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Abstract We evaluated the acute lethal and sublethal effects
of technical-grade glyphosate (GLY) and the GLY-based com-
mercial formulation Roundup ULTRA MAX® (RU) on two
Gosner stages (Gss) 25 and 36 of the South-American Creole
frog, Leptodactylus latrans. Bioassays were performed
following standardized methods within a wide range of con-
centrations (0.0007-9.62 mg of acid equivalents per liter—
a.e./L—of RU and 3-300 mg/L of GLY). The endpoints eval-
uated were mortality, swimming activity, growth, develop-
ment, and the presence of morphologic abnormalities, espe-
cially in the mouthparts. No lethal effects were observed on
larvae exposed to GLY during either Gs-25 or Gs-36. The
concentrations inducing 50 % lethality in RU-exposed larvae
at different exposure times and Gss ranged from 3.26 to
9.61 mg a.e./L. Swimming activity was affected by only
RU. Effects on growth and development and the induction
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of morphologic abnormalities—like oral abnormalities and
edema—were observed after exposure to either GLY or RU.
Gs-25 was the most sensitive stage to both forms of the her-
bicide. The commercial formulation was much more toxic
than the active ingredient on all the endpoints assessed.
Effects on growth, development, and the induction of morpho-
logic abnormalities observed in the range of environmental
concentrations reported for agroecosystems of Argentina con-
stitute an alert to the potential detrimental effects of the herbi-
cide that could be affecting the fitness and survival of anurans
in agroecosystems.

Keywords Glyphosate - Growth - Development -
Abnormalities - Oral disc - Anuran larvae - Leptodactylus
latrans

Introduction

Because of their high sensitivity to the type of toxicants
used in agriculture, amphibians are good indicators of the
potential impact of pesticides in agroecosystems (Berrill
et al. 1993; Sparling and Fellers 2009; Egea-Serrano
et al. 2012), while, as a result of their life cycle, they can
be considered representative organisms of both aquatic
and terrestrial environments (Stebbins and Cohen 1997,
Young et al. 2004; Sparling et al. 2010). Leptodactylus
latrans (Anura: Leptodactylidae), commonly known in
Argentina as rana criolla (Creole frog), is a widespread
species in South America (Heyer et al. 2010) and as such
is traditionally used for culinary purposes in Argentina.
The species has been categorized as “Not Threatened” ac-
cording to Vaira et al. (2012) and as “Least Concern” ac-
cording to the International Union for Conservation of
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Nature ( 2016). The frog’s breeding season coincides with
the beginning of the spring rains, while breeding takes
place in both temporary and permanent ponds, in which
5000-35,000 eggs are released within floating foam nests.
This species exercises parental care of the eggs and larvae,
where the latter are gregarious and nektonic (Cei 1980;
Natale 20006).

Glyphosate (N-[phosphonomethyl]glycine; GLY) is a post-
emergence herbicide widely employed to control weeds in
crops primarily of soybean but also of corn, wheat, and sun-
flower, among others. GLY has been considered one of the
most widely used herbicides worldwide in the last decades
(Duke and Powles 2008). After being applied, the compounds
can either first reach the soil and then be transported to other
areas or else adsorbed directly into the soil to be degraded
there by microorganisms. This latter possibility leads to a
rather low mobility of both GLY and its main metabolite, the
aminomethylphosphonic acid (AMPA; Giesy et al. 2000;
Borggaard and Gimsing 2008; Al-Rajab and Hakami 2014).
Alternatively, the herbicide can be transported to deeper soil
layers via macropore flow or to surface water through runoff
(Borggaard and Gimsing 2008; Coupe et al. 2012).

In recent years, the use of GLY in Argentina has in-
creased owing to the extension in the cultivated area of
genetically modified soybean, engineered to be GLY-
resistant (Domingo Yagiiez et al. 2011; Lopez et al. 2012).
In addition, Argentina is the third largest producer of soy-
beans in the world, after the USA and Brazil (Benbrook
2016), and according to the Camara de Sanidad
Agropecuaria y Fertilizantes, Buenos Aires (CASAFE
2012), the GLY-based herbicides are those most commonly
used in the country. Previous reports for Argentina had reg-
istered concentration levels of GLY at sites near agricultural
areas ranging from 0.035 to 5.0 mg/kg for soils (Aparicio
et al. 2013), 0.0005 to 0.700 mg/L for surface waters, and
0.006 to 5.0 mg/kg for sediments (Peruzzo et al. 2008;
Aparicio et al. 2013; Primost 2013; Lupi et al. 2015;
Ronco et al. 2016). In contrast, the concentrations of
AMPA ranged from 0.30 to 38.9 mg/kg for soils, 0.0002
to 0.002 mg/L for surface waters, and 0.002 to 7.29 mg/kg
for sediments (Aparicio et al. 2013; Primost 2013; Lupi
et al. 2015; Ronco et al. 2016).

