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ABSTRACT.—Chemical contamination may influence host-pathogen interactions, which has implications for amphibian population declines.
We examined the effects of four insecticides alone or as a mixture on development and metamorphosis of Pacific Treefrogs (Pseudacris regilla) in
the presence or absence of the amphibian chytrid fungus (Batrachochytrium dendrobatidis [Bd]). Bd exposure had a negative impact on tadpole
activity, survival to metamorphosis, time to metamorphosis, and time of tail absorption (with a marginally negative effect on mass at
metamorphosis); however, no individuals tested positive for Bd at metamorphosis. The presence of sublethal concentrations of insecticides
alone or in a mixture did not impact Pacific Treefrog activity as tadpoles, survival to metamorphosis, or time and size to metamorphosis.
Insecticide exposure did not influence the effect of Bd exposure. Our study did not support our prediction that effects of Bd would be greater in
the presence of expected environmental concentrations of insecticide(s), but it did show that Bd had negative effects on responses at
metamorphosis that could reduce the quality of juveniles recruited into the population.

Low-levels of environmental contamination are prevalent
even in areas once considered pristine (McConnell et al., 1998;
Sparling et al., 2001; Angermann et al., 2002). Contaminants,
therefore, are additional factors in most systems already
exposed to competition, predation, pathogens, and important
abiotic factors that regulate populations and communities
(Boone and Bridges, 2003). Because chemical contaminants can
change an individual’s response to other stressors (reviewed in
Relyea and Hoverman, 2006), they have the potential to
influence population dynamics as well as species persistence.
Global amphibian population declines are attributed to many
factors that threaten biodiversity, including habitat destruction,
contamination, invasive species, overexploitation, disease, or
combinations of multiple factors (Houlahan et al., 2000; Stuart et
al., 2004). Disease, however, appears to be a major cause of
enigmatic declines that have no other apparent cause (reviewed
in Fisher et al., 2009; Collins and Crump, 2010). Because of the
pervasiveness of contamination in environments and because of
their potential to immunosuppress organisms (Blakley et al.,
1999), understanding the significance of contamination in
altering host-pathogen dynamics is of great importance because
it offers potential management solutions such as reduced
pesticide use or greater pesticide regulation.
The amphibian chytrid fungus, Batrachochytrium dendrobatidis
(Bd), is a widespread pathogen (Daszak et al., 2005; Longcore et
al., 2007; Skerratt et al., 2007; Rothermel et al., 2008) and has
been associated with amphibian population declines and
extinctions around the world (Berger et al., 1998; Daszak et
al., 2003; Muths et al., 2003; Lips et al., 2008; Vredenburg et al.,
2010). Infection by Bd can be asymptomatic or result in the
disease of chytridiomycosis, characterized by excessive skin
shedding and osmotic imbalance that can result in death
(reviewed in Fisher et al., 2009). Amphibians show variation
to Bd susceptibility within and among populations (Briggs et al.,
2005; Tobler and Schmidt, 2010) and between species (Blaustein
et al., 2005, reviewed in Fisher et al., 2009; Stockwell et al., 2010).
The observed variation in response to Bd may result from
genetic or immunological differences, as well as the presence of
other environmental stressors that may increase or decrease
