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ABSTRACT: Ecotoxicological studies that focus on a single endpoint might not
accurately and completely represent the true ecological effects of a contaminant.
Exposure to atrazine, a widely used herbicide, disrupts endocrine function and sexual
development in amphibians, but studies involving live-bearing reptiles are lacking. This
study tracks several effects of atrazine ingestion from female Northern Watersnakes
(Nerodia sipedon) to their offspring exposed in utero. Twenty-five gravid N. sipedon
were fed fish dosed with one of the four levels of atrazine (0, 2, 20, or 200 ppb) twice
weekly for the entirety of their gestation period. Endpoints for the mothers included
blood estradiol levels measured weekly and survival more than 3 months. Endpoints for
the offspring included morphometrics, clutch sex ratio, stillbirth, and asymmetry of
dorsal scales and jaw length. Through these multiple endpoints, we show that atrazine
ingestion can disrupt estradiol production in mothers, increase the likelihood of mortality
from infection, alter clutch sex ratio, cause a higher proportion of stillborn offspring, and
affect scale symmetry. We emphasize the need for additional research involving other
reptile species using multiple endpoints to determine the full range of impacts of
contaminant exposure.
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INTRODUCTION

Many contaminants are now being recognized as environmental endocrine disruptors,
defined as ‘‘an exogenous agent that interferes with the synthesis, secretion, transport,
binding, action, or elimination of natural hormones in the body that are responsible for
the maintenance of homeostasis, reproduction, development, and/or behavior’” (Crisp et
al., 1998). Many studies have examined the sublethal effects on wildlife using a variety
of parameters such as behavior, survival, thyroid function, immune competence, and
reproductive physiology (Bigsby et al., 1999; Ahmed, 2000; Daston et al., 2003). These
sublethal effects can be detected in an individual, its progeny, or the population as a
whole (Bigsby et al., 1999; Colborn and Thayer, 2000; Crews et al., 2000). However,
many of the sublethal effects of these compounds are often difficult to detect using
standard toxicological assays (Fagin, 2012). The complex nature of endocrine disruptor
effects along with the difficulty in detecting such effects necessitates that studies
performed on these compounds should encompass multiple endpoints that span a variety
of biological processes and multiple generations.



Long-term survival of an individual fits within the framework of the ‘‘subtoxic’’
endocrine disrupting model, because mortality from contaminant exposure may not only
be owing to the direct toxicity at high doses, but can also be linked to a suppressed
immune response (Vos and Moore, 1977; Ahmed, 2000; Pruett et al., 2003). Immune
suppression may be caused by a chronic elevation of corticosterone (CORT), which is an
energy-mobilizing hormone that often disrupts the energetic relationships between self-
maintenance (immune function), reproduction, and responding to stressors such as
exposure to contamination, captivity, and/ or handling (French et al., 2007; Dhabhar,
2009).

Quantifying the effects of endocrine disruptors on multiple endpoints of an individual’s
reproductive biology is necessary to begin to understand the impacts such toxicants might
have on populations. Endocrine disruptors have been shown to alter many endocrine
systems such as the hypothalamic—pituitary—gonad and hypothalamic—pituitary—thyroid
systems (Ottinger et al., 2008). One such endpoint is the interference of normal sex
steroid functions and/or rates of synthesis. Estradiol, a primary sex steroid, regulates
multiple facets of gestation. Monitoring estradiol levels and survival in mothers exposed
to contamination is important, but determining the effects on subsequent offspring, such
as differences in size, survival, sex ratio, and symmetry will provide a clearer picture of
subtoxic effects that impact the population as a whole (Storrs and Kiesecker, 2004;
Willingham, 2005).

Occurrence of developmental aberrations in neonates after being exposed to
contamination in utero is another important endpoint (Graham et al., 1993). A widely
accepted proxy for determining whether external factors affect development is
measureing the symmetry of bilateral organisms (Leary and Allendorf, 1989; Parsons,
1992). Although measured traits may not have a direct effect on the individual’s fitness,
abnormal external symmetry, such as limb length, scale counts, cranial traits, and wing
length, can correlate with a decrease in fitness (Palmer and Strobeck, 1986; Palmer and
Strobeck, 1992; Qualls and Andrews, 1999). Measuring the symmetry of the scale rows is
one of the only reliable measurements in snakes (the study organism in this investigation)
owing to the high amount of inherent asymmetry in the organs such as the lungs,
reproductive organs, liver, and kidneys (Bergman, 1963; Maina et al., 1999; Shine et al.,
2000).