The lethal effects of several GLY formulations and
their corresponding active ingredients have been studied
for different species of anuran larvae. The concentrations
producing 50 % lethality (LCso values) range from ap-
proximately 1 to 20 mg of the acid equivalent per liter
(a.e./L) for commercial formulations (Mann and Bidwell
1999; Howe et al. 2004; Govindarajulu 2008; Bernal et al.
2009; Relyea and Jones 2009; Fuentes et al. 2011; Moore
et al. 2012; Giingordii 2013; Yadav et al. 2013; Annett
et al. 2014). Since technical-grade GLY has not been
shown to have lethal effects on amphibian larvae, several
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authors have ascribed this difference in toxicity to the
surfactants present in the formulations (Giesy et al.
2000; Edginton et al. 2004; Howe et al. 2004; Puglis
and Boone 2011; Moore et al. 2012). In addition, the
sublethal effects of GLY commercial formulations and
the active ingredient have been studied in anuran larvae.
For example, effects on growth, swimming activity, be-
havior, and cardiac function along with the formation of
cranial and oral abnormalities, DNA damage, and alter-
ations in enzyme activities have been reported for com-
mercial formulations of GLY within the range of 1 to
27 mg a.e./L after acute exposure (Clements et al. 1997,
Lajmanovich et al. 2003; Lajmanovich et al. 2011, 2013;
Edginton et al. 2004; Costa et al. 2008). In addition, ef-
fects on growth, development, tadpole morphology, and
the levels of messenger RNAs (mRNAs) encoded by
genes involved in metamorphosis and development have
been reported for commercial formulations of GLY within
the range of 0.2 to 3 mg a.e./L after chronic exposure
(Howe et al. 2004; Relyea 2004, 2012; Lanctot et al.
2013, 2014). Although fewer reports are available con-
taining data for technical-grade GLY, the chronic effects
that have been documented are somewhat similar—i.e.,
growth, alteration of the sex ratio, and suppression of
levels of mRNAs encoded by genes involved in metamor-
phosis and development (Lanctot et al. 2014).

The monitoring of sublethal effects—such as those on
behavior, growth, development, and morphology, among
others—in anuran larvae is of relevance to an evaluation
of the fitness of the adult amphibians (Berven and Gill
1983; Smith 1987). Deleterious effects on swimming per-
formance have been demonstrated to be detrimental to for-
aging and the ability of the tadpoles to actively avoid pred-
ators (Semlitsch 1993; Stauffer and Semlitsch 1993; Horat
and Semlitsch 1994; Jung and Jagoe 1995; Semlitsch et al.
1995; Rist et al. 1997; Broomhall and Shine 2003; Denoél
et al. 2013). That environmental conditions can impair the
growth and development of anuran larvae, resulting in
higher rates of development during a shorter time and in
smaller body sizes at metamorphosis, is certainly well
known. These changes affect anuran survival by increasing
the age at which sexual maturity is reached, with a decrease
in the size of individuals at the time of their first reproduc-
tion and a consequent decline in fecundity (Wilbur and
Collins 1973; Smith-Gill and Berven 1979; Morey and
Reznick 2000; Denver and Crespi 2006). Morphologic ab-
normalities, accordingly, have been shown to occur in the
amphibian populations of agroecosystems (Cooke 1981,
Peltzer et al. 2011; Agostini et al. 2013). These anatomical
changes can impair swimming (e.g., axial abnormalities
and edema) and in many instances decrease the chances
of normal foraging and other behavior (e.g., oral deformi-
ties; Rowe et al. 1996; Rowe et al. 2001; Venesky et al.
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2010a, 2010b; Venesky et al. 2013; Tolledo et al. 2014,
Babini et al. 2015).

The effects of GLY on native Argentine species have been
reported only for two anuran larvae: Scinax nasicus (Hylidae:
Lajmanovich et al. 2003) and Rhinella arenarum (Bufonidae:
Lajmanovich et al. 2011, 2013; Junges et al. 2013). Despite
the previously mentioned wide distribution and particular
characteristics of L. latrans, the effects of different pesticides
and other contaminants on the tadpoles of this species have
been poorly studied (Aratijo et al. 2014a, 2014b; Lajmanovich
et al. 2015). Within this context, the aim of the present study
was to assess the lethal and sublethal effects of the GLY-based
herbicide Roundup ULTRA MAX® (RU) and technical-
grade GLY on the Gosner stages (Gss) 25 and 36 (Gosner
1960) of L. latrans larvae through the use of acute-toxicity
bioassays (96 h of exposure). The sublethal effects assessed
were on swimming ability, growth, and development and on
the occurrence of morphologic deformations, with particular
emphasis on oral-disc abnormalities.

Materials and methods
Chemicals

Test solutions were prepared with the GLY-based formulation
Roundup ULTRA MAX® (Monsanto Argentina S.A.L.C.,
Maipu, Buenos Aires, Argentina), containing 74.7 % of the
monoammonium salt of N-(phosphonomethyl)glycine (GLY
acid equivalent to 67.9 % [w/w]) and inert adjuvants quantum
satis, and technical-grade GLY acid of 95.1 % purity (Gleba,
La Plata, Buenos Aires, Argentina). Dilutions were made from
a 740-mg a.e./L stock solution for RU and a 1500-mg/L stock
solution for GLY with filtered and dechlorinated tap water (pH
7.7; hardness 180-250 mg CaCOs/L). The stock solution of
GLY acid was adjusted to neutral pH with 0.1 N NaOH.
Samples of test solutions were taken at low, intermediate, or
high concentrations, according to the experimental design,
immediately after preparation (0 h) and after 24 h of exposure
to confirm the concentrations. The GLY concentrations in test
solutions were determined by liquid-chromatography—mass-
spectrometry (LC-MS; Agilent 1100 system, Agilent
Technologies Inc., Miami, FL, USA) following derivatization
with fluorenylmethyloxycarbonyl chloride according to the
standardized method described by Meyer et al. (2009). The
solvents used in chromatographic analysis were high-
performance liquid chromatography quality grade, while the
salts were analytical grade (J.T. Baker-Mallinckrodt Baker
Inc., USA). Nanopure water was obtained in the laboratory
by means of a Sartorius arium water purification system
(Sartorius AG, Géttingen, The Netherlands). The standard of
GLY (99 %) was acquired from Sigma-Aldrich (St. Louis,
MO, USA).

