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Too little is known about the effects
of these compounds, their metabolites,
and degradation products.

ecently, low levels of veterinary medicines have been detected worldwide in soils,
surface waters, and groundwaters (I, 2). Although the impacts of selected com-
pounds—most notably anthelmintics and selected antibacterial compounds—
have been extensively investigated (3, 4), many other substances found in the en-
vironment are less publicly well understood. As a result, researchers have raised
questions about the impact of veterinary medicines on organisms in the environment
and on human health. Several key questions will be addressed in this article. What
other veterinary medicines might be in the environment, and should we be
concerned about these? How do these substances behave in the envi-
ronment, and do they differ from other chemical classes (e.g., pes-
ticides)? What are the effects of long-term, low-level exposure to
these medicines? Do their degradation products present en-
vironmental risks? What subtle human and environmen-
tal effects may be elicited by these drugs? Do medicines
in the environment play a role in antibacterial resis-
tance? How do these substances interact in the en-
vironment with other veterinary medicines and
other contaminants?
Environmental assessments of veterinary
medicines have been required by the U.S. Food
and Drug Administration (FDA) since 1980
and in the European Union since 1997.
During these assessments, data are gener-
ated on the effects of the veterinary medi-
cine on fish, daphnids, algae, microbes,
earthworms, plants, and dung inverte-
brates (5, 6). As the results of the studies
performed during these assessments are
becoming increasingly accessible—for ex-
ample, many of the environmental assess-
ments are now posted on the U.S. FDA’s
website (7)—and as numerous publications
in this general area emerge, a wealth of infor-
mation has become accessible on the environ-
mental fate and effects of veterinary medicines.
In this article, we use the newly available data
to begin to address the major questions and con-
cerns about veterinary medicines in the environment.
We also identify major gaps in the current knowledge and
future research needs, hoping that this feature will encour-
age readers to become involved in this topical and expanding
area. We will not address how human pharmaceuticals impact the
environment; several recent reviews provide detailed information on
human medicines (8, 9).
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What substances are likely to enter the
environment and how?

Veterinary medicines are widely used to treat disease
and protect the health of animals. Some drugs are
considered feed additives, often improving and there-
by allowing animals to be brought to market faster
and at lower cost. Livestock farmers supplement their
animal feed with a wide range of compounds from a
number of therapeutic classes, including antimicro-
bials, antiprotozoals, ecto- and endo-parasiticides,
and hormones (see Table 1). Many of the substances,

such as cypermethrin, diazinon, and oxytetracycline,
are used as pesticides or human medicines.
Obtaining information on the usage of individual
veterinary medicines is difficult, which makes the de-
sign of monitoring and experimental studies prob-
lematic. However, limited data on the sale and usage
of the different chemical classes in countries such as
the United Kingdom, Denmark, Germany, and The
Netherlands are available in the public domain (4,
10-12). Detailed data from the United Kingdom, The
Netherlands, and Denmark indicate that antimicro-

TABLE 1

Major usage veterinary medicines hased on data obtained for the United Kingdom

and The Netherlands

Groups

What are they?

Treatment details

Examples

Antimicrobials

Endectocides

Coccidiostats and
antiprotozoals

Antifungals

Agquaculture treatments

Hormones

Growth promoters

Anaesthetics

Euthanasia products
Tranquilizers
NSAIDS

Enteric bloat preparations

Substances that kill
microorganisms or
suppress their
multiplication or growth

Antiparasitic agents used
to control internal and
external parasites

Chemical agents effective
against the control of
infections of the intestinal
tract caused by single-cell
parasites; used in all areas
of farming, especially
poultry

Agents that kill or control
fungi

Used in the propagation
and rearing of aquatic
species in controlled or
selected environments

Active regulatory chemicals
that signal the coordination
of cellular functions

Used to promote the growth
of food-producing animals

Used to anaesthetize
animals

Used to kill sick animals
Used to sedate animals

Nonsteroidal anti-inflamma-
tory agents that work by
inhibiting the production of
prostaglandins

Used to treat bloat, mainly
in cattle
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Treatment and prevention
of bacterial diseases