Atrazine, an organic triazine compound (2-chloro-4 ethylamino-6-isopropyl-
amino-s-triazine), has been utilized as a pre-emergent herbicide in corn, sorghum, and
sugarcane fields since being registered commercially in the United States in 1959. It is
dispersed in aqueous form to control broadleaf plants. Battaglin et al. (2005) found
detectible levels of atrazine in 100% of the water samples analyzed from streams in the
midwestern United States. Of these, 57% were >3 ppb, which the United States
Environmental Protection Agency (USEPA) sets as the maximum contaminant level for
atrazine in drinking water. Little debate remains that exposure to high concentrations of
atrazine disrupts endocrine function (Cooper et al., 2000; Solomon et al., 2008).
However, the endocrine disrupting potential of low-level exposure has become a center
of controversy among the scientific community (Hayes, 2004; Solomon et al., 2008).



Many negative effects have been associated with atrazine exposure. For example,
atrazine has been implicated in immunosuppression by making salamanders more
susceptible to viruses (Forson and Storfer, 2006), decreasing antibody response in rats
(Rooney et al., 2003), decreasing innate immune responses in frogs (Brodkin et al.,
2007), and downregulation of genes that regulate immune function in tadpoles
(Langerveld et al., 2009). Additionally, a large body of evidence shows that amphibians
undergo ‘‘chemical castration’” when exposed to atrazine (Langlois et al., 2009; Hayes et
al., 2010, 2011; Rohr and McCoy, 2010; Hayes et al., 2011), and therefore show female
sexratio biases. Although the mechanism of action is not precisely known, atrazine has
been correlated with disruption in many hormonal systems, especially the endocrine
systems that control reproduction (Cooper et al., 2000; Friedmann, 2002; Hayes et al.,
2002).

Atrazine has been extensively studied in various contexts; however, the vast majority of
studies have been conducted on amphibians and fish. Reptiles, however, are under-
represented in atrazine studies and in ecotoxicological research as a whole. They have the
potential to be model study organisms for these types of studies because they (1) exhibit
high site fidelity, (2) are long-lived, (3) are primarily carnivorous, and (4) have less
permeable skin that amphibians and fish, and (5) have multiple routes of exposure
(dermal, through egg shells, diet, and in utero; Hopkins, 2000; de Solla et al., 2007; Weir
et al., 2010; de Solla and Martin, 2011). To date, the most commonly used reptiles for
research involving organic contaminants are the Common Snapping Turtle (Chelydra
serpentina) and the American Alligator (Alligator mississippiensis; Guillette and
Gunderson, 2001; de Solla et al., 2002). Ecotoxicological research involving squamates
(snakes and lizards) has remained particularly sparse although the Banded Watersnake
(Nerodia fasciata) has been the subject of several studies involving exposure to heavy
metals in the field (Ohlendorf et al., 1988; Hopkins et al., 1999; Murray et al., 2010), and
the Western Fence Lizard (Sceloporus occidentalis) has been investigated in laboratory
studies (Talent et al., 2002; Holem et al., 2008; McFarland et al., 2008).

The Northern Watersnake (Nerodia sipedon) is an important receptor species for
ecotoxicological studies, given its life history, its abundance throughout much of the
Midwest United States (Gibbons and Dorcas, 2004), and also because it is a live-bearing,
or viviparous, reptile that typically reproduces every year. Equally important, the species
is carnivorous, with the majority of its diet being fish and amphibians (Fitch, 1987; King,
1993), giving it a high potential for exposure to agricultural runoff through ingestion of
both the prey item and the surrounding water. Although atrazine is persistent in the
environment, there is no evidence of trophic transfer or bioaccumulation (Solomon

et al., 1996). Toxicokinetic studies have shown that atrazine is taken into the body rapidly
and is excreted or metabolized quickly (Gorge and Nagel, 1990; Edginton and

Rouleau, 2005). However, if the concentration of the herbicide is fairly constant in the
aquatic environment, these organisms will be continuously taking in and excreting
atrazine and will therefore have atrazine in the body tissues.