Test species

Small portions (about 10 %) of five recently laid (8—10 h),
foam nests of L. latrans were collected from temporary ponds
from two fairly well-preserved areas; one located in Berisso
(34° 55.723" S, 57° 43.131' W), in an uninhabited coastal
sector of the Rio de la Plata estuary, and a second located in
arural area of the El Pescado-Stream floodplain, La Plata (35°
1.262" S, 57° 51.423" W), Buenos Aires province, Argentina
(Demetrio 2012). Once in the laboratory, the organisms were
maintained in tanks with 500 L of dechlorinated tap water (as
detailed above) with continuous aeration at 25 + 1 °C and a
16:8 light/dark cycle. The larvac were fed ad libitum with
blended lettuce until the individuals reached the stage needed
according to our experimental design. The tadpoles were
maintained under laboratory conditions according to the
Guide for Care and Use of Laboratory Animals (National
Research Council 2011).

Experimental design: toxicity bioassays

The bioassays of toxicity were performed on tadpoles at two
developmental stages: Gs-25 (£0) and 36 (+2) following stan-
dardized methods proposed by the US Environmental
Protection Agency ( 1975) and the American Society for
Testing and Materials ( 2007) with minor modifications by
Natale et al. (2006).

Toxicity bioassays with Gosner-stage 25

The bioassays were carried out in glass chambers with five
individuals and 500 mL of the corresponding test solution
under semistatic conditions (with medium replacement ev-
ery 24 h) at four replicates per concentration. According to
our previous experiments, we decided to feed the organ-
isms in certain bioassays since a 72-h starvation could
become a significant condition in the survival of young
tadpoles. Hence, two types of toxicity bioassays were per-
formed—involving feeding and nonfeeding—to compare
the effects under both experimental conditions. Tadpoles
were fed with 1 mL of blended lettuce every 24 h, 1 h
before medium replacement, in the feeding bioassay and
were not fed throughout the experiment in the nonfeeding
bioassay. Preliminary tests were performed in order to ar-
rive at a wide GLY-concentration range for assessing le-
thal and sublethal effects. Definitive bioassays were con-
ducted with 23 concentrations, ranging from 0.0007 to
9.62 mg a.e./L of RU (encompassing both sublethal and
lethal concentrations), 7 concentrations at between 3 and
300 mg/L of GLY, and a control group with merely
dechlorinated tap water.
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Toxicity bioassays with Gosner-stage-36 tadpoles

Bioassays were performed based on the results of Gs-25 tests,
with seven concentrations between 0.37 and 9.62 mg a.e./L of
RU (involving both lethal and sublethal concentrations) and
seven concentrations between 3 and 300 mg/L of GLY (those
being only sublethal concentrations). Once 50 % of the tad-
poles reached Gs-36, the individuals were placed in test cham-
bers according to the experimental procedure cited above.
Testing conditions were the same as those explained for bio-
assays with the Gs-25 larvae. The tadpoles were not fed
throughout the bioassays with the Gs-36 larvae because those
individuals did not manifest indications of starvation during
the later stages.

Endpoints measured
Lethal endpoints

Mortality was evaluated every 24 h and determined by the
absence of movement after gently prodding the tadpoles with
a polypropylene rod as well as by the change in their color and
overall appearance. Dead individuals were removed and fixed
in 10 % (v/v) aqueous formaldehyde.

Sublethal endpoints

Swimming activity was registered every 24 h by gently
swirling the water three times with a polypropylene rod
and observing for 1 min the swimming of each individual.
The effects on swimming were classified according to the
descriptions made by Brunelli et al. (2009) with minor
modifications (Ruiz de Arcaute et al. 2012) and involving
three categories: regular swimming, irregular swimming
(erratic swimming, body twisting, and convulsions), and
immobility (complete stillness for the whole observation
period, but with slight movement observed after gently
prodding with the propylene rod).

At the end of the experiments, all the tadpoles still alive
were anesthetized in benzocaine solution (250 mg/L) accord-
ing to recommendations of the European Commission (Close
et al. 1996), then fixed in Bouin’s solution, and finally pre-
served in 70 % (v/v) aqueous ethanol for subsequent evalua-
tion of growth, development, and the occurrence of morpho-
logic deformities. Growth was determined by measuring the
body length—i.e., snout-vent length (SVL)—according to Mc
Diarmid and Altig (2000) with a digital caliper of 0.01 mm.
Development and morphologic characteristics were observed
under a Nikon SMZ745T binocular microscope (Nikon
Instruments, Inc., Melville, NY, USA) equipped with a
519CU 5.0 ROM-CMOS camera (Micrometrics®, Unitron,
Commack, NY, USA), the stages of development identified
according to Gosner (1960), and the abnormalities classified
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as proposed by Cooke (1981), Bantle et al. (1996), Peltzer
et al. (2013), Altig (2007), and Tolledo et al. (2014) with
minor modifications. A total of 14 types of deformities were
considered. Axial abnormalities were classified as lateral flex-
ure of the tail (tail flexure <60°), severe lateral flexure of the
tail (tail flexure >60°), dorsal flexure of the tail (the tail is bent
in the vertical plane to the dorsal region of the body), ventral
flexure of the tail (ibidem to the ventral region), wavy tail (the
tail is more than once curved in the horizontal plane), and
coiled tail (tail curls on itself by forming a spiral). The pres-
ence of edema was classified as abdominal edema (appearing
in the intestinal region of the body), thoracic edema
(appearing in the cardiac region of the body), and facial edema
(appearing in the head, particularly in the facial region). Gut
abnormalities were recorded as an abnormal coiling of intes-
tine. Finally, oral abnormalities were defined as a loss (i.e., the
absence) of the upper and/or lower jaw sheath, depigmenta-
tion of the upper and/or lower jaw sheath (jaw sheaths gray-
ish), loss (i.e., the absence) of anterior and/or posterior tooth
rows, and tooth-ridge abnormalities (anterior and/or posterior
tooth ridge having abnormal gaps, or being absent altogether).

