Egypt <0.1 Maize

* Countries growing 50,000 hectares, or more, of biotech crops

York 1998; McKinley et al. 1999; Carpenter and Gianessi 2001; Bullock and Nitsi
2001; Kalaitzandonakes and Suntornpithug 2001; Fawcett and Towery 2002; Shelton
et al. 2002; Runge and Ryan 2003). The economic and environmental impacts of
biotech crops were investigated over a 10-year period, and researchers concluded
that farmers have benefited economically (Brookes and Barfoot 2005, 2006). They
estimated an overall reduction of 224 million kilograms of pesticides sprayed.

The current diversity of crop and gene combinations (Table 3.2) is rather narrow
compared with the number of plants that can be transformed using recombinant DNA
techniques (Dunwell 2000; Babu et al. 2003; silvers et al. 2003). Important food crops
such as wheat (Triticum aestivum), rice (Oryza sativa), sweet potato (Ipomoea batatas),
and cassava (Manihot esculenta) have been successfully transformed and field-tested
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around the world. Their importance to food security and economic development makes
these and other plants key targets for improvement using GM techniques. Similarly,
a greater diversity of traits and trait combinations are being developed for eventual
introduction into farming systems (Nickson 2005). Tolerance to abiotic stressors such
as drought, salt, heat, and cold, as well as traits that give improved nutritional quali-
ties, are being aggressively developed. Many of these products should be a priority
for developing world agriculture (Thomas et al. 2003; Qaim and Zilberman 2003).
However, their deployment into commercial food and feed production systems will be
possible only after each product has completed appropriate regulatory reviews. A key
step in this process is the development of an environmental risk assessment that pro-
vides evidence for an authority to conclude with sufficient certainty that the risks posed
by the GM crop are acceptable compared to those posed by the conventional plant.

3.3.3 ENVIRONMENTAL Risk AssessMENT (ERA) oF GM Crops

Products developed through traditional breeding are largely not regulated from the
perspective of food, feed, and environmental safety. Canada is the only country where
anew crop/trait combination derived from traditional breeding may be subject to reg-
ulatory review for food, feed, and environmental safety depending on the “novelty”
of the trait (see http://www.inspection.gc.ca/english/sci/biotech/reg/novnoue.shtml).
Conversely, virtually all other countries in the world use the process of “modern bio-
technology” as a trigger for regulatory review. Experience to date has been that all
GM crops have undergone regulatory review; and food, feed and environmental risk
assessments (ERA) have been integral components of every deregulation/approval.

The early basis for the development of the ERAs conducted for GM crops can
be found in four publications (OECD 1986; OECD 1993; NRC 1989; Tiedje et al.
1989). Since the publication of these seminal documents, numerous publications have
appeared intended to either describe the ERA process or to clarify the conceptual
basis, or both (for example, UNEP 1995; Rissler and Mellon 1996; Kjellsson 1997, EI
1998; Kjaer et al. 1999; Nickson and McKee 2002; Hancock 2003; Wilkinson et al.
2003; Evaristo de Jesus et al. 2006; Craig et al. 2008). Certain principles have emerged
that are common to all ERA frameworks for GM crops (Hill and Sendashonga 2003).
ERAs should utilize multiple lines of evidence and consider all the available infor-
mation, including both qualitative (expert judgment) and quantitative data. There is
debate regarding the quantity of data needed for regulatory decision-making, and
whether using laboratory data alone is sufficient to approve GM crops in situations
where little information from field experiments is available regarding a product’s
effects on non-target organisms (Romeis et al. 2008; U.S. EPA 2006). In addition,
ERAs should be sufficiently flexible to allow them to be recursive and comparative in
nature. A fundamental principle for evaluating a GM plant is to compare it to an appro-
priate counterpart whose environmental risks are known to some degree. Information
obtained in the course of evaluating the risks associated with the GM plant relative to
its counterpart may need to be reconsidered in light of assumptions made earlier in the
assessment or to re-evaluate earlier risk characterizations.

Recently, some authors have described the conceptual basis of the ERA for GM
plants in a manner harmonized with processes used for chemical pesticides (Nickson



Agriculture 53

and McKee 2002; Hill and Sendashonga 2003; Raybould 2006; Nickson 2008). The
importance of problem formulation in ERA was highlighted by Raybould (2006),
who noted that testing appropriate risk hypotheses was essential to avoid collection
of irrelevant data. Many experts in this field have witnessed the proliferation of data
requirements with little justification other than scientific curiosity. Raybould (2007)
subsequently described that there is a distinct difference between an ecological and
ecotoxicological approach to data collection. The former is appropriate for asking
basic questions of science, while the latter is necessary to conduct efficient and rigor-
ous ERAs for the purpose of regulation. The term assessment endpoint as described
by the EPA (USEPA 1998) is infrequently encountered in the ERAs for GM crops.
This highlights the problem that risk hypotheses are rarely properly described. In fact,
many practitioners confuse individual elements of hazard and exposure as “risks.” It
is quite common to encounter such statements as “gene flow is a risk” and “toxic-
ity of a Bt protein to butterflies is a risk”” when, in fact, gene flow is a component of
exposure and toxicity is an element of hazard. These experiences only exemplify the
challenges that one can encounter when conducting an ERA for a GM crop.