Control of gastrointestinal
worms, liver flukes, and
lung worms

Prevention of coccidiosis
and swine dysentery

Treatment of fungal and
yeast infections

Treatment of sea lice
infestations and
funrunculosis

Induction of ovulatory
oestrus, suppression of
oestrus, systemic
progesterone therapy

Increase food digestion

amoxicillin,
dihydrostreptomycin,
enrofloxacin, lincomycin,
oxytetracylcine,
sulfadiazine, tylosin

ivermectin, pyrantel,
triclabendazole

amprolium, clopidol,
dimetridazole, narasin,
nicarbazin

chlorhexidine, griseofulvin,
miconazole

amoxicillin, azamethiphos,
cypermethrin, emamectin,
florfenicol, hydrogen
peroxide, oxolinic acid,
oxytetracycline

altrenogest, estradiol
benzoate, ethinyl estradiol,
methyltestosterone,
melatonin, progesterone

flavophospholipol,
monensin, salinomycin

halothane, isoflurane,
lidocaine/lignocaine,
procaine

pentobarbitone sodium
phenobarbitone

phenyl butazone

dimethicones, ploxalene

© 2003 American Chemical Society
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Pathways into the environment for veterinary medicines

Veterinary medicines can take several routes to enter water and soil.

.-| - o

-
Livestock treatments /

Treatment of
companion animals

Storage of manure
and slurry

Manure and
slurry spreading

bial substances are sold in the highest amounts fol-
lowed by coccidiostats, sheep dip chemicals, growth
promoters, endoparasitic wormers, antifungals, anti-
inflammatory preparations, and enteric preparations
(Table 1). Several other groups of chemicals may also
be potentially important because of their heavy usage,
including antiseptics, steroids and other hormones,
diuretics, cardiovascular and respiratory treatments,
and immunological products.

In the United States, sales of animal health products
totaled $3.3 billion in 1996. Of these, dosage-form
medicines and other pharmaceutical preparations
used in disease prevention and treatment programs
for both pets and farm animals made up $2.3 billion;
feed additives to control or prevent disease, enhance
growth, or improve feed efficiency accounted for
$540 million; and biologicals (vaccines, bacterins, and
antitoxins used to immunize livestock and pets)
grossed $466 million (13). Estimates of antibacterial
use in U.S. aquaculture alone ranges from 92,500 to
196,400 kg annually (14). Values for the total general
use of these medicines is more uncertain. One study
estimates that 8.5 million kg of antibacterials are used
annually in the United States for agricultural purpos-
es (15), whereas another estimates that nontherapeutic
uses of antibacterials for livestock production alone ac-
count for 11.2 million kg annually (16).

Figure 1 shows that veterinary medicines can
enter the environment via different pathways, in-
cluding emissions during the manufacture, formu-

Veterinary medicines

-—
&
2

Manufacturing
processes

N
\ i

Aquaculture
treatments

Inappropriate
disposal
of used containers
and unused
medicines

Soil Receiving

water

lation, and treatment processes, and as a result of
the disposal of unused medicines and their con-
tainers. How the drug is emitted during the treat-
ment process will depend on whether the animal
received the treatment topically, in feed, or as an in-
jection or bolus, and on the methods of animal hus-
bandry. The most important routes of entry into the
environment are likely the direct discharge of aqua-
culture products, the excretion of substances in urine
and feces of livestock animals, and the washoff of
topical treatments from livestock animals. Contri-
butions from the manufacturing process are likely
low in the United States and European Union, where
manufacture and formulation are subject to tight
regulatory controls.

Although recent studies suggest that veterinary
medicines may enter the environment as aerosols
and dusts, the significance of these releases into the
atmosphere is unknown (17). Similarly, the impacts
of emissions from treating pets and disposing of un-
used or expired products and waste containers can-
not be established. However, researchers consider
emissions via these routes less relevant than emis-
sions to soils and surface waters from aquaculture
and intensive livestock treatments (18).

Moreover, substances absorbed by an animal can
be metabolized. The degree of metabolism will de-
pend on the type of substance, the species treated,
and the age and condition of the treated animal. This
type of information can be obtained from the phar-
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macokinetics literature for veterinary medicines. If
the compound is not metabolized, it will be excreted
unchanged. Because of the hydrolysis of certain com-
pounds such as sulfonamides (19) or the photolysis
of the parent compound, such as what occurs with
tetracyclines (20), abiotic degradation products can
end up in the urine. Consequently, urine and feces
from a treated animal may contain a mixture of the
parent compound and transformation products (18).