vulnerability.
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Presence of pesticides, which have been correlated with
amphibian population declines in some areas (Davidson et al.,
2001, 2002; Sparling et al., 2001; Davidson, 2004), have the
potential to interact with pathogens as well as other factors to
compromise amphibian immunity (Carey and Bryant, 1995;
Hayes et al., 2010). Environmental field concentrations of most
pesticides are sublethal to amphibians, but sublethal concentrations can turn lethal or compromise amphibians in the presence
of predators (Relyea and Mills, 2001; Relyea, 2003), competitors
(Boone and Semlitsch, 2001; Mills and Semlitsch, 2004; Distel
and Boone, 2010), or pathogens (Parris and Baud, 2004;
Davidson et al., 2007; Hayes et al., 2006; Rohr and Raffel,
2010). Pesticide exposure can also increase the likelihood of
disease or infection (Taylor et al., 1999; Christin et al., 2003;
Gendron et al., 2003; Hayes et al., 2006; Davidson et al., 2007).
For instance, Davidson et al. (2007) found that juvenile foothill
Yellow-legged Frogs (Rana boylii) produced skin peptides that
inhibited Bd growth in vitro; however, the amount of skin
peptides produced was reduced in the presence of the
insecticide carbaryl, which could make frogs more vulnerable
to other environmental stressors like pathogens. Because skin
peptides, as well as cutaneous bacteria, appear to inhibit
pathogens including Bd (Harris et al., 2006; Woodhams et al.,
2007), factors that reduce the efficacy of these natural defenses
put individuals at risk. Understanding the potential for the
threats of pesticides and pathogens to singly or interactively
influence amphibian populations is of critical importance to
determine what actions could slow or prevent further declines.
Our objective was to examine the potential interactions
between Bd and insecticides on larval development through
metamorphosis using Pacific Treefrogs (Pseudacris regilla). To do
this, we exposed Pacific Treefrog tadpoles to expected environmental concentrations of malathion, diazinon, endosulfan,
chlorpyrifos, or a mixture of all four insecticides in the presence
or absence of Bd to determine impacts on metamorphosis. We
selected Pacific Treefrogs because they were susceptible to Bd in
some studies (Romansic et al., 2011; although not in others,
Garcia et al., 2006), because they can act as a reservoir for the
pathogen while remaining asymptomatic (Conlon, 2011), and
because we wanted to use a surrogate species from areas of
declines that was not at risk. We selected the insecticides
malathion, diazinon, chlorpyrifos, and endosulfan because they
are used commonly and found in areas inhabited by Pacific
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Treefrogs (Kuivila and Foe, 1995; McConnell et al., 1998;
Sparling et al., 2001). Additionally, Fellers et al. (2007) found
amphibians breeding at sites in California where both chemical
contaminants and Bd were present. Because the concentrations
we used were below levels expected to affect survival or
metamorphosis (Sparling and Fellers 2007, 2009; Widder and
Bidwell, 2008; Relyea 2009), we predicted that sublethal
concentrations of insecticides alone would have no effect or
small negative effects. Additionally, we predicted that Bd would
have negative impacts on metamorphosis and that the
combination of Bd and insecticide(s) would interact synergistically to have negative impacts on tadpole activity, survival to
metamorphosis, mass to metamorphosis, time to metamorphosis, and feeding ability of Pacific Treefrogs.
MATERIALS