Three very broad high-level assessment endpoints are typically the focus of an ERA
for a GM crop. These are (1) abundance of pests (weeds, animals, and disease), (2)
microbial processes involved in agricultural productivity, and (3) abundance of ben-
eficial animals in agricultural fields. First, the ERA is typically concerned with the
question of whether the GM plant becomes a pest of agriculture or other environments
through gene flow (exposure). Likewise, risk assessors are concerned that the GM
plant will create a worse pest—for example, by increasing the virulence of viral patho-
gens through some scientifically reasonable mechanism. Second, the ERA typically
addresses the potential for the GM plant to affect microbial processes that are valu-
able to farm productivity and in-field biogeochemical process (e.g., hydrologic cycles).
Finally, determining the potential for the GM plant to adversely affect beneficial organ-
isms (non-target organisms) is an area that the ERA must specifically address. The
potential for the GM plant to cause harm either directly or indirectly is examined for
all three (broad) assessment endpoints. Of course, specific assessment endpoints and
data needed for the ERA will vary depending on the regulatory authority and their legal
requirements. Generation of specific risk hypotheses should be based on knowledge of
the conventional crop that was modified, the nature of the trait that was introduced into
the crop, the likely receiving environment, and the likely interactions among these in
the context of the assessment endpoints. In this way, relevance to the ERA is ensured
because the necessary linkage between the assessment endpoints, the characteristics
of the specific GM plant, and the specific hypotheses tested is clear. In this way, the
relevance of the data for regulatory decision-making (approval) is obvious.

There is no consensus on a prescriptive set of data necessary for every ERA.
A principle of case-by-case is applied, but there has been a good amount of com-
monality with regard to the data used in the assessments conducted on the currently
commercial GM crop production products. Figure 3.4 provides an outline of the
information commonly submitted as part of an ERA for a herbicide-tolerant, insect-
or virus-protected crop.

Decisions on exactly what data should be submitted should be guided by a con-
cept developed about 20 years ago called familiarity (OECD 1993; Nickson and
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e Product Characterization: e Exposure assessment

* molecular analysis — Expression levels of the gene
e Identification of hazard potential: product

Plant e Temporal expression

e Phenotypic and environmental interac- e Appropriate plant parts

tion information — Gene Flow

e Composition studies e Pollen and/or seed
e Identification of hazard potential: Sexually compatible wild relatives

Trait — Environmental Fate

*  Mode of action of gene product e Fate in soil

* Toxicity potential/data e Fate in water

FIGURE 3.4 General description of data and information requirements for an ERA for a
GM crop.

Horak 2006). Familiarity is useful to decision makers; it comes from preexisting
knowledge—experimental results as well as expert opinion—and experience gained
over time. Familiarity encompasses experience with the crop, the trait, the environ-
ment, and interactions. By definition, familiarity increases with time and experi-
ence, and thus it helps address uncertainty in the risk assessment and direct future
information collection (e.g., monitoring). Familiarity is critically important in select-
ing only those risk hypotheses that are plausible or reasonable. It also then aids in
selecting appropriate testing procedures and species. Importantly, familiarity is not
a safety conclusion; instead it encompasses the information available at a given point
in time, and it serves as a basis from which the risk assessment should proceed.

Underlying familiarity are two important assumptions: (1) the process of genetic
engineering is not inherently more risky than conventional plant breeding, and intro-
duced transgenes behave in essentially the same manner as any other gene within the
plant genome; and (2) there is a significant history of introducing new traits into crop
plants and of evaluating these new varieties in agriculture. In other words, the ERA
should focus on the phenotype of the plant (not the genotype), and one’s experience
with a plant and familiarity with its phenotype guides the planning phase (generation
of risk hypotheses and selection of specific test hypotheses). According to Hokanson
et al. (2008), “Familiarity allows decision-makers to draw upon the vast experience
with introduction of plants into the environment, and to compare genetically engi-
neered plants to their non-engineered counterparts.”

As described in Figure 3.4, a typical ERA for a GM crop protection product
involves molecular and expression analyses as well as comparative compositional
analysis and agronomic/phenotypic evaluations. This information is useful in char-
acterizing the GM product and assessing its hazard potential. These analyses should
be designed to detect differences that are relevant to the risk assessment. That is,
the data should allow a risk assessor the ability to decide with reasonable certainty
what, if anything, is sufficiently different such that it may cause an adverse effect to
some environmental attribute that must be protected (see above). Experience with
crops tells us that differences between genotypes will frequently be observable in
the phenotype, such as maturity, flower color, and plant architecture. These differ-
ences, however, are almost always not meaningful in terms of environmental risks.
As such, phenotypic and compositional studies must be designed appropriately to
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reveal differences that are relevant to the ERA. For the crop protection products in
Table 3.2, the only meaningful differences observed in our assessments to date have
been the presence of the introduced trait and the resulting phenotype.