Veterinary medicines that have a high potential of
entering the environment

Stars indictate compounds that have been monitored and detected (78).

amitraz enrofloxacin oxolinic acid*
amoxicillin fenbendazole oxytetracycline®
amprolium flavomycin phosmet

antiseptics flavophospholipol  piperonyl butoxide
baquiloprim florfenicol poloxalene

cephalexin flumethrin procaine benzylpenicillin
chlortetracycline® immunological procaine penicillin
clavulanic acid products robenidine hydrochloride
clindamycin ivermectin® salinomycin sodium
clopidol lasalocid sodium  sarafloxacin®
cypermethrin® levamisole sulphadiazine
cyromazine lido/ligocaine HCL  tetracycline®
decoquinate lincomycin* tiamulin

deltamethrin maduramicin tilmicosin

diazinon* monensin toltrazuril

diclazuril morantel triclabendazole
dihydrostreptomycin ~ neomycin trimethoprim*
dimethicone nicarbazin tylosin*

emamectin benzoate* nitroxynil

Source: Data from Ref. 10.

In arecent prioritization exercise, information on
amounts, pathways to the environment, and metab-
olism of veterinary medicines used in the United
Kingdom helped identify veterinary medicines that
are likely to occur in the environment (10). On the
basis of this information, 56 substances or groups of
substances that may be released to the environment
in significant amounts were identified (see the box
above). Studies show that the monitored compounds
on the list do indeed occur in surface waters or soils
(2, 3, 21). However, no one has yet looked for many
of the other substances (18).

How do they hehave?

Once released into the environment, veterinary med-
icines and their corresponding degradation products
will be transported and distributed to air, water, soil,
or sediment on the basis of factors and processes in-
cluding physicochemical properties of the substance;
extent of degradation in manure, slurry, soil, or water;
propensity to partition to soil and sediment; and the
characteristics of the receiving environment.

For animals at pasture or in aquaculture, the med-
icines may be excreted directly to soil or water, re-
spectively. However, on livestock farms that house
many animals, large quantities of manure or slurry are
produced. Typically, this manure is stored for varying

290 A m ENVIRONMENTAL SCIENCE & TECHNOLOGY / AUGUST 1, 2003

lengths of time before it is applied to land as fertiliz-
er. During this storage period, veterinary medicines
and their degradation products could potentially de-
grade further. Veterinary medicines can persist in ma-
nure for days (e.g., tylosin in pig slurry, penicillin in
poultry manure, nicarbazin in poultry manure) to
months (e.g., ivermectin, chlortetracycline, amproli-
um) (22-24). Degradation rates can also vary across
manure types; for example, sulfachloropyridazine has
been shown to rapidly degrade in broiler feces but
persist in laying hen feces (25). In addition, metabo-
lites may revert to the active parent compound in the
manure (26).

Once a compound is released to the environment,
key chemical properties—such as water solubility, pH
of the matrix, volatility, and sorption potential—will
influence its behavior. Sorption coefficients (Kj) for
veterinary medicines to soils and sediments range
from 0.2 (chloramphenicol in marine sediment) to
5610 (enrofloxacin in soil) L/kg. K; values vary con-
siderably for a given compound in different soils (25).
Unlike many pesticides and industrial chemicals,
these variations cannot be explained by differences
in soil organic carbon content (26). Moreover, unlike
many other groups of organic compounds, predic-
tion of organic-carbon normalized sorption coeffi-
cients (K s) from the octanol-water partition
coefficient (K ) leads to significant underestimation
of K values (27). Mechanisms other than hydro-
phobic partitioning, such as cation exchange, cation
bridging at clay surfaces, surface complexation, and
hydrogen bonding, may play a role in the sorption of
veterinary medicines to soils and sediments (28).
Therefore, the observed sorption of selected veteri-
nary medicines may depend heavily on pH and ionic
strength (29).