Statistical analysis

A regression analysis was performed between nominal and
measured concentrations of GLY in the water, and the
regression coefficient (b) was accordingly used to correct the
concentrations presented in this study. The measured concen-
trations at the initial time (0 h) and after 24 h were compared
by a paired Student ¢ test according to Zar (2010). Swimming
activity data were recorded in the three categories defined
above as regular swimming, irregular swimming, and immo-
bility. Each category was measured and recorded as a binary
response (i.e., present or absent). Mortality and swimming
activity data were analyzed by the Probit method (Finney
1971) through the use of the Probit Analysis Program, version
1.5 (USEPA 1999) in order to estimate LCs, and the concen-
trations producing 50 % effect (ECsg), respectively.
Concentration—response (C—R) curves at different times (24,
48, 72, 96 h) were estimated along with their 95 % confidence
limits. Regression (a and b) and correlation (7) coefficients
were calculated for each C—R curve and comparisons between
different regression lines made according to Zar (2010). In
addition, the swimming activity, growth, and abnormality data
were analyzed by a one-way ANOVA with the Dunnett post
hoc test (Zar 2010) to estimate the concentrations for no ob-
served effect NOEC) and the lowest observed effect (LOEC).
The ANOVA assumptions were corroborated by Barlett’s test
for homogeneity of variances and the Shapiro-Wilk test for
normality. Effects on development compared to control group
were evaluated by means of the Kruskal-Wallis test along with
the Dunn post hoc test (Zar 2010). The incipient lethal con-
centration was estimated (according to LCso values) as the
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point at which the curve began to run parallel to the x-axis
according to Newman (2015). Comparisons between the LCs
values for the conditions of feeding and nonfeeding were
made with a paired Student ¢ test (Zar 2010) and between
the lethal C-R curves for the Gs-25 and Gs-36 at each
exposure time by simple linear regression comparison
according to Zar (2010), while comparisons of the sublethal
data at 96 h between GLY and RU bioassays or between the
Gs-25 and Gs-36 were made with a paired Student ¢ test
according to Zar (2010).

Results and discussion
Chemical analysis

The GLY concentrations throughout this entire report are giv-
en after corrections were made on the basis of the measure-
ments on the test solutions of RU and GLY. Moreover, the
concentrations measured at the initial time (0 h) and after
24 h were not significantly different (p = 0.507), thus indicat-
ing that the GLY concentrations remained constant throughout
the bioassays.

Lethal effects

Table 1 summarizes the lethal effects of RU on Gss 25 and 36
of L. latrans tadpoles. Because of the high mortality at 96 h in
the nonfed group, the results demonstrate that L. latrans re-
quires feeding during the early stages of development, though
such feeding is not necessary if tests are performed with more
advanced developmental stages. In this regard, that previous
reports evaluating the effects of contaminants on Gs-25
L. latrans larvae were performed during 12-h (Araujo et al.

Araujo et al. 2014a, Araujo et al. 2014b) and 48-h exposures
(Lajmanovich et al. 2015) is indeed notable. In contrast, the
paired ¢ test of the LCs, values between the fed and nonfed
groups after 24, 48, and 72 h of exposure indicated no signif-
icant differences (t=2.767; df =2; p = 0.109), thus suggesting
that food supply does not influence the lethal effects of GLY
under conditions of acute exposure. Since certain species of
anuran larvae used for toxicity testing cannot reach 96 h of
exposure under the conditions required in the standard proto-
cols (in nonfeeding tests) because of starvation (Mann and
Bidwell 1999), the present results could be relevant when
testing toxicants on species in captivity with similarly strin-
gent feeding requirements.

Previous studies evaluating the lethal effects of technical-
grade GLY on anuran larvae demonstrated that the compound
is not lethal at high concentrations (Bidwell and Gorrie 1995;
Mann and Bidwell 1999; Howe et al. 2004; Moore et al.
2012). Our results support the absence of toxicity by GLY at
up to 300 mg/L for both the Gs-25 and Gs-36 larvae, since we
observed no lethal effects upon treatments with GLY
(Table 2).

The formulation RU exhibited toxic effects with LCs,
values at different exposure times and Gosner stages that
ranged from 3.26 to 9.61 mg a.e./L. These results (cf.
Table 1 and Table 2) are consistent with those obtained from
the literature for other anuran species, ranging from 0.8 to
20.3 mg a.e./L with commercial GLY-containing formulations
(Lajmanovich et al. 2003; Edginton et al. 2004; Howe et al.
2004; Bernal et al. 2009; Relyea and Jones 2009; Fuentes et al.
2011; Glingdrdii 2013; Yadav et al. 2013).