Figure 3.4 also highlights that other factors related to hazard potential and expo-
sure have been considered. Once we have high certainty that the only meaningful
difference between the GM crop and its conventional counterpart is the intended
difference, risk hypotheses are formulated for the introduced trait—for example,
“The presence of trait x will have no increased adverse effects on the environmental
components of concern.” Testing these hypotheses is done in a tiered manner where
the characteristics of the trait are carefully considered with regard to their potential
to cause harm (Garcia-Alonzo et al. 2006; Romeis et al. 2008). Based on the proper-
ties of the expressed proteins conferring herbicide tolerance or virus resistance to the
crops, it was concluded that there was no need to conduct further (effects) tests. In
addition, the potential impacts associated with gene flow from these GM crops could
be assessed without the need for any further data. It was sufficient to conclude that,
based on the biology of the crop, if gene flow is possible, it will occur. Risk charac-
terization for gene flow then focused on the potential for harm to occur based on the
characteristics of the trait.

Conversely, based on what was known about the insecticidal properties of the
proteins from Bacillus thuringiensis (Bt), a battery of tests were conducted against
representative arthropods for products expressing insecticidal Bt proteins (Romeis
et al. 2006). Subsequently, no adverse effects have been observed in numerous
laboratory tests conducted on a wide diversity of organisms with the Bt proteins
identified in Table 3.2 (those interested in more details on these tests are encour-
aged to obtain the Biopesticide Registration Action Documents available from the
U.S. EPA: http://[www.epa.gov/pesticides/biopesticides/ingredients/). One signifi-
cant challenge in conducting laboratory tests is acquiring sufficient quantities of test
material (protein). This is typically done using recombinant bacteria, e.g., E. coli,
since expression in plants is usually very low. In these cases, an “equivalence” study
is required to demonstrate that the protein produced in E. coli is an appropriate sub-
stitute for the protein produced in plants for use in toxicological tests.

The environmental fate of the GM crop protection products must also be consid-
ered in any ERA of these GMOs. The characteristics of the proteins introduced into
herbicide-tolerant and virus-resistant crops are such that there is sufficient informa-
tion to conclude that they have negligible likelihood to persist or accumulate. Thus,
no reasonable risk hypotheses could be formulated with regard to potential harm to
soil and soil processes. Experiments were designed, however, to examine the poten-
tial for Bt proteins to persist and accumulate. Much of the earlier interest in this
question was generated by a publication (Tapp and Stotzky 1998) several years ago.
Not surprisingly, many of the commentaries on this publication mischaracterized
the result as a “risk.” Since this time, much research has been done examining the
environmental fate of Bt proteins and tissues expressing these protein (for example,
see Margarit et al. 2008). Fate data have been collected either as a part of the ERA, a
condition or registration for the U.S. EPA, or as basic academic research. Figure 3.4
simply makes note that environmental fate is an element of the exposure assessment
with an ERA for a GM crop.
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3.3.4 SUMMARY

Several valuable crop protection technologies are now available to growers as the
result of a natural evolution and adoption of technology in agriculture. The use of
biotechnology has allowed us to take another step forward in developing new prod-
ucts that must meet societal standards of acceptability. Many GM crops demonstrate
how chemistry and genetics can complement each other and integrate into more
sustainable agricultural systems. Both chemical and GM products have had to meet
rigorous regulatory requirements to ensure the users and general public that these
products pose no unacceptable risks to the environment. In the future, many more
trait, crop, and chemical combinations will become available to agriculture only
when these products also are shown to meet regulatory and other standards of the
agricultural systems.

3.4. BIOFUELS

Most experts agree that sustainable fuels are needed, and many consider biofuels
a good alternative to fossil fuels (Groom et al. 2008). Along with the need for con-
version to biofuels is the need to limit the release of contaminants into the envi-
ronment. While this is a laudable goal, all participants in biofuel production must
acknowledge that there is a concomitant increase in contaminant emission with
production of any fuel and waste products. Biofuel production is no different. While
the volumes and toxicities of biofuel-derived waste may be lower than for fossil
fuels, there remains a concern that increased biofuel production will increase the
release of contaminants from the feed stock, transport, production, and distribution
processes associated with biofuel production. There are also significant concerns
regarding the conversion of croplands and forested areas for use in producing bio-
fuel feedstocks.