The purpose of this study was to assess the effects of atrazine ingestion by wild-caught N.
sipedon and their offspring using multiple endpoints. The mothers were assessed



by measuring plasma estradiol levels on a weekly basis and survival throughout the 3-
month gestation period. To determine the effects of atrazine ingestion on the offspring
that had been exposed in utero, we compared morphometrics, sex ratio, stillbirth, and
anatomical symmetry in offspring representing four different treatments.

MATERIALS AND METHODOLOGY
Study Sites and Specimen Collection

During or shortly after their emergence from hibernacula in April 2009, nine female and
seven male N. sipedon were collected at Lake Charleston near Charleston, Coles, Illinois
(39.467139 lat., 288.1468785 long.). Another 16 female and 5 male snakes were
collected at Lake Mattoon, Cumberland, Illinois (39.33337 lat., -88.48172 long.).
Although not directly connected, these lakes are within the same watershed and are
connected via patchy habitat. Therefore, we are able to consider snakes from these
locations as one population. Further, all statistical analysis showed no difference between
these two locations (p > 0.1). Animals were collected in accordance with an Illinois
Department of Natural Resources permit (#NH09-0942) issued to S.J.M. Mass (+-0.1 g)
and snout-vent length (SVL; +-1 mm) were recorded for each individual using standard
methods. Each individual was marked uniquely using a medical cauterizer (Winne et al.,
2006) and sex was verified using a cloacal probe. Males were immediately paired with
females. After 1 week of being paired with a single female, the male was rotated to a new
female for an additional week to increase the likelihood of insemination (Riches, 1976).
Females were mated for 2—3 weeks prior to treatment. All preceding and following
procedures were approved by the Eastern Illinois University Institutional Animal Care
and Use Committee (IACUC) under protocol #08-010.

Each snake was housed in a 30x30x60 cm plastic cage and provided with newspaper
substrate, a water dish, a rock to aid shedding, and a plastic shelter. Each cage was
exposed to a heat strip along one end, providing a thermal gradient of 24-34C, and a
12:12 light:dark photoperiod of ultraviolet light (Ford 1995; Mullin and Mushinsky,
1997). Mothers were allowed to bask in a large aquarium with a heat lamp twice a week
for 1 h.

Atrazine Preparation and Ingestion

The atrazine (technical grade, 98.9%, ChemService, West Chester, PA) was dissolved in
I mL of 95% ethanol, and mixed with 1 L of diH20. Using this as a stock solution, the
three treatment groups (2, 20, and 200 ppb) were mixed via serial dilution. The control
solution was 1 mL of 95% ethanol and 1 L of diH2O. Verification samples were
confirmed using a magnetic particle competitive enzyme-linked immunosorbent assay
specific for atrazine (ELISA; Abraxis, Warminster, PA (Abraxis, 2008b)). The
concentrations used for our study are all realistic ecological amounts in surface waters in
central Illinois (Gross, 2009).

Beginning on Junel, 2009, each mother began to receive one of the following randomly



selected dietary atrazine treatments: 0 (control; 1 L of diH20 with 1 mL of 95% ethanol),
2, 20, or 200 ppb of atrazine. Live minnows (Notropis sp.; Pana Bait, Pana, IL) were
obtained weekly and received an intramuscular injection of 0.1 mL of atrazine solution
per gram of fish so that the fish, regardless of mass, contained the same concentration of
atrazine. The amount of fish with each solution was mass-corrected for each snake on a
weekly basis such that each snake received the identical atrazine concentration. These
concentrations are meant to represent potential environmental levels of atrazine, not
necessarily within the fish. However, ingestion of fish provided an appropriate medium
for dosing individuals. After injection, the fish were immediately offered to the
respective snake for a period of not more than 1 h to avoid any degradation of atrazine. In
rare cases when the fish were not consumed, the mothers were force fed by coaxing the
snake to swallow the fish to ensure that each female was continuously exposed to the
appropriate atrazine concentration throughout gestation. To standardize the food intake,
mothers were fed 5% of their body mass twice weekly.