Veterinary medicines may degrade biotically or
abiotically in soils and water. Generally, these process-
es will reduce the potency of the veterinary medi-
cines; however, some degradation products have
similar toxicity to their parent compound (30).
Degradation rates vary significantly across chemicals.
In soils, for example, diazinon, emamectin, olaquin-
dox, and tylosin rapidly degrade (31-33); ivermectin,
ceftiofur, and metronidazole are moderately persis-
tent (31, 34); and sarafloxacin is highly persistent (35).
Degradation may be affected by environmental con-
ditions, such as temperature, soil type, and pH. For
example, the degradation half-life for ivermectin
under winter conditions is more than 6 times greater
than during summer conditions, and the compound
degraded faster in a sandy soil than in a sandy loam
soil (34, 36). The presence of manure or slurry in soils
may increase the degradation rates of veterinary med-
icines, although recent studies have shown that this
may not be the case (31).

Recent studies have also assessed the major routes
of transport for veterinary medicines in the environ-
ment (37). Nonsorptive medicines, such as sulfon-
amides, appear to be quickly transported to surface
waters, whereas the transport of highly sorptive sub-
stances appears to be much slower, with concentra-
tions measured in drainage outfalls many months
after application.



What are their effects?

Data are available on the toxicity of many veterinary
medicines to a range of organisms. That is because
during the risk assessment process, data are typical-
ly needed on the toxicity of these substances to fish,
daphnids, algae, microbes, earthworms, plants, and
sometimes dung invertebrates.

Data on acute aquatic toxicity of commonly used
veterinary medicines are publicly available for daph-
nids but are more limited for fish and algae (18).
Daphnids and fish appear to be sensitive to the mac-
rocyclic lactones (48-hour 50% immobilization con-
centrations [48 h EC; | values range from 0.000025
for ivermectin to 0.00045 mg/L for eprinomectin);
organophosphorus compounds (48 h EC,, for diazi-
non range from 0.0009 to 0.0018 mg/L); and syn-
thetic pyrethroids (48 h EC,, for cypermethrin is
0.00015 mg/L) (33, 36). In contrast, blue-green algae
(cyanobacteria) appear to be sensitive to many of
the antimicrobial groups. For example, reported EC,
values for cyanobacteria with amoxicillin, benzyl
penicillin, sarafloxacin, spiramycin, tetracycline, and
tiamulin are all less than 100 pg/L (37).

Limited information is available on the effects of
veterinary medicines on soil-dwelling organisms.
Earthworms appear to be sensitive to parasiticides,
whereas plants appear to be sensitive to many of the
antimicrobial groups and the macrocyclic lactones.
Not surprisingly, the antimicrobial compounds are
most toxic to soil microbes.

Data on the effects of substances on dung inver-
tebrates may also be required. Ecotoxicity studies for
dung-dwelling organisms have generally been per-
formed on anthelmintic compounds (macrocyclic
lactones, milbemycins, and benzimidazoles) and
pyrethroids. Macrocyclic lactones (ivermectin, do-
ramectin, and eprinomectin) have been shown to af-
fect the mortality of dung invertebrate larvae at very
low dung concentrations with 50% lethal concentra-
tion (LC;) values less than 0.036 mg/kg (38). Studies
on manure excreted from animals treated with the
macrocyclic lactones demonstrate that the dung can
be highly toxic to dung invertebrates for prolonged
periods. In contrast to the macrocyclic lactones, the
pyrethroids are most toxic to the adult invertebrates
and demonstrate high mortality for a period of
months following topical treatment (39). The benz-
imidazoles appear much less toxic, with no mortali-
ty of dung invertebrates observed in manure (40);
however, chemical structure indicates that these drugs
may affect dung fungi.

A comparison of available ecotoxicity data on
standard organisms for commonly used medicines
with available monitoring data from water, soil, and
dung samples indicates that, in general, environ-
mental concentrations are more than an order of
magnitude lower, as shown in Figure 2. Thus, for
many veterinary medicines, acute environmental ef-
fects are unlikely, and the regulatory framework is
working. Exceptions include ivermectin and do-
ramectin in dung and monensin in soil, for which
concentrations have been found in the environment
that are higher than effects concentrations for se-
lected species. Therefore, it appears that under cer-

tain circumstances, veterinary medicines could affect
terrestrial and aquatic systems.