Reducing the emission of CO, into the atmosphere is one critical goal of con-
version from fossil fuels to biofuels. Current estimates suggest that corn-derived
ethanol reduces greenhouse gases (GHGs) by approximately 13% compared to
petroleum-based fuels, but that lignocellulosic fuels can reduce GHGs by approxi-
mately 85% (Hoekman 2009). Unfortunately, the current total worldwide cropland
use of 0.24 ha/person for all purposes stands in stark contrast to the 0.7 ha needed
to produce sufficient sugarcane ethanol to displace the carbon emissions from
one vehicle. And this comparison gets far worse for corn ethanol and biodiesel.
Therefore, bioenergy policies must seriously consider the impact of these acre-
ages on cropland and on natural habitats for wildlife. Any use of food crops for
biofuels or conversion of arable land into biofuel crops such as grasses has a sig-
nificant potential to impact food resources in developing countries (Ugarte and He
2007). Concern for wildlife and ecosystem health is seldom a major consideration
in regions where human populations have insufficient food. Therefore, processes
that do not use food crops or land that is needed for food crops are needed in devel-
oping countries, not only to benefit the human condition, but to allow inhabitants
of these countries to consider the ecosystem services that accrue from protecting
wildlife and natural resources.
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3.4.1 GeNERAL CONSIDERATIONS FOR BioFuEL PRODUCTION

One promising attribute of biofuel production is that available biofuel resources are
more evenly distributed globally than are fossil fuel resources (Sagar and Kartha
2007). However, the most mature of these biofuel technologies, grain-based ethanol,
is by far the least sustainable. Total energy conversion from wheat is approximately
1.09, and for corn this conversion efficiency is 1.2 to 1.4 (Dong et al. 2008). In fact,
the use of row crops in temperate zones to produce ethanol is likely to consume
energy rather than produce it.

Equatorial sugar cane (Saccharum spp.) is the only feedstock from which ethanol
can be produced by fermentation with an energy conversion ratio of 1.6 or higher (Dong
et al. 2008). It is possible for efficient use of sugarcane to produce 3.7 to 8.2 times the
energy input, and cellulosic ethanol production can generate 6 to 11 times more energy
than is input for its generation. Bio-diesel may achieve conversion efficiencies of 1.2 to
3 times input energy, depending on feedstock source (Sage et al. 2009). Although the
cellulosic processes were not considered, research to compare CO, emissions, natu-
ral resource utilization, and contaminant emission suggests that few complete biofuel
production, distribution, and consumption processes are less harmful than processes
for fossil fuels (Zah et al. 2007; Scharlemann and Laurance 2008). Therefore, new
approaches to biofuel production are needed (Groom et al. 2008). Standard measures
of greenhouse gas emissions in the lifecycle of all fuels need to be evaluated as part of
decision-making processes for fuel production and use (Liska and Cassman 2008). We
believe that lifecycle assessments must consider all inputs, not only GHG and fuels,
but all resources. Recent data suggest that only the most efficient biofuel production
processes utilizing feedstocks that are non-destructive to existing ecosystems reduce
environmental impacts compared to petroleum production (Zah et al. 2007).

In the United States, biofuels comprise approximately 0.7% of energy produc-
tion, with direct combustion of wood waste accounting for another 3.3% (Hoekman
2009). The largest feed stocks for bioethanol and biodiesel are corn and soy, respec-
tively. Biofuel production consumed 14% of the corn crop in 2006, demonstrating the
need to increase other types of biofuel production, such as cellulosic ethanol (Bies
2006). Regulations in the United States have provided incentives to produce biofuels
through cellulosic conversion of non-food crops. Biochemical and thermochemical
methods for cellulosic conversion are being developed separately, but future produc-
tion facilities are likely to incorporate both processes to convert a wider variety of
feed stocks (Bies 2006).

There are limitations on the amount of biofuel production that can be envisioned
from harvesting crops, grasses, or wood byproducts (Hoekman 2009). Issues sur-
rounding wood include accessibility, transportation, and soil stability. Issues sur-
rounding crops and grasses focus on needed improvements in biomass yield, water
consumption, and nutrient inputs. Despite this, there is a potential for wood, crops,
and grasses to replace approximately one-third of the current U.S. petroleum con-
sumption by 2030 (Hoekman 2009). Other estimates suggest that tropical areas of
the world have the capacity to produce 20% of OECD liquid-fuel needs by 2020. For
example, Brazil currently uses ethanol for approximately 30% of its transportation
needs (Sagar and Kartha 2007). This would stabilize economic situations in these
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countries and could mitigate greenhouse emissions if deforestation is not embraced
as a means of acquiring more land to produce biofuel feed stocks (Mathews 2008).
However, using tropical land for biofuel raises significant ecological concerns (see
below). Moreover, some reports suggest that energy from crops is unlikely to attain
the projected output of 400 EJ/yr (EJ = 10" J) required to avoid exceeding atmo-
spheric CO, of 550 ppm. The more likely amount is 22 EJ from biofuels, and this
could lower CO, release by 2070 Mt CO,/yr compared to fossil fuel use, which is
insufficient to limit atmospheric CO, to 550 ppm (Sims et al. 2006). With these CO,
diminutions and likely near-term energy production from biofuels in mind, conver-
sion of vehicles to electric power seems to be a major requirement in making trans-
portation truly sustainable (Pro et al. 2005), but in the interim, biofuels are likely to
assume a major portion of liquid fuel sources for vehicles.