Lajmanovich et al. (2011) reported that four GLY formula-
tions—Roundup ULTRA MAX®, Infosato®, Glifoglex®,
and C-KYuyos®—achieve the LCs stabilization at 24 h of
exposure in R. arenarum tadpoles. In the present work, a

Table 1 Lethal effects of RU on

Gs-25 and Gs-36 L. latrans larvae Time (h) LCy0 (95 % CI) LCso (95 % CI) LCy (95 % CI) a b r
“Feeding” Gosner-stage 25
24 5.48 (5.00-5.81) 6.76 (6.45-7.11) 8.36 (7.84-9.22) —-11.63 17.30 0.94
48 2.90 (2.48-3.18) 3.86 (3.604.11) 5.15 (4.78-5.81) -1.29 9.22 0.91
72 2.80(2.36-3.03) 3.28 (3.03-3.46) 3.84 (3.63-4.25) -1.90 11.63 0.94
96 2.84 (2.46-3.05) 3.26 (3.04-3.43) 3.74 (3.54-4.09) -3.34 13.81 0.93
“No feeding” Gosner-stage 25
24 5.97 (5.42-6.31) 7.13 (6.80-7.55) 8.50 (7.92-9.75) -16.68 22.22 0.97
48 4.71 (4.25-5.02) 5.70 (5.42-5.97) 6.90 (6.51-7.58) 741 14.25 0.93
72 3.09 (1.82-3.71) 4.17 (3.27-4.65) 5.62 (5.06-6.79) -1.42 9.59 0.66
“No feeding” Gosner-stage 36
72 7.84 (5.94-8.52) 9.61 (8.92-11.45) 11.78 (10.43-19.75) -8.17 11.80 0.98
96 7.40 (6.35-7.94) 8.67 (8.12-9.28) 10.16 (9.45-11.91) -10.90 14.90 0.98

Time indicates length of exposure. LC/50/90 and 95 % confidence limits in mg a.e./L

a intercept, b slope, r correlation coefficient
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Table 2 Summary of endpoints evaluated on two Gosner-stages of L. latrans exposed to GLY and RU
GLY RU
Gs-25 Gs-36 Gs-25 Gs-36
Cg Treatment Cg Treatment Cg Treatment Cg Treatment
Lethal effects
Mortality ND ND ND 0.05 1.0a ND 0.80a
Sublethal effects
Swimming Activity ND 0.10 £ 0.12 0.10+0.19 020+£020 ND 031 £025% 0.08+0.16 033=+0.11%
Growth (SVL) 5.69+0.63 6.54+086" 13.15+233 11.66 =324 421+034 469 +0.33" 13.56+1.92 12.78 +0.30
Development (Gs) ~ 27.53 £ 0.62 28.15 + 0.67* 36.13 £2.64 35.63 £3.96 25.95+023 26.56+0.51" 3640+ 1.76 35.77 + 1.64
Abnormalities
Edemas 0.06+0.12 0.10£020 ND 0.69 = 0.30" ND 0.68 +0.36° 0.06=0.11 0.27+0.23
Oral disk ND 0.52 £0.13*  0.13+£0.11 0.53+023* ND ND 020+0.20 0.67 +0.11*

Mortality data are expressed as the fractional proportion of dead individuals. The swimming activity and abnormality data are expressed as the mean
proportion of the effect + SD. Growth data are expressed as the mean snout-vent length (SVL; in mm) + SD. Developmental data are presented as the
mean Gosner stages + SD. The lowercase letter a indicates the proportion of dead tadpoles at the highest concentration tested. All data correspond to 96 h
of exposure except for the lowercase letter b indicating effects at 24 h of exposure

ND no effects detected, Cg control group
# Correspond to mean value = SD for the LOEC concentration

multiple comparison of the various C—R curves for Gs-25
larvae exposed to RU for different lengths of time indicated
significant differences (F = 30.90; df = 4; p < 0.0001) except
between 72 and 96 h (Tukey’s post hoc test p > 0.05). The data
suggest that commercial formulations of GLY exhibit a lethal
effect within the first days of exposure and reach the incipient
value after 72 h (Fig. 1). Comparisons among C-R curves
between Gs-25 and Gs-36 tadpoles exposed to RU revealed
significant differences at 72 (=10.571; df=1; p <0.001) and
96 h of exposure (¢ =10.296; df = 1; p < 0.001), indicating that

0.32-___________________} ___________
0.28-
S 0241
&
=
= 0.20-
0.16- Gs 25
—~— Gs25NF
012| T ] 1
24 48 7 96

Time (h)

Fig. 1 Incipiency curve (1/LCsq vs. exposure time) for Gs-25 larvae
exposed to Roundup ULTRA MAX® in fed () and nonfed (NF)
bioassays. The arrow indicates the incipient 1/LCs,
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Gs-25 was more sensitive to toxicity by RU than Gs-36
(Table 1).

Sublethal effects

Tables 2 and 3 summarize the results of bioassays on the
effects of both GLY and RU on the swimming activity,
growth, and development of Gs-25 and Gs-36 tadpoles of
L. latrans and on the induction of morphologic deformities
in those stages. Swimming activity was affected by exposure
to only RU, while effects on growth, development, and abnor-
malities were observed for both GLY and RU. A paired ¢ test
between LOEC values for sublethal effects of both GLY and
RU bioassays showed significant differences (¢ = 4.427;
df =2; p = 0.047), indicating that RU was definitively more
toxic than GLY. In addition, a paired ¢ test between sublethal

Table3  Sublethal effects (LOEC values in, mg/L of GLY and mg a.e/L
RU) on two Gosner stages of L. latrans larvae after 96 h of exposure
Effect Gs-25 Gs-36

RU GLY RU GLY
Development 0.0007 15 ND ND
Growth 0.37 15 ND ND
Abnormalities 2.96 30 2.22 30
Swimming activity ND ND 5.18 ND

ND no effects detected
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NOEC values for tadpoles of those same stages showed sig-
nificant differences (¢ = 5.529; df = 2; p = 0.015), indicating
Gs-25 tadpoles to be more sensitive than those of Gs-36 in all
the endpoints tested. Because of the low number of survivors,
and the failure of larvae to tolerate 96 h of exposure in the
nonfed-group bioassays, sublethal effects were examined only
for bioassays of the fed group.

