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Abstract

The Prairie Pothole Region (PPR) of the UnitedeStatipports a high density of
wetlands interspersed in an agricultural matrixawRcrops, primarily corn and soybeans,
dominate the southern PPR, while small grains aasistands typify the north. Recent
laboratory and field studies report that the cagrbitide atrazine disrupts normal sexual
development in amphibians. In 2005, we measumadiat concentrations during three
surveys in 10 wetlands distributed from the soutl{grtensive corn production) to the
northern (sparse or no corn production) PPR andaebRana pipiens (northern
leopard frog) metamorphs. Atrazine was detecteat Inast one water sample from
every wetland, with concentrations ranging from.&1Q (i.e. < method nominal
detection limit) to 0.805 pug/ The overall sex ratio did not diverge from lhbwever
there was a strong negative correlation betweerageeatrazine concentrations at each
site where more than 25 total specimens were ¢etleand the female to male sex ratio.
Gross gonadal abnormalities were noted in 3% ahaliamorphidR. pipiens. The
gonads of 55 % of all fully metamorphosed (Gostage 46) males contained testicular
oocytes (TO’s). Atrazine concentrations were mgnificantly correlated with gross
gonadal anomalies or TO’s. The lack of consistggpificant correlations between
atrazine concentrations and gonadal anomali&s pipiens does not support the

hypothesis linking atrazine with endocrine disraptin developing amphibians.
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Introduction

Atrazine has been one of the most frequently usebli¢tides worldwide since its
registration in the United States in 1959 [1]. N\&5,000 metric tons of active
ingredient were applied on crops in the Unitedeétat 2002 alone [2]. Although
primarily used to control annual broadleaf and gyaseeds in corn, atrazine is also used
in the production of other crops, including sorgh@hristmas trees, sugarcane, as well
as on rangeland. The herbicide is usually apptieghrly spring and summer by soil-
directed ground spraying, but aerial spraying$® aised, depending on weather and field
conditions. While primarily considered a pre-eneggrigherbicide, applications are also
made prior to planting and post emergej8je

Because of its widespread application, relativedywsdegradation, and transport
through water and air, atrazine often migratestgiesdances from where it is originally
applied [4]. Atrazine is commonly detected in agd [1] and ground water [5], as well
as in air [6] and rain [7]. Nations and Halbergr&ported concentrations as high as 40
HoL in rainfall in the Midwestern US, and approximgt@l6% of atrazine applied yearly
to crops in the Midwestern and Northeastern UnBtades was deposited via rainfall [7].
Dissolved atrazine can also be transported viaff§&d,10]. Scribner et al. [11]
reported median atrazine concentrations ranging #®7-10.9 pg/in Midwestern
streams during post-application runoff, while aggmaximum concentration of 172.2
Mokl was measured in another study of Midwestern stsgagj. Although volatilization

of atrazine is minimal [1], some pesticides enteratmosphere via wind erosion [6],



which can be transported great distances and r&guhe surface via wet or dry
deposition [7].

In 2005, approximately 88% of atrazine used inUlsewas applied to corn [13],
which is grown primarily in lowa and lllinois andeas of Minnesota, South Dakota,
Nebraska, Kansas, Missouri, Indiana and Ohio. i&t@tof this corn production area are
contained within the Prairie Pothole Region (PPRhe North-Central United States
(Figure 1), a region characterized by high dersiewetlands of various sizes and
hydrologic regimes, interspersed in a matrix of i@ap agriculture, pasture, and
grassland.

Prairie Pothole Region wetlands support multiplghimian species such as
salamanders, toads and frogs, includRaga pipiens (northern leopard frog), which has
been a focal species for numerous studies invéstggpossible endocrine disrupting
effects of atrazine [14,15]. Recent studies haperted conflicting data regarding the
effects of atrazine on amphibian sexual developm&poime laboratory studies suggest
that exposure to low atrazine concentrations dulgyelopment caused hermaphroditism
(occurrence of testicular and ovarian tissue witheassame gonad) [14,16] Xenopus
laevisandR. pipiens [17], while other researchers found no significguuss
morphological or histological gonadal effects im#ar exposures studies usiRgna
clamitans [18] or X. laevis [19].