In mid- to late August, mothers were observed closely for signs of parturition. Stillborn
offspring were measured (mass and SVL), probed for sex determination, marked
uniquely with a sequence of white paint dots and frozen at -20C. Live born offspring
were measured (mass and SVL) probed for sex determination, and photographed for
identification by pattern.

Blood and Plasma Sample Preparation

Blood samples (approximately, 1 mL) were obtained from each mother from the caudal
vein on a weekly basis. The samples remained on ice for 15 min before being spun in

a microcentrifuge for 10 min at 8000 rpm, which separated the plasma from the red blood
cells. The plasma was removed and placed in a 1.5-mL vial and frozen at 2208C

until further analysis.

Extraction and Detection of Estradiol

The plasma was thawed on ice for approximately 20 min and then prepared for the
ELISA evaluation by performing a solid-phase extraction (SPE; protocol modified from
Newman et al., 2008). A known concentration of 17b-estradiol (Steraloids, Newport, RI)
was extracted to determine the percent recovery.

Dilutions were necessary to obtain concentrations within the detection range of the
ELISA kit (2.5-25 pg/L) and were performed according to the protocol (Abraxis, 2008a).
These diluted samples were shaken for 1 h and then analyzed using the 17b-estradiol (E2)
ELISA Kit (magnetic particle) manufactured by Abraxis LLC (Warminster, PA). This is
a competitive ELISA that binds exclusively to E2 with uniform monoclonal antibody
quality. A conjugate, 17b-estradiol-enzyme, is used to determine the concentration of E2
in the sample. The concentrations were determined all at 450 nm, based on a standard
curve. All concentrations were determined using a microplate reader.

Maternal Mortality and Infection



Throughout the study, each snake was monitored for any signs of weakness, sickness, or
other indicators of a decline in health. Approximately, 3 weeks after the first dose of
atrazine, some of the mothers began showing signs of infection on the scales and skin.
The progression of this infection was noted until the termination of the experiment or the
death of the snake. All individuals experienced at least one of the symptoms of this
infection during this study. Other causes of mortality were noted. Necropsies were
performed on any individual that died to determine possible cause of death. If a mother
died for a reason unrelated to a scale infection (i.e., the individual had no or minor
symptoms of infection and another cause was apparent), its cause of death was
categorized differently from those individuals presenting symptoms characteristic of the
scale/skin infection.

Stillborn Offspring

Upon birth (or removal from the deceased mother’s oviduct) and measurement, each
offspring was marked individually and frozen at -20C for further analysis in sealed
plastic containers to prevent desiccation. All neonates, regardless of their condition (born
live/stillborn/removed from oviduct), were analyzed for effects on mass, SVL, and sex
ratio. Many mother snakes gave birth to fully developed but dead offspring. The
proportion of live to dead offspring for each snake was recorded. Mothers that died
before parturition did not have any of their offspring included in

the analyses of stillborn neonates.

Scale and Jaw Asymmetry

The neonates were measured for asymmetry to assess possible aberrations in
development. All offspring that had full scalation were used in the analyses of these
characteristics. The left and right dorsal scales extending from the mid-dorsal scales
were counted at 25, 50, and 75% of the SVL for each snake using a dissecting
microscope. After all offspring were measured, the count was repeated for each
individual to ensure accuracy. Additionally, clefts in ventral scales were counted for each
individual because clefts in snakes are considered abnormal.

Digital radiographs of the dorsal view of each offspring were produced to analyze left
and right jaw length. The distance from the anterior margin of the premaxilla to the
posterior margin of the quadrate bone was recorded using ImageJ (National Institute of
Health, 2010).