Effects on swimming activity

The effects of GLY on the swimming activity of anuran larvae
have been poorly studied and mostly associated with the pes-
ticide formulations (Wojtaszek et al. 2004; Wood and Welch
2015). To the best of our knowledge, no previous reports
evaluating the effects of technical-grade GLY on the swim-
ming activity of anuran larvae exist. In our study, no effects
on the swimming activity were observed in either Gs-25 or
Gs-36 tadpoles exposed to GLY (Table 2).

By contrast, the effects of commercial formulations have
been evaluated in tadpoles of certain anuran species. For ex-
ample, Wood and Welch (2015) reported that the commercial
formulation of GLY Roundup Weed & Grass Killer Super
Concentrate® did not affect the behavior (activity) of
Anaxyrus terrestris larvae, whereas Wojtaszek et al. (2004)
observed a paralysis or inability to move away during the first
24 h of exposure to the GLY formulation Vision® in Gs-25
tadpoles of Lithobates pipiens and Lithobates clamitans. In
the present study, a one-way ANOVA performed on the swim-
ming activity data indicated that irregular swimming was ob-
served in Gs-25 larvae after 24 h of exposure (F = 12.360;
df=5;p<0.0001) with a LOEC value of 5.92 mg a.e./L (the
Dunnet post hoc test; p = 0.003), although no significant ef-
fects were observed upon exposure of Gs-25 tadpoles subse-
quent to that time (F = 1.498; df = 4; p = 0.282). In addition,
irregular swimming was also noted in Gs-36 larvae exposed to
RU with a 96-h ECsq of 7.99 mg a.e./L (7.63-31.07).
Swimming activity data on the Gs-36 tadpoles revealed sig-
nificant differences with respect to irregular swimming
(F =10.710; df = 6; p = 0.0002), with a LOEC value of
5.18 mg a.e./L (the Dunnet post hoc test; p = 0.0003).

In summary, our results have demonstrated that tadpoles
of different Gosner stages were affected in their ability to
swim. This finding can have particular relevance in the
field, since swimming has been demonstrated to be related
to foraging so that an impairment in swimming may result
in a decrease in feeding and as a consequence in nutrition,
development, and growth (Semlitsch 1993; Horat and
Semlitsch 1994; Semlitsh et al. Semlitsch et al. 1995; Rist
et al. 1997; Broomhall and Shine 2003; Dendel et al.
Denoél et al. 2013), which undernourishment and stunted
growth would have an impact on fitness in adulthood
(Berven and Gill 1983; Smith 1987). In addition, a reduc-
tion in swimming activity may also lead to an inability to

escape from predators, thus resulting in a risk of
nonsurvival for the larvae (Jung Jung and Jagoe 1995,
Feder 1983; Stauffer and Semlitsch 1993; Broomhall and
Shine 2003).

Effects on growth and development

The effects of GLY on growth of anuran larvae have been
poorly studied. Howe et al. (2004) reported that GLY does
not affect the growth of Gs-25 anuran larvae, while Lanctot
et al. (2014) reported that the compound causes growth inhi-
bition in tadpoles exposed at Gs-25 upon reaching Gs-36—Gs-
38. In this study, a one-way ANOVA demonstrated that larvae
at Gs-25 exhibit a significant increment in growth after expo-
sure to GLY (£ =3.050; df =7; p = 0.005) with a LOEC value
of 15 mg/L (the Dunnet post hoc test; p = 0.012). In contrast,
no significant effect (F = 0.678, df = 7; p = 0.690) on growth
was observed for Gs-36 tadpoles when exposed to GLY
(Tables 2 and 3).

In comparison, a test of the effect of exposure to RU on the
growth of Gs-25 larvae by a one-way ANOVA indicated a
significant difference (F = 3.422; df = 14; p < 0.0001) with a
LOEC value of 0.37 mg a.e./L (the Dunnet post hoc test;
p = 0.003; Tables 2 and 3), but the same one-way ANOVA
performed on the growth data for the Gs-36 larvae showed no
significant effects by RU (F = 2.081; df = 7; p = 0.053; cf.
Tables 2 and 3). These results are in agreement with previous
reports that revealed a significant increment in the growth of
anuran larvae when exposed to GLY formulations (i.e., for the
SVL: Wojtaszek et al. 2004; mass: Jones et al. 2011; Gahl
et al. 2011; for both the SVL and the mass: Navarro-Martin
et al. 2014). Nevertheless, other studies indicated that GLY
formulations had no significant effects on anuran-larval
growth (i.e., for the SVL: Edginton et al. 2004; Edge et al.
2012; for the mass: Smith 2001; Williams and Semlitsch
2010), whereas still other studies reported a growth inhibition
upon exposure of anuran larvae to several GLY formulations
(i.e., for the SVL: Howe et al. 2004; for the mass: Relyea
2004, 2012; Cauble and Wagner 2005; Jones et al. 2010; for
the SVL and mass: Lanctdt et al. 2014). Clearly, no consensus
whatsoever can be found among the existing data on the ef-
fects of GLY formulations on growth of anuran larvae. The
discrepancies among the above GLY effects could result from
differences in the biology of different species, or even differ-
ences among GLY formulations.

Previous studies evaluating the effects of GLY on the de-
velopment of anuran larvae have shown that the
isopropylamine salt of the compound does not induce signif-
icant effects on development (i.e., with respect to the time to
reach metamorphosis: Howe et al. 2004; Lanctdt et al. 2014).
Our results on the development of Gs-36 individuals showed
no significant effects (the Kruskal-Wallis test; H = 2.251;
df'=1T; p = 0.945) after exposure to GLY, though differences
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were observed in Gs-25 larvae exposed to the compound (the
Kruskal-Wallis test; H = 19.38; df'=7; p = 0.007), resulting in
a significant increase in growth over that of the control group,
with a LOEC value of 15 mg/L (Dunn’s post hoc test;
p =0.016; Table 3).