3.4.2 Speciric FueL Types

3.4.2.1 Biodiesel

Biodiesel can use high-oil crop seeds or animal fat (Hoekman 2009). Conversion of
waste oil from cooking processes into biodiesel is a well-known process across the
globe (Tsai et al. 2007). Life cycles indicate that vegetable oils are ~2 times more
sustainable than tallow as a biofuel feedstock (Niederl and Narodoslawsky 2006).
Moreover, animal fat can carry many contaminants (Herrera et al. 1994; Hela et al.
2006; Jevsnik et al. 2004; Paton and Petterson 1997; Sallam and Morshedy 2008)
that may be retained in biodiesel. Prions are one of the more exotic of these contami-
nants. Studies indicate that the hydrolysis and transesterification processes effec-
tively destroy these molecules (107 reduction factor) (Mittelbach et al. 2007).

Biodiesel and hydrogen generation are the most prominent areas of biofuel
research (Kajikawa and Takeda 2008). Jatropha oil (Jatropha gossypiifolia and
J. curcas) and soapnut oil (Sapindus mukorossi, S. emarginatus, and S. rarak) may
be used to replace normal food crops as biodiesel feedstocks (Chhetri et al. 2008).
J. gossypiifolia and J. curcas have the potential to serve as good biodiesel sources in
tropical areas such as India (Kumar and Sharma 2005) and Brazil (de Oliveira et al.
2009). However, oil-content cultivation and harvesting methods need to be improved
for optimal crop utilization and minimization of ecological damage.

Although not widely publicized, the use of microalgae for biodiesel production
provides much higher yields per acre than oil crop conversion and other biofuel pro-
duction methods (Chisti 2008; (Patil et al. 2008). The concept of using algae as a
means to sequester CO, is not a new idea (Gao and McKinley 1994). More recent
efforts have expanded to include and improve the biofuel recovery process for alga.
Biodiesel from microalgae has garnered a wide share of literature regarding biofuels
(Kajikawa and Takeda 2008). This conversion technique has the potential to sig-
nificantly relieve pressures to cultivate extensive tracts of land for biofuel feedstock
generation.

3.4.2.2 Ethanol

Maize and sorghum are currently key crops for advancing our understanding and
improvement of bioethanol production (Carpita and McCann 2008). However, using
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food crops for fuel production is widely viewed as a poor decision. Even so, obtaining
sufficient biofuel feedstocks from non-food crops will require significant amounts of
land and substantial natural resources to maintain them. These land use processes
must be sustainable (Keyzer et al. 2008), especially if a goal of biofuel use is to miti-
gate any ecological impacts.

It should be noted that much of the inefficiency in producing fuel from etha-
nol accrues through transport costs of moving feedstocks to centralized conversion
facilities. To efficiently move forward, biofuels must develop a consistent and reli-
able network of feedstock producers; efficient processes to harvest, separate, and
transport feedstocks to production facilities; more efficient and widely dispersed
production facilities; distribution capacity to deliver biofuels to blending and deliv-
ery facilities; and vehicles and other machinery that can effectively use these fuels
(Hoekman 2009).

Lignocellulosic crops offer ecological improvements over most food crops, but
may not offer habitat improvements over set-aside grasslands. Critical evaluations of
costs and benefits in energy, habitat, and carbon cycling need to be evaluated for cel-
lulosic grasses and short-term rotation coppice (Rowe et al. 2009). Switch grass was
identified early in the search for biofuel feedstocks for cellulosic ethanol production
(Parrish and Fike 2005) and has become an important target plant to be converted
to ethanol. But other feedstocks are available, such as municipal wastes and several
fast-growing shrub and tree varieties.

Miscanthus giganteus may serve as a viable alternative to or as an improvement
over switchgrass. M. giganteus produced an average of 30 t/ha of harvestable biomass
with a maximum of 61 t/ha. Switchgrass (Cave-in-Rock variety) achieved somewhat
lower yields, averaging 10 t/ha (Heaton et al. 2008). However, M. giganteus is not
native to most areas where it is proposed for use, and it is well documented that the
introduction of invasive species alters ecosystems, most often in unwanted ways.
The current means to control invasiveness is to plant sterile hybrids. It is important
here to note that perennial crops are far more energy efficient than are annual crops,
especially high-maintenance row crops. This is because there is no energy input
needed to plant the crop after the first planting (Sagar and Kartha 2007). However,
using annuals does provide more rapid spread of the crop, increasing the potential
for annuals to become invasive. In the search for high biomass yield, feedstocks may
become reliant on exotic plant species that may become invasive without careful
measures. Such introductions of invasive species have already caused problems in
Australia (Davis et al. 2008). Conversely, harvesting existing invasive species for
biofuel production may be an effective strategy for reducing acreage impacted by
the invasive species. A good example is described in a pilot study wherein kudzu
(Pueraria montana) is shown to provide a feedstock capable of producing as much
biofuel as that derived from corn (Sage et al. 2009).