What are the impacts of degradation products?
With the exception of a few studies, the potential en-
vironmental impacts of metabolites have not been ex-
tensively studied. Generally, metabolites are less
potent than the parent compounds. Yet, these less po-
tent compounds may still have significant activity.
Studies performed by pharmaceutical company Pfizer
demonstrated that two of the major metabolites of
doramectin, 3"-o-desmethyldoramectin and 8-c-hy-
droxydoramectin, were less toxic to daphnids than the
parent compound (38). However, the ecotoxicity data
indicated that both metabolites were still highly toxic
to daphnids, with 48 h EC; values of <0.0011 mg/L.
Recent studies on tetracyclines have shown that se-
lected degradation products have similar potencies
on bacteria as their parent compounds (30). For ex-
ample, anhydrotetracycline (ATC), a metabolite of
tetracycline that has one less hydroxyl group than the
parent, had an EC,, value for sludge bacteria approx-
imately 3 times lower than the EC; value for the par-
ent compound. Similar findings were reported for the
photodegradation products of enrofloxacin (41).

Consequently, any risk assessment based on the par-
ent compound may underestimate real effects in the en-
vironment. Moreover, because the metabolite’s behavior
could differ from the parent compound, selected envi-
ronmental compartments may be more susceptible to
adverse exposure from metabolites than what would be
predicted if only the parent is considered. For example,
ATC has a lower sorption coefficient than tetracycline
and is therefore likely to be transported more readily to
surface water and groundwater. Similar conclusions
may be drawn for the tylosin (tylosin A) degradation
products: tylosin B, C, and D. K s for tylosin B, C, and
D are all lower than tylosin A and therefore are expect-
ed to be more mobile than tylosin A.

What are the subtle effects?

Despite concentration and effects data that indicate
that acute environmental impacts are unlikely for
many of the major substances under the current reg-
ulatory schemes, some researchers have raised con-
cerns over impacts on other species and the potential
longer-term and subtle effects of these medicines.
However, little is currently known about the poten-
tial chronic effects from long-term, low-level expo-
sures to veterinary medicines. Studies that have
looked at these effects have tended to focus on the
parasiticides and the antimicrobials.

Several studies investigated the effects of anti-
microbial substances on microbes in soils and sedi-
ment (42). Selected substances have been shown to
inhibit soil bacteria growth, as well as reduce the hyphe
length in active molds. Effects on the microbial com-
position of soils have also been demonstrated (42).
With the exception of a few studies (43), effects on soil
and sediment functioning have not been considered.
Those studies demonstrate that veterinary antibacte-
rials may affect sulfate reduction in soil and inhibit the
decomposition of dung organic matter in soil (43).
The antibacterials work focused on effects on microbes
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Concentrations of select veterinary medicines in water, soil, and dung samples

Green bars give the concentrations measured in the environment, and blue bars show the effective concentration
(ECs4) or maximum inhibitory concentration of each medicine with standard test organisms in (a) water, (b) soil,
and (c) dung samples. Starred compounds were not detected, and ECg, for oxytetracycline and tylosin are off
scale. The comparison indicates that veterinary medicines may not pose much of a risk to the environment,
exceptin dung.
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and microbial processes, but recent studies indicate  sist, potentially affecting organisms directly exposed
that selected antibacterials also limit the growth of  to these compounds. Such exposures may lead to sub-
aquatic macrophytes at very low concentrations (43).  lethal toxic effects. For example, in addition to the

Once in the dung, veterinary medicines may per-  acute effects described above, the macrocyclic lac-
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tones have been shown to elicit a number of sub-
lethal responses in dung-inhabiting invertebrates, in-
cluding reduced feeding, disruption of water balance,
reduction in growth rate, interference with moulting,
inhibition of pupation, prevention of emergence of
adults, and the disruption of mating (45, 46). Livestock
dung usually contains a diverse invertebrate fauna
and provides a fruitful foraging habitat for other or-
ganisms; therefore, using macrocyclic lactones may
indirectly affect certain species by depleting the qual-
ity and quantity of an important food resource (47).
Large data gaps in our current knowledge of the sub-
tle and longer-term effects of veterinary medicines
may be filled by using information on a substance’s
mode of action to identify species potentially sensi-
tive to the medicine and understand the types of ef-
fects that might be elicited.