AND

METHODS

Three egg masses of Pacific Treefrogs each containing ~70
eggs were collected from a seasonal pond (site P-204) at Point
Reyes National Seashore in Marin County, California on 21
February 2010 and shipped overnight on wet ice to Miami
University in Oxford, Ohio. Egg masses were held in the
laboratory at 208C on a 12 : 12 light : dark cycle in water from
the collection site until hatching. Mixed clutches of tadpoles
were transferred to charcoal-filtered water and fed ground
TetraMint Tropical Fish Flakes ad libitum; water was changed
daily.
To create the Bd solution, we ordered two plates of Bd isolate
JEL626 on nutrient agar on 15 January 2010 from J. Longcore
(University of Maine). The isolate originated from a young
Bullfrog (Lithobates catesbeianus) caught in California in October
2009, which is within the range of Pacific Treefrogs. We made a
1% tryptone broth (poured from a solution of 10 g tryptone and
1,000 mL distilled water) that was sterilized and cooled before
placing a 2-mm2 piece of the agar from the cultured isolate in 75
mL of the broth. After clumps of thalli were visible in the broth,
we added 1 mL of the broth culture to each of 10 plates of
sterilized tryptone agar (from a solution of 10 g tryptone, 10 g
agar, and 1,000 mL distilled water) on 3 and 23 February. We
kept plates in the lab at 22–248C and held until zoospores were
visible at 10 · magnification. A Bd solution was made by
rinsing the inoculated plates with aged tap water.
We manipulated exposure of tadpoles to presence or absence
of Bd and one of six insecticide exposures (water control, 75 lg/
L diazinon, 30 lg/L malathion, 4 lg/L chlorpyrifos, 0.2 lg/L
endosulfan, or a mixture of all of these insecticides at the given
concentrations) with 17 replicates of each treatment (2 Bd
treatments · 6 pesticide treatments · 17 replicates = 204
individually reared tadpoles); additionally, we had nine acetone
controls, which served as negative controls to assess whether
any pesticide effects were attributable to the carrier (acetone) of
the insecticides. On 15 March 2010 (experimental day 0),
tadpoles were placed individually in 100 mL of dechlorinated
water in a 1-L glass beaker and were exposed to 1 mL of aged
tap water or 1 mL of Bd solution (~2.78 · 106 zoospores/mL)
for 24 h, which resulted in an exposure of 27,800 zoospores per
100 mL; tadpoles were exposed in a low volume of water to
increase the rate of exposure to Bd (similar to Venesky et al.,
2010a,b).
After 24-h exposure to the Bd treatment, we added an
additional 900 mL of water to all beakers to reach 1 L and
applied insecticide treatments. Insecticide exposures represented approximately 1% of reported LC50s for anurans based on

previous studies (cited below), allowing each insecticide to
represent an equivalent toxic unit. We used 1% of the LC50 as
our criteria because Bridges (2000) found >70% mortality in
Southern Leopard Frogs (Lithobates sphenocephalus) reared with
carbaryl (insecticide) exposure of 4–10% 96 h LC50; however,
with exposure at 1.5% of the LC50, survival was not
significantly different than control, and exposure influenced
time and size to metamorphosis. Additionally, the 1% LC50 was
similar to concentrations found in the natural habitat of Pacific