Evaluations of M. giganteus production demonstrated that biomass yield did not
change more than 5% over a 14-year study interval. In fact, 60 to 120 kg N/ha did
not increase its biomass yield during any time interval of a 14-year trial. Pesticides,
while not required every year, were required regularly for the first few years until the
grass monoculture was established (Christian et al. 2008). The need for pesticides
in biofuel feedstocks must be considered in the overall ecological considerations
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of conversion from petroleum to biofuels. Corn stover (~70% lignin) can serve as
a useful feedstock for biofuels. Removal of the stover could adversely affect soil
replenishment and erosion mechanisms (Johnson et al. 2004). Removal rates and
frequencies of plant biomass from specific areas should be evaluated to minimize
impacts on soil health, wildlife habitat, and contaminant introduction into areas gen-
erating feedstocks.

Application of residual materials from bioreactor processes to areas used for bio-
mass harvest could mitigate soil replenishment and erosion concerns. However, the
amount of residual bioreactor material needed to stabilize soil following row crop
production is significantly higher than when stover is used. Therefore, the amount of
stover to be used for fuel production must be carefully weighed against soil sustain-
ability. Efforts to increase yields through crop rotation have met with some success
(Smith et al. 2008), and many are likely to be ecologically beneficial (Sagar and
Kartha 2007), normally as a result of nutrient replenishment and natural pest and
disease control (see Chapter 4). However, specific factors controlling the effective-
ness of rotations in controlling diseases are unclear (Liebig et al. 2007).

Production of ethanol derived from properly managed switchgrass can produce
94% less greenhouse gases than gasoline. This determination was based on managed
switchgrass and an energy return of 540% biofuel from fossil fuel inputs (Schmer
et al. 2008). It is possible that yields could go as high as 700%. From a nutrient and
energy perspective, it is important to note that repeated switchgrass harvesting within
a growing season increases yield more than does N fertilizer application (Thomason
et al. 2004). Fall switchgrass harvest yields more biomass than does spring harvest-
ing, but better wildlife management results from alternative harvesting times (Adler
et al. 2006). August harvest of switchgrass provided quality cover for songbirds and
altered species composition, compared with fields that were not harvested (Roth et
al. 2005). We believe that a mosaic harvesting approach in switchgrass monocultures
may provide continuous feedstock and reasonable habitat for a wide range of grass-
land bird and small mammal species.

Conversion of land use from arable crops to ligninocellulosic crops (LCs) has
the potential to improve many ecologically important parameters, including energy
cycles, greenhouse gas emissions, and biodiversity. However, LCs do not provide
improvements when compared with permanent grasslands. Water use is of particular
concern in all production of crops, including those to be used for fuel. Water use and
reuse will be an important consideration for production as LCs become more widely
used for biofuel production (Dominguez-faus et al. 2009; Rowe et al. 2009). Wheat
straw and clover (Trifolium spp.) may be used to increase biomass production. When
coupled with wet oxidation methods, this process more efficiently produces ethanol
and can be decentralized to allow more efficient feedstock acquisition and fuel dis-
tribution (Thomsen and Hauggaard-Nielsen 2008).

Expanding the mixture of vegetation to include grasses and woody plants produces
ecosystems that are preferred over grasslands alone. Mixed grasses are the next most
beneficial, providing better habitat than short-rotation coppice, which itself is better
than row crops. Some species will invariably benefit more from each management
type (Bies 2006). Given these ecological parameters and the need to avoid expan-
sive crop monocultures, biofuel production that can accommodate several different
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feedstocks is essential. Syngas production allows a broader range of feedstocks that
could include materials such as household wastes (Sagar and Kartha 2007). The
process can also produce a range of fuel products such as methanol, ethers, Fischer-
Tropsch fuels, and hydrogen.

3.4.2.3 Forest Products

There is alarge body of literature regarding wood and wood byproducts as fuel sources
(Sathre and Gustavsson 2006; Scott and Tiarks 2008; Balat 2007; Champagne 2007;
Rowe et al. 2009; Tomic et al. 2008; Wolf et al. 2006). As all natural resources are
seen as fuel sources, care must be taken when considering forest products as a source
of fuels. The world currently consumes 40% of sustainable forest biomass produc-
tion (Parikka 2004). To utilize much more forest would require utilization of pris-
tine forests, which is not an ecologically viable scenario. For example, an in-depth
analysis of ways to balance carbon from fossil fuel with forest products considers
all forest woods to be available for use and showed that all the most fuel-efficient
scenarios involved harvesting trees for energy production. Of course this is not a
viable approach. Transferring logged forests into palm oil stands may allow 150%
more carbon fuel to be produced than is input (Wicke et al. 2008), but this is minimal
compared to the carbon sequestration provided by the original forest that was logged.
There is controversy regarding the effectiveness of measures being taken to improve
palm plantation management and to protect forests in the regions conducive for their
growth (Basiron 2007). Clearing of forests to plant palm trees (Elaeis guineensis) is
rapidly destroying the remaining habitat for orangutans (Pongo pygmaeus) (Nantha
and Tisdell 2009).