Do medicines cause resistance in the
environment?

Antimicrobial resistance is a growing public health con-
cern and has been a subject of debate for decades.
Antibacterials given to livestock at subtherapeutic doses
prevent infectious diseases, increase feed efficiency,
and increase the rate of weight gain (48). Numerous
studies suggest a link between antibacterial use in agri-
culture and antibacterial-resistant infections (49), and
there is evidence that antibacterial resistance from agri-
culture can be transferred to humans (50).

These observations may be due in part to expo-
sure via the environment. For example, numbers of
antibacterial-resistant microflora in samples taken
from the outlet of fish farms have increased (51), and
the presence of antibacterial-resistant bacteria in soils
treated with pig manure has been documented (52).
Sengelov and co-workers showed that resistance to
tetracycline, macrolides, and streptomycin measured
for a period of eight months in soil bacteria from
farmland treated with pig manure slurry was elevat-
ed after spreading the slurry but declined throughout
the sampling period to a level corresponding to the
control soil. Higher loads of pig manure slurry yield-
ed higher occurrences of tetracycline resistance after
spreading. Several authors have studied the transfer
of genes between bacteria in sediment, soil, water,
and wastewater (53-55). Finally, studies document
transport of tetracycline-resistant genes in ground-
water under swine production facilities (56).

How do substances interact?
Several veterinary medicines may be used to treat a
herd, and it is likely that other chemicals (such as
pesticides) will be applied in the same area. Terrestrial
and aquatic organisms may therefore be exposed to
mixtures of medicines and other chemicals. For
example, during a nationwide reconnaissance for
pharmaceuticals in U.S. streams (2), lincomycin (an
antibacterial used for agricultural purposes) was
detected in combination with as many as 27 addi-
tional chemicals, including chlorpyrifos, coprostanol,
diazinon, dieldrin, trimethoprim, and tylosin (57).
Interactive effects—including additivity, antago-
nism, and synergism—could increase or decrease the
potential effects in the environment. For example, an-

tibacterials might be expected to interact with other
antibacterial substances, leading to a larger effect on
the environment than would be predicted if each com-
pound was considered individually. In addition, vet-
erinary medicines may affect key fate processes of
other chemical groups. For example, antibacterials are
toxic to soil microbes and hence could reduce a soil
system’s capability to degrade other contaminants,
such as pesticides. To date, no data have been gener-
ated on the impact of veterinary medicine mixtures on
the environment. Preliminary studies are, however,
starting to examine the interactions of human phar-
maceutical mixtures on pond communities (58).

Which is the way forward?

In the previous sections, we have used the informa-
tion currently available on veterinary medicines to
begin identifying the risks that they may pose to the
environment. Comparing the results of standard lab-
oratory studies with newly available environmental
monitoring data indicate that, for most veterinary
medicines, effects concentrations are significantly
higher than environmental concentrations, suggest-
ing that veterinary medicines may not acutely impact
most aquatic and terrestrial organisms. However,
there are instances in which measured concentra-
tions are higher than available effects data. In addi-
tion, with many unknowns, the relationship between
these standard tests and more subtle longer-term ef-
fects have not been established yet.

Therefore, research should focus on a number of
key issues, namely, collating better information on the
quantity and use of veterinary medicines in different
countries, developing sensitive analytical methods to
measure parent drugs and their degradation products,
and understanding better the potential for releases to
the environment for different treatment types—in-
cluding an assessment of aerial emissions and inputs
from pasture treatment and other “novel” routes such
as farm runoff. In addition, targeted ecotoxicological
studies are needed to investigate the potential subtle
and long-term effects of veterinary medicines in the
environment, effects of degradation products, inter-
actions of veterinary medicines and their mixtures
with other classes of chemicals, and what, if any, role
the environment plays in the transfer of antimicro-
bial resistance to humans and farm animals.

These studies will be challenging and will require
input from ecologists, agronomists, ecotoxicologists,
exposure modelers, analytical chemists, toxicologists,
veterinarians, and medicinal chemists developing
new drugs. If studies are executed in an integrated
and thoughtful manner, we believe their results will
address the question “Are veterinary medicines caus-
ing environmental risks?”
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