Several authors have already evaluated the effects of GLY
commercial formulations on the development of anuran lar-
vae. The most frequently observed effect was a reduction in
the rate of metamorphosis (late completion of metamorphosis:
Howe et al. 2004; Williams and Semlitsch 2010; Gahl et al.
2011; Navarro-Martin et al. 2014), but even the absence of an
effect on metamorphosis has been reported (Smith 2001;
Lanctot et al. 2014; Wood and Welch 2015). In addition,
Cauble and Wagner (2005) observed that tadpoles exposed
to commercial formulations of GLY developed faster than
controls. In the present study, although Gs-36 larvae exposed
to RU evidenced no significant differences (Kruskal-Wallis’s
test H = 3.657; df = 6; p = 0.723) in development, Gs-25
tadpoles similarly exposed manifested a significant increment
in the rate of metamorphosis (Kruskal-Wallis test; H = 64.28;
df=14; p <0.0001) with a LOEC value of 0.0007 mg a.e./L
(Dunn’s post hoc test; p = 0.014; Table 3).

As stated above, growth and development are directly re-
lated. Larval growth is characterized by three main features:
an initial period of nearly exponential growth, a deceleration,
and finally a loss of body size at the climax of metamorphosis
(Wilbur and Collins 1973). Development consists of both
growth and differentiation, and this relationship varies with
environmental conditions (Wilbur and Collins 1973). That,
as an adaptive response to stressful conditions, larvac may
metamorphose earlier at a smaller body size has, for example,
been well documented (Wilbur and Collins 1973; Smith-Gill
and Berven 1979; Morey and Reznick 2000; Denver and
Crespi 2006). Moreover, a minimum, or threshold, body size
must be achieved by a larva to undergo metamorphosis,
whereas upon attaining a maximum body size, all larvae will
necessarily metamorphose (Wilbur and Collins 1973, Collins
Collins and Lewis 1979, Morey and Reznick 2000). In these
experiments, we observed that exposure to either GLY or RU
at early developmental stages induced an impairment of
growth and further development. In this regard, our results
could be indicating that GLY can be considered a stress-
producing agent for tadpoles by causing an accelerated devel-
opment that reaches metamorphosis at a precocious age.
‘Within this context, the absence of an effect on Gs-36 individ-
uals as opposed to the developmental acceleration of Gs-25
larvae can be explained by the minimum body size required to
achieve metamorphosis.

Morphologic abnormalities

The proportion of abnormalities observed in the control group
in all the bioassays was below 10 %, except for the loss of
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tooth rows in Gs-36 larvae observed in 20 % of the controls.
Previous studies evaluating gonadal abnormalities and tail
damage in anuran larvae exposed to GLY had indicated that
the compound did not induce deformities (Howe et al. 2004;
Lanctot et al. 2014), whereas another report (Paganelli et al.
2010) had observed that embryos exposed to GLY presented
craniofacial and ocular abnormalities. Our results indicated
that GLY induced a loss of upper- and/or lower-jaw sheaths
in tadpoles of Gs-25 (F=3.801; df'=7; p = 0.006) and Gs-36
(F=8.062; df =17; p=0.0003), with the same LOEC value of
30 mg/L being detected for both Gosner stages (the Dunnet
post hoc test; p = 0.007 for Gs-25 and p = 0.045 for Gs-36;
Tables 2 and 3; Fig. 2a, b). Moreover, a one-way ANOVA
with Gs-36 tadpoles revealed significant differences in the
incidence of edema (F = 3.917; df = 7; p = 0.011), from
300 mg/L of GLY (the Dunnet post hoc test; p = 0.006;
Tables 2 and 3; Fig. 2g, h).

The occurrence of morphologic alterations upon exposing
organisms to commercial formulations of GLY has been re-
ported previously. Among those citations, we can mention
oral, craniofacial, and ocular abnormalities, flexiured tails,
branchial-cartilage reduction (i.e., larvae: Lajmanovich et al.
2003; embryos: Edginton et al. 2004; Paganelli et al. 2010),
intestinal abnormalities (i.e., embryos: Edginton et al. 2004;
larvae: Lenkowski et al. 2010), tail damage, and the presence
of intersex gonads (Howe et al. 2004). Notwithstanding, other
studies have not detected the presence of gonadal or morpho-
logic alterations (i.e., in larvae: Edginton et al. 2004; Lanctot
et al. 2014; Navarro-Martin et al. 2014). A one-way ANOVA
revealed that the presence of edema in Gs-25 tadpoles exposed
to RU exhibited significant differences in occurrence from
control values (F' = 7.957; df = 14; p < 0.0001), at a LOEC
value of 2.96 mg a.e./L (the Dunnet post hoc test p < 0.0001;
Tables 2 and 3; Fig. 2g, h). In addition, Gs-36 data demon-
strated significant differences in the incidence of tooth-ridge
abnormalities (F' = 9.12; df = 6; p = 0.0004; Tables 2 and 3;
Fig. 2¢, d) and the loss of tooth rows (F = 3.965; df = 5;
p =0.023; Tables 2 and 3; Fig. 2e, f) from control values, with
LOEC values of 2.22 mg a.e./L for both determinations (the
Dunnet post hoc test; p = 0.013 and p = 0.023, respectively).

The presence of edema results in a shifting of the center of
gravity and a twisting of the body’s axis that can be also
become manifest as an abnormality in swimming (Uthpala
etal. 2010). This pathology could lead to a difficulty in escap-
ing from predators or an impossibility in foraging, thus affect-
ing the survival of tadpoles in such agroecosystems.