Field studies have generated similarly disparata. dd#ayes et al., [17] reported
thatR. pipiens collected from atrazine-contaminated sites adfos&Jnited States

exhibited hermaphroditism and Reeder et al. [2pbreed a strong but non-significant



relationship between atrazine and intersex (anwital both male and female gametes)
cricket frogs Acris crepitans). However, in other field studies atrazine was no
significantly correlated with hermaphroditism [2d]with the presence of testicular
oocytes (TO's; egg cells embedded in testiculaugsand an indicator of
hermaphroditism) (Figure 2) [15] in various ranider with TO presence iX. laevis
exposed in outdoor mesocosms [22]. The primargaiivies of the current study were to
1) determine the prevalence of testicular oocyl€¥g) in metamorphi®. pipiens
harvested from randomly selected wetlands disteitbaicross the PPR, and 2) explore
possible correlations between the range of atrazneentrations in these wetlands and

the presence or prevalence of testicular anomialissetamorphid. pipiens.



Materials and Methods

Ste Selection

Our objectives included measurement of atrazine@oination throughout the.
pipiens breeding and developmental period and collectianetamorphic (Gosner stage
44-46; [23] frogs as they emerged from the wetlande used a stratified, random
process to select 109 PPR wetlands (sites) regnegenland-use gradient from
predominantly row-crop agriculture in the souttsioall grain and grassland agriculture
in the north. Ten of these wetlands produRepi piens metamorphs and constitute the
study sites (Figure 1).
Ste Surveys and Atrazine Analysis

Each site was surveyed three times during the g@ama summer to collect water
and conduct biotic surveys. Survey timing was taselocal knowledge of agricultural
practices and amphibian phenology, and was plat;medincide with anticipated
herbicide applications or significant stage®imipiens life history. The first survey and
water sampling timed to take place prior to anratdzine application and expected
pipiens egg-laying, the second survey was intended topibdae after atrazine
application and durin®. pipiens embryo to early larval period, and the third in
conjunction with the final stages Bf pipiens metamorphosis, but prior to their
emergence and emigration from the wetland. In satlof surveys, site visits progressed
from south to north, which was designed to coreslaith the presumed timing of corn
planting (and associated herbicide application)Rrapiens breeding and development.

Collection dates were as follows: Survey 1 (S1)rdi&80 - May 10; Survey 2 (S2), May



18 - June 7; Survey 3 (S3), June 21 — July 11.eWstmples were hand-collected from
the approximate center of each wetland using al5flastic syringe, filtered through a
0.2 um membrane, placed on ice during transpodthaid at or below 4° C until
analysis. Atrazine was quantified using an enzyjimed immunosorbent assay
(ELISA) with a nominal detection limit of 0.011 pg/Atrazine HS; Abraxis LLC,
Warminster, PA.). Two aliquots from each water glemvere analyzed and averaged to
obtain a single atrazine concentration for eachandt
Metamor phic Rana pipiens Collection

Visual searches for eggs, larvae and adults, sitenpter searches and random
dip net sweeps were used to as$egspiens breeding andlevelopment during the three
surveys, and specimen collections were plannedit@icle with metamorphosis.
Collections were made using dip nets and continungidi either 100 metamorphR.
pipiens were collected or a total of 240 person-minutesdiapsed. Specimens were
euthanized in 3-amino benzoic acid ethyl ester @23}, 2 g/. Immediately following
euthanization, a 1cm longitudinal cut was madeughathe abdominal wall and
specimens were fixed in Bouin’s solution (Sigma,L8uis, MO) for 48 hours, then
transferred to 70% ethanol, which was replacedyed@thours until the yellow pigment

was substantially absent.