Statistical Analyses

Assumptions of normality and homoscedasticity were tested (PROC UNIVARIATE;
SAS v9.0, SAS Institute, Cary, NC). Unless otherwise stated, no transformations were
needed to meet these assumptions. To ascertain whether or not female size varied among
treatment groups at the beginning of the experiment, an analysis of variance (ANOVA)
was used to compare the initial masses at capture of all mothers as a function of



treatment. An ANOVA was also used to determine if treatment affected the change
between initial mass at capture and mass at the end of the treatment (at 3 months).

The concentration of estradiol was log-transformed to meet the assumption of normality
prior to any analyses. As three mothers did not give birth, analyses were performed on
mothers that gave birth only (control n =5; 2 ppb n=7; 20 ppb n = 6; 200 ppb n = 5) as
well as all adult female snakes (control n =7; 2 ppb n=7; 20 ppb n = 6; 200 ppb n = 6)
combined. Estradiol concentrations for the gravid females (mean, 155.09 +- 8.94, SE)
and nongravid female snakes (mean, 140.39 +- 22.22, SE) did not differ (F1,343 = 0.48,
p = 0.49); therefore, all of the adult female snakes were pooled for all further analyses.

A general linear model (PROC GLM) was used with estradiol concentration as the
dependent variable and treatment as the independent variable. A mixed model (PROC
MIXED) analysis was utilized to investigate the effect of repeated measurements of the
same individuals within the data where the random effect was the individual and the fixed
effect was treatment. The general linear model and mixed model statistics were identical
(F3,343 = 1.31, p = 0.27), indicating that the variation was similar among one female’s
samples and samples among multiple females. For this reason, all samples were
considered individual data points for the following analyses and a repeated measures

test was not performed.

The two-time scales of birth week (back-calculated from when the mother gave birth) and
treatment week (starting at the first week of atrazine treatment for each female and
progressing until parturition) were analyzed using a linear regression (PROC REG).
Because of multiple data points for each week, the deviation of linearity was also
calculated by using the sum of squares of the linear regression. A series of polynomial
regressions were fit up to the sixth order. The most parsimonious polynomial model was
chosen using Akaike’s information criterion (AIC; Akaike, 1974).

The mean estradiol concentration was calculated for each mother. A t-test was conducted
comparing the control to the pooled atrazine-treated mothers. An ANOVA was not
performed between each treatment owing to low sample size. Maternal mortality and
cause of death were analyzed using a logistic regression with treatment as the
independent variable, mass as a covariate, and treatment and mass as an interaction.

Two analyses of covariance (ANCOVA) were used to compare both SVL and mass of the
neonates as a function of treatment group with the mass of the mother at capture as a
covariate. A categorical model (PROC CATMOD) was used to determine the relationship
between treatment and sex, treatment and neonate condition (e.g., alive vs. dead) as well
as a model testing the three-way interaction. The asymmetry at each body section was
assessed with an ANOVA using the difference between the left and the right side of the
scale count as a function of treatment. The jaw lengths were similarly tested.



# of Evidence

Model Parameters  AIC  AAIC w; Ratio
Quartic 5 2397.47 0.0 064 2.00
Quintic 6 2398.86 1.39 032 272
Sextic 7 2400.86 3.39  0.12 4426
Quadratic 3 2408.44 10.97 0.002 1.02
Linear 2 2408.48 11.01 0.003 1.67
Cubic 4 2409.50 12.03 0.002 -

*The quartic and quintic models were the best fit and indicate a pulsa-
tile relationship between these two variables. The pulsatile pattern is
shown in Figure 1.

TABLE 1. AIC values determining the best fit for the nonlinear model for the
concentration of estradiol in mother Northern Watersnakes (N. sipedon) and treatment
week (starting at week 1 for each female and progressing until parturition)a
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Fig. 1. Mean plasma estradiol concentration in gravid Northern Watersnakes (N. sipedon)
exposed to one of the four atrazine treatments as a function of the week of treatment.
Table I summarizes all statistical evidence for this pulsatile relationship between
treatment week and estradiol concentrations.
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Fig. 2. Mean estradiol concentration (+-95% confidence interval) in the plasma of gravid

Northern Watersnakes (N. sipedon) during 3 months of atrazine ingestion in 2009
(control n = 72; 2 ppb n = 62; 20 ppb n = 66; 200 ppb n = 46).