Many aspects of land conversion to biofuel feedstocks in tropical regions have
been addressed (Malhi et al. 2008). Significant adverse impacts are likely to ensue if
tropical forests are converted to pastures to provide biofuel feedstocks (Sawyer 2008).
In temperate areas, short-term rotation of forests for biofuels has been suggested
for cesium-contaminated lands in Belarus (Vandenhove et al. 2002). This would
transfer the cesium from forest areas to processing areas, and residues from biofuel
production would then be contaminated with cesium. Another example of impacts
from forest use as biofuel involves the projected adverse impacts on European goose
(Branta spp. and Anser spp.) populations (Wisz et al. 2008). Genetic modification
to improve wood and biofuel production of tree species is also being considered
(Groover 2007). However, large-scale introduction of genetic modification into eco-
systems is controversial.

3.4.3 Dirruse NeTwork ofF BioFUEL PRODUCTION

Incorporating small farms and farm cooperatives into biofuel processes can provide
local economic improvements and establish a diffuse network of feedstocks (Hoekman
2009) and production facilities. The authors believe that a more complete life cycle
assessment could identify areas in the production cycle to improve the efficiency of
biodiesel production and distribution, thereby making decentralized processes more
reliable and sustainable. Biodiesel and direct solar are renewable energy sources
that can be implemented in a sustainable fashion at the community level, thereby
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eliminating much of the transport and distribution costs (Khan et al. 2007). These
could also be implemented in tandem to minimize fossil fuel input into biodiesel pro-
duction. By doing so, the amounts of resources expended producing biofuels would be
minimized, thereby minimizing impacts on resources upon which wildlife depend.

Perhaps a significant improvement in the global environment could be made by
implementing sustainable biofuel programs in developing countries, where approxi-
mately 2.5 billion people depend on biomass as a fuel for their primary energy source
for cooking. The density of these biomass consumers is highest in Africa and Asia,
where biomass is used by 85% and 75% of the populations, respectively (Ugarte
and He 2007). It should be noted that many of the fuel sources used in these areas
are listed among the most beneficial replacements for fossil fuels (Zah et al. 2007;
Scharlemann and Laurance 2008). Within industrialized countries with smaller land
mass, transportation and distribution costs may not greatly affect the efficiency of
biodiesel production; however, application rates of nitrogen fertilizer require much
energy, and moderation of that energy output can increase the energy efficiency of
biodiesel production to 120—170% (Stephenson et al. 2008).

3.4.4 GEeNERAL IMPACTS

Adverse impacts of biofuel production include ecological damage from nutrient load-
ing, soil erosion, and crop-protection products. Large-scale biofuel production may
be unsustainable because of the accompanying degradation of soil conditions and the
energy inputs needed to produce fertilizers that must be used to mitigate soil deg-
radation (Ulgiati 2001). Lignocellulosic fuel production limits these concerns when
compared with the use of row crops for bio-diesel or ethanol production (Hill 2007).
As pressure grows to provide nutrients and organic matter to soils, biosolids of vari-
ous types may be considered as potential supplements (Wang et al. 2008). It has also
been suggested that to minimize soil nutrient depletion, all residual material from
corn fermentation must be returned to the harvested fields. Toxic metal accumulation
in feedstocks is a critical concern, especially since residual materials from fermenta-
tion and biosolids such as sewage sludge are considered fertilizers for these non-food
crops (Reed et al. 1999). Another important factor is that returning residual materials
from centralized fermentation facilities to the fields of origin requires energy, which
has a negative impact on the energy derived from corn-based biofuels (Patzek 2004).
Water, nitrogen, and pesticide use in corn-based biofuels production is a major
concern as we contemplate placing more acres into production to support biofuel
production (Dominguez-faus et al. 2009; Hoekman 2009). Soil conservation and
improvement must be addressed systemically to increase sustainable environments,
not only in agricultural areas, but also in urban and industrial areas (Lal 2007). Crop
rotations are well known to minimize plant diseases and crop-specific pest species.
Improvements in fermentation processes for cellulosic ethanol production are
most likely to involve more efficient enzymatic catalysis. This may require engi-
neering microbes with greater cellulosic degradation properties. We feel that use
of these microbes must be carefully considered, since the sustainability of biofuel
processes seems to include returning the unreacted biomass to the fields produc-
ing the feedstocks, thereby releasing the microbes into the environment where they
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could proceed to damage cellulosic feedstocks and other unintended plants (Sathre
and Gustavsson 2006).