Gross Gonadal Morphology

Each metamorph was assigned a randomized uniqofiele which was used
throughout all analyses so that specimen originuvdsown to the examiner until after
all analyses were completed. Metamorphs were meadgar snout-vent length (SVL)
and morphological sex (i.e. male, female or ambigubased on gonadal anatomy) was
determined. All gonads were digitally photographéen removed from the body cavity
with kidneys attached and placed in 70% ethanoidividual vials until histological
analysis.
Histological Analysis

Gonads with attached kidney tissues were prepargaigtological analysis using
a Tissue Tek VIP Processor (Tissue Tek; Analyticsiruments, Minneapolis, MN.) in
40-minute stages. Tissues were dehydrated inessarseven ethyl-alcohol stages
(70%, 80%, 95%, 95%, 100%, 100%, 100%), followedhrge clearing stages using
Clear-Rite (Richard Allen Scientific, Kalamazoo, )M&nd four infiltration stages with
Paraplast tissue embedding media, (Electron Miomg&ciences, Hatfield, PA).
Tissues were then embedded using a Tissue Tek @migezbnsole, and 5um thick
longitudinal sections were cut throughout both gisnasing a Reichert-Jung rotary
microtome. Each set of gonads was sectioned aniisety with every fifth section

mounted and stained with Harris’s hematoxylin aosire using standard methods.



Satistical Analyses

Potential relationships between atrazine conceatraiand metamorph size
(SVL), gross gonadal abnormalities, TO prevalemeanber of specimens per site having
TO’s) and mean number of TO’s per specimen wetedassing Pearson’s correlation
test ¢ = 0.05). Atrazine concentrations from individsatveys (S1, S2 and S3
concentrations) and multiple surveys (S1+S2+S3S3Zoncentrations) as well as
maximum observed concentration were used in themslgses. When testing correlations
between atrazine and TO prevalence or mean nunii€’s per specimen, all 10 sites
were initially included in the analysis, then ars&y were repeated using data from only
the five sites containing more than 10 stage 4@sabtatistica 9.7 was used for all

statistical analyses (Statistica 9.7, StatSoftsauDK).



Results

Atrazine

Atrazine was detected in water samples from abtli@dy wetlands (sites) during
at least one of three surveys (S1, S2 and S3)06;2bncentrations ranged from < 0.011
(method nominal detection limit) to 0.805 pghd were generally lowest during S1,
increased in S2, and remained elevated in S3 (EigurWetlandatrazine concentrations
showed a significant negative correlation withtlade (r = -0.64¢. = 0.05, p = < 0.05),
with southernmost wetlands containing higher meeazane concentrations than
northernmost sites (Figure 3). Atrazine concerungtin samples from the subset were
not significantly different from concentrationsthre entire set of 109 study sites (< 0.011
to 33.80 pg/) (2-sample t-test, p = > 0.3).
Rana pipiens Growth, Sex Ratio, and Gonadal Gross Morphology

A total of 514 Gosner stage 44-46 [E3]pipiens were collected from the 10
study wetland sites (Table 1). Mean snout-vengtlei(SVL) for all specimens was 43.1
mm. Considerably lower mean SVL'’s of 34 and 32rth mere measured at sites 3 and 4,
respectively, however no significant difference$SML were noted at sites with > 25
total specimens. Gross morphological analysisoofgs revealed an overall female to
male sex ratio of 1.02:1 (Table 1). Notably, itesiwith more than 25 specimens, there
was a strong negative correlation between averageige concentration and female to

male sex ratio. (r =-0.92, p < 0.05; n = 6; Feyd).



Abnormal gonads were detected in 3% (16/514) ohtbtamorphs representing
three of 10 sites. The most frequent anomaly visdtinuous or constricted testes (n =
10 specimens), followed by unidentifiable tissuesses located on or near the testes (n =
3 specimens) and shallow-lobed ovaries (n = 3 spaEts). There was no significant
correlation between atrazine concentration andsggosadal abnormalities.