Number
Cause of Death Treatment Affected
Infection (see text) Control 1
2 ppb 3
20 ppb 2
200 ppb 3
Oviduct perforated by Control 1
calkcified embryonic plug
Tumor Control 1
Intestinal blockage (individual 200 ppb 1
displayed signs of advanced
infection as well)
Unknown 2 ppb 1

TABLE I1. Causes of death described for gravid Northern Watersnakes (N. sipedon)
exposed to different concentrations of atrazine during gestation in 2009, with
number of individuals dying within each treatment

RESULTS

Maternal Morphometrics



Mass and SVL in females were significantly correlated (F5,7 = 8.90, p = 0.01). However,
the initial mass (F3,22 = 0.69, p = 0.42) and SVL (F3,22 = 0.48, p = 0.70) of the mothers
did not vary among treatments.

Estradiol Levels

The SPE procedure yielded a 72% recovery rate. There was no linear pattern between the
birth week and the concentration of maternal estradiol (F1,198 = 0.88, p = 0.35).
Additionally, there was no deviation from the linearity for birth week (F14,198 =1.12, p
= 0.35), indicating no relationship between treatment and estradiol for this time frame.
Therefore, no further analyses were performed on birth week. The relationship between
treatment week and estradiol levels was nonlinear (F1,234 =0.12, p = 0.73), with a
significant deviation from linearity (F11,234 = 5.25, p <0.0001), indicating that there
was a complex relationship with treatment and estradiol concentration for the treatment
week time frame. Therefore, we fit these nonlinear models and the AIC and evidence
ratio showed that the quartic (five parameters) model was the best fit although support for
the quartic, quintic, and sextic (five to seven parameters) models was equivocal according
to the AIC, DAIC, and evidence ratio measures (Table I). This nonlinear pattern is
apparent from visual examination of the estradiol concentration from week to week (Fig.
1). The t-test comparing the estradiol concentrations of subjects in the control treatment
to the three pooled treatment groups showed no differences among treatments (t = 2.07, p
= 0.93; Fig. 2).

Maternal Mortality and Infection

Mortality over the duration of the study was not affected by the concentration of atrazine
received in the diet (x2 = 6.70; p = 0.46). Among all treatment groups, four different
causes of death were determined (Table II). The primary cause of death was an infection
that spreads rapidly over an individual’s scales. The initial symptoms included small to
medium (0.5-1 cm) pustules forming between scales on the ventral side followed by
deterioration of the scales, typically starting around the regions of the neck and cloaca
(Fig. 3). If the infection advanced (not in all cases), symptoms became more systemic,
influencing the musculature. These symptoms included (1) complete loss of scales and
skin, resulting in exposure of flesh, especially around the neck; (2) weakness of muscles
(as determined by palpation and body movements; and (3) poor righting response
(requiring more than 30 s) followed by death. Necropsies performed on individuals that
died in the advanced stages of infection revealed no obvious internal trauma. When
analyzing the mothers that died from infection versus the live snakes and the ones that
died from other causes, larger snakes that ingested atrazine made up a higher proportion
of the snakes that died from the infection (x2 = 32.22, p = 0.003, R2 = 0.63; Fig. 4).

Offspring Morphometrics
The mass of the offspring did not differ among treatments (F3,9 = 0.97, p=0.54) oras a

function of the mother’s initial mass (F1,9 = 1.00, p = 0.42). The SVL of offspring also
did not differ as a function of treatment (F3,9 = 2.55, p = 0.29) or mother’s mass (F1,9 =



1.63,p=0.31).
Stillborn Offspring

The concentration of atrazine in the diet that mothers received during gestation
influenced the proportion of offspring that were stillborn (x2 = 37.04, p < 0.0001; n for
mothers: control = 3, 2 ppb =5, 20 ppb = 5, 200 pbb = 2; n for neonates: control = 58, 2
ppb =40, 20 ppb = 35, 200 ppb = 31; Fig. 5). Specifically, mothers in the control group
gave birth to the highest proportion of live neonates (0.81), whereas the 20 ppb group
gave birth to the lowest (0.12).