Treefrogs (Sparling and Fellers, 2007, 2009), which were not
expected to have effects on performance based on previous
studies (Sparling and Fellers, 2007, 2009; Relyea, 2009). We
added 0.25 mL of prepared stock solutions to 1 L of water for
each insecticide to reach 75 lg/L diazinon (362 mg diazinon
[0.995 purity] added to 1,200 mL acetone; based on Sparling and
Fellers, 2007), 30 lg/L malathion (146 mg malathion [0.986
purity] added to 1,200 mL acetone; based on Relyea, 2004), 4
lg/L chlorpyrifos (19.3 mg chlorpyrifos [0.995 purity] added to
1,200 mL acetone; based on Sparling and Fellers, 2009), 0.2 lg/L
endosulfan (1.6 mg endosulfan [0.996 purity] added to 2,000 mL
acetone; based on Sparling and Fellers, 2009), or a mixture of all
of these insecticides (combining 250 mL of each stock solution
together); all chemicals were purchased from ChemService, Inc.
(West Chester, PA). No treatment received more than 0.25 mL
acetone per 1 L water, which is below ASTM limits. We sent
samples of each pesticide immediately after dosing and 72 h
after initial exposure (before water change) to the U.S.
Geological Survey in Sacramento, California, to confirm initial
concentrations and to determine how much pesticide remained
at the time of the water change (Table 1).
We changed the water of tadpoles every third day, changing
Bd-controls first to reduce the likelihood of accidental exposure.
Although we did not reapply Bd treatments after initial
exposure, we reapplied insecticide treatments at each water
change. We fed tadpoles ad libitum TetraMint Tropical Fish
Flakes (47% minimum crude protein) at each water change. We
searched for metamorphs daily and removed individuals from
beakers at metamorphosis (emergence of at least one forelimb,
Gosner Stage 42; Gosner, 1960) and placed them in containers
with water until tail resorption. We determined time to
metamorphosis, mass at metamorphosis, time of tail resorption,
and survival to metamorphosis before using metamorphs in the
feeding trial (below). Tadpole activity was measured by a single
observation on experimental day 31 (after a water change and
feeding). A single observer made a <5-sec observation and
recorded whether the tadpole was active (feeding or swimming)
or resting; observations were made without knowledge of
treatment assignments.
After tail absorption, metamorphs were placed individually
in plastic shoebox containers (20 · 31 · 10.5 cm) for 24 h
containing two moist paper towels and 20 crickets (10-day-old
house crickets, Acheta domesticus). After 24 h in the metamorph
container, the remaining crickets were counted to determine the
number eaten.
To determine whether Treefrog metamorphs were Bd-positive, we swabbed each frog (N = 190) on their entire ventral
surface using a sterile cotton swab following the feeding trial.
Swabs were placed individually in an empty vial and frozen at
-708C. The frog was then euthanized in MS-222 and placed in
200-proof denatured ethanol. These samples were analyzed by
qPCR (Boyle et al., 2004) at a U.S. Geological Survey Laboratory
(Reston, VA).
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TABLE 1. Spiked and measured water concentration (conc) of
insecticides immediately after dosing and 72 h later (before water
change and renewal of insecticide).
Treatment