Gonadal Histology

Testes from 164 Gosner stage 46 nialpipiens were examined histologically
for the presence of testicular oocytes (Figureahld 1). Fifty-five percent (90/164) of
the specimens contained one or more TO, whilezst lene specimen from every site
exhibited this anomaly (Table 1; Figure 5). Thadrae number of TO’s per affected
specimen was 18.5; however, several specimensdmgaratively high numbers of TOs
(maximum 1856), which produced an overall mean8® 7TO’s per affected specimen
(Table 1). The total number of TOs in the leftstes right testis differed significantly in
24% (22/90) of the affected specimens when testéididually; there was no preference
for the left or right testis in these 22 specimeH®wever, across all affected specimens
there was no significant difference in TO abunddretveen right and left gonads (two-
sided t-testg = 0.05).

There was no significant difference between TO alievce (number of
specimens per site with TO's) or mean number o P&t specimen and any of our
atrazine measures, including concentrations frafividual surveys (S1, S2, S3),

combinations of surveys (mean of S1, S2, and Si(Ei6), mean of S2 and S3), or



maximum concentrations for all sites (Figure 5).atldition, there was no correlation

between TO prevalence or quantity and gross gorsdmtedrmalities.
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Discussion

Because we utilized a stratified random samplirgjgieto systematically and
uniformly sample wetlands across five ecoregioresave able to conclude with
confidence that atrazine is present throughouPfR, as it was detected in wetlands
from northern lowa to northern North Dakota. Regpothole region land use varies
from heavy row-crop agriculture (primarily corn asmybeans) in the south, to
grasslands, pasture and small grains (wheat, odtbarley) in the north. In 2005, 12.8
million acres of field corn were planted in lowa3 Tillion acres in Minnesota, 4.45
million acres in South Dakota and approximatelyrhillion acres in North Dakota.
Because corn production is much more widespre#teisouthern portion of the PPR
(northern lowa, southern South Dakota and westanmé&sota) than in the north
(northern South Dakota and North Dakota) [24; hitpyw.nass.usda.gov], we expected
to measure regional differences in atrazine comagohs in PPR wetlands. Also, based
on limited corn production and low reported atrazirse in North Dakota compared to
other states within the PPR [24; http://www.nas$augov], we anticipated that the
northernmost wetlands would be atrazine-free amdiddoe used as reference sites.

While we observed the expected latitudinal conegiatn trend (Figure 3), we
were unable to find sites that had no atrazine sameduring the spring or summer.
This suggests that either atrazine was used matelyvn northern regions than
expected, or that residues were transported taarget locations [4] via wind [25] and
wet [26] or dry [27; http://www.epa.gov/ginpo/Immégults/atra_datarpt.html]

deposition.
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Atrazine concentrations throughout the PPR were#jly lowest in early spring
(S1) and peaked mid-May through July (S2 or S3)e [bw concentrations detected
during survey 1 suggest that the first survey waslacted prior to herbicide application
and that early spring atrazine may have been daoner from the previous year or
deposited from remote areas. The substantiallydrigtrazine concentrations detected
during surveys 2 and 3 indicate that the majoritgtoazine found in PPR wetlands
during the summer entered following local or remegtelication. The trend of increasing
atrazine concentration throughout the spring amanser, as well as the range of atrazine
concentrations (< 0.011 - 0.805 pveported in the 10 study sites was also obsarved
the total 109 sites the larger study, which suggétt reported concentration trends and
means accurately reflect the PPR landscape mé&imslar concentrations and seasonal
patterns were detected in agricultural regionsafdcla [15] and Michigan [21].
Atrazine concentrations in the majority of our sésgrom these 10 sites were < 0.1
MgL, however, two samples with high concentrationgd0.and 0.805 pg) were
collected from Sites 1 and 8 respectively (Figur€igure 5). Wetland atrazine
concentrations in this range are not uncommoneasof heavy corn production.
Concentrations of 0.700 pgwere measured in both Michigan [21], and Cana8a [1
Furthermore, much higher atrazine concentrations baen encountered in field sites
across the PPR, including > 6 pgheasured in water from a ditch adjacent to a corn
field in central lowa [17] and concentrations d® &nd 33.8 pg/in PPR wetland water

samples (Schoff et al., unpublished).
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A portion of the data retrieved from each of otesidepended on the presence of
metamorphid. pipiens at the end of the summer, and initial site sedacticcurred
without prior knowledge of amphibian presence @ebling. Because of this, we
acquired a relatively small number of sites witbstantial numbers of metamorpiic
pipiens. However, atrazine concentrations measured at tti@sées are characteristic of
PPR atrazine concentrations measured in 109 sgthttndomly selected wetlands
during the same year.