_

Fig. 3. Dorsal (a) and ventral (b) views of an advanced stage of scale infection of an adult
female Northern Watersnake (N. sipedon) held in captivity for 2.5 months. This
individual died 1 week after photograph was taken.
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Fig. 4. Fate (expressed as a proportion) of gravid Northern Watersnakes (N. sipedon) for
each of four treatment groups of atrazine exposure (control n=7; 2 ppbn=7; 20 ppbn =



6; 200 ppb n = 6). ““Other’’ indicates the proportion of the individuals that died of causes
unrelated to any infection. ‘Infection’’ indicates the proportion of individuals that died
as a result from systemic infection. ‘‘Live’’ indicates the proportion of individuals that
survived the study.
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Fig. 5. Mean proportion of neonate Northern Watersnakes (N. sipedon) born live as a
function of the treatment level of atrazine (control n = 58; 2 ppb n = 43; 20 ppb n = 35;
200 ppb n = 31).
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Fig. 6. Proportion of female offspring born to Northern Watersnakes (N. sipedon) in 2009
after the mothers were fed atrazine-laced fish throughout pregnancy. The black line
indicates the expected 50% female offspring (control n = 58; 2 ppb n =43; 20 ppb n = 35;
200 ppb n = 31).

Sex Ratio

The sex ratio of the offspring varied as a function of treatment with a skew toward a male
ratio, especially in the mothers exposed to the 200-ppb atrazine treatment (x2 = 6.54, p =
0.09; n for mothers: control = 5, 2 ppb =4, 20 ppb = 4, 200 pbb = 2; n for neonates:
control =78, 2 ppb = 55, 20 ppb = 34, 200 ppb = 26; Fig. 6). There was no interaction
between stillborn neonates, sex, and treatment (x2 = 1.10, p = 0.78).

Scale and Jaw Asymmetry

There was an effect of treatment on the scale row symmetry at the mid-body (F = 11.31;
p = 0.01), with more asymmetries occurring in offspring born to mothers in the 20-ppb
atrazine treatment (p = 0.002). Neither treatment nor clutch affected scale row symmetry
at 25 or 75% of the offspring’s SVL (p > 0.05). Offspring exposed to the same treatment
level of atrazine exhibited similar patterns of response (p = 0.06). There was no
relationship between ventral scute anomalies and atrazine treatment. Measurements of
right and left sides of the offspring skulls were similar in all treatment groups (F = 0.84, p
= 0.47). The mean difference between sides was 0.006 mm (range = 0.003—1.485 mm).

DISCUSSION AND CONCLUSIONS

Our study provides evidence that atrazine negatively affects Northern Watersnakes. By
using multiple endpoints, we were able to determine that reproductive measures and
survival were negatively affected. The atrazine-treated females had a greater mortality
from an infection. The mothers treated with 20 ppb had a greatly reduced percentage of
live birth and increased number of neonates showing asymmetry. Finally, there was a
male-biased sex ratio in the offspring of the females treated with highest concentration of
atrazine (200 ppb). Taken all together, there are clear indications that these reptiles are
likely susceptible to atrazine and potentially other environmental contaminants.

The nonlinear relationship between treatment and estradiol levels indicated that there
were pulse-like estradiol concentrations throughout the treatment period regardless of
treatment group. We did not detect this pulsatile pattern when back-calculating by birth
week. Although we did not detect a difference in estradiol levels among treatment
groups, it does appear that these females experienced pulses of estradiol throughout
gestation. Other work with snakes has not shown a similar pulsatile pattern; however,
time between sampling periods was much greater and may not have detected weekly
fluctuations (Whittier et al., 1987;Taylor et al., 2004).

Although there are many studies that show no interaction between stress (measured by
corticosterone or cortisol) and estradiol (Campbell et al., 1994; Coddington and Cree,
1995), some research indicates a relationship between the two hormones (Elsey et al.,



1991). All snakes were bled uniformly; however, we did not measure the time from
initially picking up the snake to the completion of bleeding. Being exposed to a handling
stressor for more than 3 min would likely elevate the corticosterone (CORT) and could
potentially have interacted with the estradiol concentration within our study. CORT was
likely elevated for a several reasons such as being in captivity (Morgan and Tromborg,
2007), weekly handling (Romero and Reed, 2005), and being exposed to contamination.
The potential elevation from these multiple stressors could have contributed to the
increased mortality in the lowest treatment group (2 ppb).