The oral disc of tadpoles in all but three families is com-
posed of keratinized mouthparts (the jaw sheaths and tooth
rows) that are surrounded by soft mouthparts (the labia and
papillae). Leptodactylus latrans has the most common config-
uration of labial tooth rows corresponding to the 2/3 formula
(Cei 1980; Mc Diarmig and Altig Mc Diarmid and Altig 2000;
Altig 2007b). During feeding, the tooth rows function in



Environ Sci Pollut Res (2016) 23:23959-23971

23967

Fig. 2 Morphologic
abnormalities induced by GLY
and RU on Gs-25 and Gs-36
larvae of L. latrans. a The oral
disc of Gs-25 control larvae. b
The oral disc of a GLY-exposed
Gs-25 larva showing a loss of the
lower-jaw sheath. ¢, e The oral
discs of Gs-36 control larvae. d
The oral disc of an RU-exposed
Gs-36 larva illustrating tooth-
ridge abnormalities. f The oral
disc of an RU-exposed Gs-36
larva exemplifying the loss of
tooth rows. g The body ofa Gs-25
control larva. h The body of an
RU-exposed Gs-25 larva with
pronounced edema. The black
arrows mark abnormalities. Scale
bars, 1 mm

anchoring the mouth to the substrate and the jaw sheaths in
rasping surfaces to generate a particulate suspension of food
(Wassersug and Yamashita 2001; Venesky et al. 2010a;
Venesky et al. 2013). Therefore, the presence of oral anoma-
lies (particularly in the jaw sheaths, tooth ridges, and tooth
rows) must necessarily affect the capacity for feeding in tad-
poles so as to limit the type and quantity of food that can be
consumed. Those individuals will accordingly be expending
more energy resources in the mere acquisition of food, thus
affecting their growth and development. Such morphologic
alterations in the tadpoles have well established impacts on
the fitness of the adult frogs that ultimately affect their survival
(Rowe et al. 1996; Rowe et al. 2001; Venesky et al. 2010a,
2010b; Venesky et al. 2013; Tolledo et al. 2014; Babini et al.
Babini et al. 2015).

Conclusions

Experimental use of the species L. latrans enabled the detec-
tion of adverse effects induced by exposure to a formulation of
GLY and to the active form of the herbicide. Lethal and sub-
lethal effects were reproducible under standardized laboratory
conditions, pointing to the use of this species as a surrogate
anuran in toxicity testing for ecotoxicological surveys in re-
gions where the frog inhabits—especially in those
agroecosystems where L. latrans develops and reproduces
that are being continuously impacted by pesticide use in ex-
tensive agriculture. In addition—and with respect to the meth-
odology of testing—the present study shows for the first time

that food supply to early developmental stages of L. latrans
does not influence the lethal effects of GLY under conditions
of acute exposure.

The GLY-based formulation Roundup ULTRA MAX® in-
duced acute lethal and sublethal effects on L. latrans tadpoles.
According to the categories established by the US
Environmental Protection Agency, the Roundup ULTRA
MAX® formulation can be classified as a slightly toxic (class
III) agent, while GLY can be classified as a practically non-
toxic (class IV) compound.

Technical-grade GLY produced sublethal effects on growth
and development and induced morphologic deformities, such
as oral abnormalities and edema. We wish to emphasize that,
to the best of our knowledge, this report is the first one dem-
onstrating oral abnormalities in anuran larvae exposed to
technical-grade GLY. Moreover, the commercial formulation
induced sublethal effects on all the experimental endpoints
evaluated (i.e, swimming activity, growth, development, and
morphologic abnormalities). Although growth and develop-
ment proved to be the most sensitive of those endpoints, all
of them would affect the fitness and survival of frogs in
agroecosystems since the presence of, for example, edema
can lead to difficulties in swimming. In addition, the occur-
rence of oral abnormalities and alterations in swimming activ-
ity must necessarily decrease feeding with deleterious conse-
quences on growth and development.

The more sensitive developmental stage was Gs-25. The
difference in sensitivity among Gosner stages observed here is
in agreement with the findings from several studies reporting
that Gs-25 tadpoles are the most sensitive (Mann and Bidwell
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1999; Edginton et al. 2004; Smith 2001; Howe et al. 2004;
Brodeur et al. 2009). This difference can be attributed to (1)
the presence of protective membranes in embryos (Berril et al.
1993; Berrill et al. 1998), (2) the lack of target organs in
embryos and very young larvae (Edginton et al. 2004), and
(3) the size of the developing individual, which characteristic
appears to be a parameter mitigating toxicity in advanced de-
velopmental stages (Mann and Bidwell 1999). Nevertheless,
other studies have shown that the relationship between devel-
opment and sensitivity did not follow a clear pattern (Berrill
etal. 1998; Howe et al. 1998; Natale et al. 2000). This lack of
consensus may be related to differences in the experimental
protocols or the particular anuran species involved.

Both forms of the herbicide induce similar sublethal ef-
fects, though at different concentrations, with RU being five
orders of magnitude more toxic than GLY. This difference
suggests the conclusion that adjuvants in the formulation
may favor bioavailability of the active ingredient or else also
consist of additives that contribute to toxicity, as some authors
have suggested (Giesy et al. 2000; Edginton et al. 2004; Howe
et al. 2004; Puglis and Boone 2011; Moore et al. 2012).

On the basis of the environmental concentrations of GLY
reported for Argentina and upon consideration of the worst-
case scenario that has been detected of 0.7 mg a.e./L—a level
at which sublethal effects on growth and development and the
induction of morphologic abnormalities were observed in the
present work—adverse impacts on the fitness of anuran larvae
inhabiting agroecosystems of that region would necessarily be
expected, as would such sequelae elsewhere in accordance
with the levels of that toxic compound present.
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