Many other field studies have used atrazine sadlésgdnd agricultural land-use
data [21,15] or the presence of substantial amahipopulations [21] to drive site
selection. While using thesepriori methods may increase the likelihood of selecting
wetlands with the desired high or low atrazine @mtiations and/or sizeable amphibian
populations, they may also introduce non-randompsagnbias. Results generated from
studies incorporating non-random sampling of amighilpopulations must be interpreted
cautiously because studied populations may notube representative of the regional
amphibian population and the value of statistieatd inherently decrease as a result.
This is because most statistical tests only consatelom error, and if populations are
not randomly selected, these tests may exaggérmatectual level of significance.

There was a strong negative correlation betweerageeatrazine concentrations
at each site where more than 25 total specimens egdlected and the female to male
sex ratio (r = - 0.92, p <0.05, n = 6, Figurelwever the overall sex ratio did not
significantly differ from an expected 1:1 ratio flal) (¢ = 1.69, p = 0.89, d.f. = 5).

The small sample size of this study precludes @melasion that atrazine causes lower

13



female to male sex ratios; however Coady et al. §1b reported male-skewed sex ratios
in frogs. Although they did not find consistentigeriment-wide) deviations from an
expected 1:1 sex ratio, they reported that laboyataredX. laevis exposed to 0.1 g/
atrazine produced significantly male-skewed sewsat

Three percent of aR. pipiens metamorphs in the current study had grossly
abnormal gonads. The most common anomaly wasrdiscous testicular tissue, which
was also the most common gross gonadal anomaliaiboaatory study of metamorphic
X. laevis [19] and was exhibited in four percent of dlllaevis serving as reference
specimens in an outdoor mesocosm study in SouibaAf22]. We found no correlation
between discontinuous testes and atrazine contentrar the presence or prevalence of
TO’s in Gosner stage 48 pipiens, which was also consistent with results reported b
Jooste et al. [22] iX. laevis.

Notably, TO’s were detected in specimens from @lbflour PPR study sites,
which is comparable to results published by Murphgl. [21], in which TO’s were
found in specimens from seven of eight agricultarad non-agricultural sites sampled in
south-central Michigan in 2002 [21]. In additidrQ's were found in 55% of all fully
metamorphoseR. pipiens individuals collected during our study (Tabled}ich is
similar to TO prevalence iR. pipiens collected from an agricultural region of Canada
[15]. Testicular oocytes have also been identifiredther species, includirg clamitans
[18,21] andR. catesbeiana [21]. However, TO prevalence may differ amongcéps
because Murphy et al.[21] reported that juveRilgipiens displayed a 4-20-fold greater

incidence of TO’s than other ranidslooste et al. reported a TO prevalence of 57% in
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laevis reference specimens and 57% in those exposedjlo dfxazine in an outdoor
microcosm experiment [22]. In recent years, adddl field and laboratory studies have
reported TO occurrence in atrazine-exposed fragssticular oocytes were noted in
ranids R. pipiens, R. clamitans andR. catesbeiana) from Michigan agricultural areas
[21] and inR. pipiens andR. clamitans from agricultural regions of Canada [15]. Hayes
et al. [17] reported that > 60% of developRgpipiens exposed to 0.1 pgiatrazine
expressed TO’s. Similar atrazine concentratiorss @fL pgl were common in PPR
wetlands; eight of our ten sites contaire@.1pg/L atrazine at least once during the
study, and half of all water samples met or exceelis concentration. Consequently,
developing anurans could have been exposed toatrttbncentrations of atrazine during
sensitive developmental periods.