The increased mortality from infection may indicate that these individuals underwent an
initiation of the emergency life-history stage (chronic elevation in CORT) owing to
allostatic load (French et al., 2006, 2007; Dhabhar, 2009). This concept is based on the
fact that chronic stress, if severe and prolonged, can force an organism to decrease energy
allocation to functions such as reproduction and the immune response (Ross et al., 1996;
Romero and Wikelski, 2001). The relationship between stress and immune function could
explain the increased incidence of infection that was seen within our study. The
differences seen among treatment groups reflect only differences between the dosing,
because all of the snakes had at least minor signs of the infection and were handled and
maintained in the exact same conditions. Exposure to contamination is considered a
chronic stressor and is often correlated with elevated CORT (Hopkins et al., 1997;
Lorenzen et al., 1999; Gunderson et al., 2003). Therefore, regardless of the physiological
mechanism behind the response, our experiment provides evidence that atrazine has the
potential to alter reproduction and immune function.

There is specific evidence to support this theory in atrazine. Atrazine has been linked to
decreased long-term survival by increasing CORT levels and decreasing the number of
thymus cells (Pruett et al., 2003). Few studies, however, have examined atrazine’s impact
on survival and/ or immunotoxicology for longer than 1 week or in a range of ecological
settings (Solomon et al., 2008).

Ingested atrazine negatively affected the percentage of live births (especially at the 20-
ppb treatment level), a finding that might be an additive response to increased stress
levels from the atrazine treatment, pregnancy, and the captive conditions. Robert et al.
(2009) documented an increase in stillborn offspring as a result of elevated CORT plasma
levels in gartersnakes (Thamnophis elegans). However, the toxicity of ingested atrazine
on developing squamates has not been examined. There is additional evidence of
developmental aberrations as shown by the asymmetry of the dorsal scales in the 20-ppb
group, which is consistent with Campero et al. (2007), who demonstrated the effects of
atrazine on developmental symmetry in insects. We also do not know if the infection
directly impacted neonatal development and survival.

Within our study, there were differences among the sex ratios of the treatment groups
although the sample sizes were small. The litters tended to be male biased, a finding that
is supported by Matsushita et al. (2006) who found that atrazine inhibited the regression
of the right gonad in young poultry, inducing male gonadal development. These results
contrast work conducted on amphibians that showed a female bias (Rohr and McCoy,



2010) and research that shows no direct impact on the sex bias in reptiles (Willingham,
2005; de Solla et al., 2006; Neuman-Lee and Janzen, 2011). Another explanation for this
male-biased sex ratio may also come from elevated CORT during gestation (Pinson et al.,
2011). As studies on N. sipedon populations (both captive and free living) have revealed
a nonbiased sex ratio (50:50 ratio M:F; Weatherhead et al., 1998), the male-biased sex
ratio observed in our study is unlikely to be a natural phenomenon, especially because
our control and 2-ppb treatment were nearly 50%.

Although many ecotoxicological studies focus on the effects of acute doses on mortality,
this endpoint is unsatisfactory when attempting to understand the complexity of the
ecological effects of a toxicant on an organism. To assess the true impacts of any
contaminant, multiple endpoints must be analyzed. Although negative effects such as
decreased live birth, a skewed sex ratio, and mortality were associated with atrazine
ingestion, any of these single endpoints could provide only limited insight to fully
elucidate of the effects of atrazine ingestion by gravid N. sipedon. When all of the
endpoints are evaluated together, the negative impacts of atrazine ingestion on
reproductive output of vertebrates warrant continued study. The data presented here
demonstrate the complexity of ecological studies when examining the impacts of
contamination on an organism. Additionally, our research on the effects of atrazine on
estradiol levels, reproductive success, sex ratio, and longterm survival in Watersnakes is
an important addition to the growing body of research on endocrine disruption.
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