3.4.5 CONTAMINANTS AND BYPRODUCTS

Normal production of biodiesel is producing a glut of glycerol, and uses for this
byproduct are needed (Hoekman 2009). Catalytic hydroprocessing avoids the glyc-
erin byproduct. Glycerin can be used to produce propylene glycol, which in turn
can be a source of ethylene and propylene oxide (van Haveren et al. 2008). Efficient
alcohol-water separation technologies are crucial for making bioethanol viable
(Vane and Alvarez 2008). It is also possible that some of the known fermentation
byproducts may also pose environmental risks (Table 3.4).

Biodiesels have lower amounts of heteroatomic contaminants, thereby lowering
emissions (Bhatti et al. 2008), and blending diesel with ethanol can reduce particulate
emissions and reduce other significant urban pollutants (Miraglia 2007). These are
important considerations for contaminant release into ecosystems, specifically those

TABLE 3.4
Likelihood That Contaminants in Bio-Ethanol Will Cause
Ecological Effects

Ecological Effects

Unlikely Likely Unknown

Formic acid Itaconic acid cis-Aconitic acid

Malonic acid Gallic acid trans-Aconitic acid

Lactic acid 5-Hydroxymethylfurfural acid Levulinic acid

Maleic acid Furfural 2-Hydroxy-2-methylbutyric
acid

Acetic acid Adipic acid 2-Furoic acid

Methylmalonic acid 3,4-Dihydroxybenzoic acid Vanillic acid

Succinic acid 3,5-Dihydroxybenzoic acid Homovanillic acid

Fumaric acid 2,5-Dihydroxybenzoic acid Syringaldehyde

Glutaric acid 3,4-Dihydroxybenzaldehyde

Vanillin Salicylic acid

Benzoic acid 4-Hydroxybenzeldehyde

ortho-Toluic acid 4-Hydroxyacetophenone

para-Toluic acid Caffeic acid

Syringic acid
4-Hydroxybenzoic acid
4-Hydroxycoumaric acid
4-Hydroxycoumarin
Ferulic acid
Sinapinic acid
3-Hydroxy-4-
methoxycinnamic acid
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systems in or near urban or intensely managed agricultural settings. In addition, sul-
fated metal oxides provide promising catalysts for fatty acid esterification for biodie-
sel production. (Kiss et al. 2007) Using these materials to improve energy production
should be carefully considered to ensure that energy savings are not outweighed by
adverse impacts on ecosystem services. We believe that metals from catalysts could
pose soil contamination issues if bioreactor sludges are reapplied as fertilizers, as
has been suggested as a way to improve the sustainability of biofuel production.
Such metal effects have been documented worldwide in cases with sewage sludges
(Ahmad et al. 2005; Champagne 2007; Farrell and Jones 2009; Iwegbue et al. 2007;
Parker and Laha 2005; Wong 2005), petroleum refining (Chilingar and Endres 2005;
Parker and Laha 2005; Wong 2005), and other waste disposal processes.

Evaluations of biomass to fuel production in the United Kingdom suggest that
methane production may be a more efficient method of fuel production and would
produce far less hazardous combustion emissions than bioethanol or biodiesel
(Patterson et al. 2008). Such evaluations are essential to adequately determine bio-
fuel production practices that will minimize impacts on wildlife habitat. Too few
such evaluations have been completed to date.

Wood and grass that are being stored for biofuel production have been shown to
contain higher levels of fungal and bacterial “dusts” than fresh biomasses do. These
natural microbes may already pose risks to workers (Sebastian et al. 2006) before
even considering engineered microbes. No research has been conducted to deter-
mine the extent of microbial releases into the ambient environment, much less to
evaluate the effects that could be manifested in wildlife or the ecosystems that sup-
port them. It is well known that microbes, especially fungi, present significant risks
to wildlife (see Chapter 4).

3.5 SUMMARY AND RECOMMENDATIONS

Most experts would agree that habitat loss or alteration is by far the greatest risk to
species diversity and abundance and is the most significant risk of driving a species to
extinction. It seems logical, therefore, that we would seek crop production processes
that require less land and fewer resources. This effort is particularly important in view
of the pressure to produce food and renewable biofuels with limited arable land mass.

Until we develop better crop protection alternatives, a combination of pesticides
and plant genetics that have been adequately tested for safety, assessed for non-target
risks, and used according to product labels represents the best practice solution to the
worldwide food and fiber requirements. We are rapidly adding fuel supply to this list
of necessary crops. We do not contend that there is always low risk to wildlife associ-
ated with the use of pesticides and plant genetics. But industries continue to develop
pesticides that are: efficacious at lower rates, less persistent, not bioaccumulative, and
better formulated. Better application methods, more easily applied, and plant genetics
that are of low risk to non-target organisms are also being developed to improve natural
resource stewardship. As pesticides and practices with these improvements become
more commonly used by consumers who become better at following label instructions,
the risk of pesticides and plant genetics to wildlife should greatly improve.
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