Although TO’s were present in over half of our dpesns, we found no
correlation between TO prevalence or quantity irsii&o stage 4R. pipiens and mean
atrazine (Figure 6), S1 or S2 atrazine concentiatid@ther studies also report a lack of
positive correlation between TO prevalenc&impipiens [15] or X. laevis[19] and
atrazine. However, McDaniel et al. [15] reportecbarelation between the proportions
of frogs with TO’s and the number of different peistes at each site, suggesting that
TO’s may have resulted from exposure to multipleroltal stressors. Orton et al. [28]
reported a female-skewed sex ratidrinpipiens exposed to a combination of nitrate and
atrazine, further supporting the hypothesis thaltipia stressors may result in partial or
complete feminization in frogs. Although atrazimas the only chemical measured in

wetlands as part of our study, numerous pesti@desother chemicals are commonly
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used in the PPR [29]. Besides direct agricultapgdlications, chemicals can be
deposited via rainfall. Goolsby et al. [7] detec#trazine and other herbicides in rainfall
on Isle Royale, in Lake Superior. Th&spipiens could have been exposed to multiple
chemicals throughout their breeding and developatg@riods. Although we didn’t
observe a shift in expected sex ratios or increpsedalence of TO’s in atrazine-exposed
populations oR. pipiens, exposure to multiple anthropogenic stressorgd@ently been
associated with female-skewed sex ratios [28]idelstr oocyte prevalence [15] and
potential amphibian decline [30].

While it has been speculated that atrazine mayecawlsruption of normal
developmental processesRnpipiens [17], testicular oocytes were identified in ranid
species decades before atrazine was registereddan the United States [31,32]. These
early data suggest TO expression may be part ofraal, transient phase f& pipiens,
rather thara result of atrazine exposure. Further laboratmgsocosm and field studies
are necessary to assess the combined effects tplastressors on amphibian

development.
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Figure 1. Location of study wetlands (sites) wheater samples and metamorpRic
pipiens were collected within the Prairie Pothole Regibthe North Central United
States. Site numbers have been ordered by lat{ttiio N). Crop data obtained from
the United States Department of Agriculture (USD&Ytional Agricultural Statistics
Service (NASS) and represent all corn plantedwal, Minnesota, Nebraska, North
Dakota and South Dakota in 2005.
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Figure 2. Photomicrographs of longitudinal crosstions of testicular tissue from field-
collected Gosner stage &bpipiens. (A) Normal-appearing testicular tissue. (B) Sati

containing multiple testicular oocytes (TO).
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Figure 3. Atrazine concentrations (Ugimeasured in PPR wetlands (sites) during three
surveys (S2, S2 and S3) March-July, 2005. Sitéered by latitude (S to N).
Concentrations < 0.011 pglLOD) (*) were set to 0.5 x LOD. Site 1 was noecof our

routinely sampled sites therefore only one wadenge was collected.
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Figure 4. Relationship between atrazine conceatrand sex ratio of metamorphic
pipiensin Prairie Pothole Region wetlands. Mean atrazommcentrations from three
surveys or sites with > 25 total specimens werkided in the analysis. Sex ratios were
based on gonadal sex. (r = - 0.92, p < 0.05; X.69, df = 5, p < 0.89).
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Figure 5. Testicular oocyte number in field-coléstR. pipiens metamorphsand
atrazine concentrations by site. Sites 6 and & yagned due to small sample sizes.
Atrazine concentrations measured in water sampléscted from Prairie Pothole
Region wetlands (sites) during three surveys (81ar#l S3) March-July, 2005.
Concentrations < 0.011 pg{LOD) were set to 0.5 x LOD. Site 1 was selediaged on
the presence of metamorphs and was not one obatinely sampled sites, therefore

only one water sample was collected and analyzed.
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Figure 6. Total number of testicular oocytes inwialial Gosner Stage 48. pipiens and
mean atrazine concentrations (Jgis measured in water samples from their respectiv
natal wetlands. Atrazine concentrations were mreaisduring three surveys (S2, S2 and

S3) March-July, 2005.
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