Spike conc (lg/L)

Hour

Measured conc (lg/L)

Chlorpyrifos

4

Endosulfan (I and II)

0.2

0
72
0
72
0
72
0
72

3.64
2.18
0.273
0.149
70.1
52.4
29.4
20.3

Diazinon

75

Malathion

30

We used analysis of variance (ANOVA) to test for difference
between water and acetone control treatments in the metamorphic response (described below), survival, and activity. Because
there were no significant differences between acetone and water
controls (F1,24  0.24, P ‡ 0.6301), we eliminated acetone
controls from the subsequent analyses (including or removing
acetone controls had no effect on the outcome of the results). We
analyzed how Bd-exposure, pesticide exposure, and their
interaction affected the ‘‘metamorphic response,’’ which consisted of time to metamorphosis (Gosner stage 42), time of tail
resorption (time between Gosner stage 42 and 46), mass at
metamorphosis (Gosner stage 46), and number of crickets eaten
by metamorphs (number eaten/20) using a MANOVA. Significant effects in the MANOVA were followed up with univariate
ANOVAs to evaluate which responses were affected by
treatments and their interaction. We analyzed the effect of Bdexposure, pesticide exposure, and their interaction on survival
to metamorphosis and tadpole activity using ANOVA; these
two factors were not included in the multivariate analysis to
prevent replicates with missing cells in some responses
(attributable to tadpole mortality) from being eliminated from
the analysis.
RESULTS
The presence of Bd decreased survival to metamorphosis by
approximately 8%, but survival was not affected significantly by
insecticide exposure or the interaction of Bd and insecticide
exposure (Table 2; Fig. 1A). Activity of tadpoles was also
reduced by 43% in presence of Bd but not by other treatments
(Table 2; Fig. 1B). The multivariate metamorphic response was
affected by Bd but not by pesticides or treatment interactions
(Table 2; Fig. 2). The effect of Bd on the metamorphic response
was mainly attributable to effects on time to metamorphosis
and time to tail resorption. Bd lengthened the larval period by
approximately 2.5 days (Fig. 2A) and slowed the time of tail
resorption by 0.5 days (Table 2; Fig. 2B). Mass at metamorphosis
was marginally reduced by Bd, although the reduction was
relatively small (Table 2; Fig. 2C). The number of crickets eaten
by metamorphs did not vary with Bd exposure (Table 2; Fig 2D).
All metamorphs, regardless of treatment, tested negative for Bd.
DISCUSSION
Many amphibian population declines and extinctions have
been associated with Bd (Berger et al., 1998; Daszak et al., 2003;
Lips et al., 2008), and experimental studies have confirmed that
Bd in the absence of other factors can negatively affect growth
and survival in some amphibians (Parris and Cornelius, 2004;
Blaustein et al., 2005; Carey et al., 2006). Some researchers,
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however, have speculated that Bd alone may not explain
population declines and that certain environmental conditions
like presence of pesticides could increase vulnerability to
pathogens (Parris and Baud, 2004; Hayes et al., 2006; Rohr
and Raffel, 2010). Our study, however, suggests that the
negative effects of Bd exposure were not exacerbated by the
presence of sublethal concentrations of single or mixtures of
insecticides at levels measured in nature.
Bd exposure alone had negative effects on survival, tadpole
activity, and the metamorphic response (including time to
metamorphosis, mass at metamorphosis, and time to tail
absorption). Other studies found similar negative effects of Bd
on amphibians of other species (Parris and Cornelius, 2004;
Garner et al., 2009). For instance, Venesky et al. (2010a) found
that Bd infection can reduce tadpole activity. Reduced activity
can decrease predation rates (Skelly and Werner, 1990) and may
increase the probability of infected individuals acting as a
reservoir for other species that enter aquatic environment at
later times (although our anurans did not test positive for Bd at
metamorphosis). Reduced activity with Bd exposure could also
explain increased time to metamorphosis and the marginally
reduced mass at metamorphosis observed in our study. Longer
larval periods and reduced mass from Bd infection can also
result from depigmentation of keratinized tissues and loss of
teeth (Rachowicz and Vredenburg, 2004; Knapp and Morgan,
2006; Venesky et al., 2010c) and from altered feeding kinematics,
which can reduce foraging efficiency (Venesky et al., 2010a).
Impacts on time and size at metamorphosis alone could have
long-lasting effects and negatively impact future reproduction
and survival (Smith, 1987; Semlitsch et al., 1988; Scott, 1994),
even if animals were not infected with Bd at metamorphosis.
It was surprising that all the swabs from Treefrogs tested
negative for Bd, because we found negative treatment-level
effects and negative trends for most endpoints examined.
However, Garner et al. (2009) also found negative effects of
Bd on survival and growth, even though individuals were often
not infected at the end of the study, as we found. Such results
suggest there is a physiological cost to fighting Bd. It is possible
that tadpoles were never infected, but if this was the case, it is
difficult to explain why the Bd treatment was significantly
different from controls (because controls received the same aged
tap water that was used to wash Bd-infected plates). Alternatively, it is possible that tadpoles were infected but were able to
clear the infection. Initial infection rates may have also been low
because of limited keratinized tissues early in development
(which would be limited to mouth parts). Additionally, Venesky
(2011) found that only 15% of Southern Leopard Frog tadpoles
fed high protein (47.6% protein) diets were infected with Bd
after exposure, whereas 65% of tadpoles on lower protein
(13.8% protein) diets were infected. Our tadpoles were fed a
high protein diet (47% protein), which may have increased their
resistance. Additionally, Garcia et al. (2006) found that Pacific
Treefrogs were less susceptible to Bd compared to Western
Toads (Bufo boreas) or Cascades Frogs (Rana cascadae). Thus, a
combination of a high protein diet and a species with a lower
susceptibility to Bd may have contributed to the absence of Bd
infection.
We anticipated that tadpoles chronically exposed to realistic
field concentrations of insecticides (McConnell et al., 1998;
Fellers et al., 2007), which represented approximately 1% of
reported LC50s (detailed in the Materials and Methods), could
have lead to negative effects at metamorphosis (as in Bridges,
2000) and increased incidence of disease (as in Hayes et al.,
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TABLE 2. Summary of analyses of variance (ANOVA) for survival to metamorphosis and tadpole activity, and multivariate analysis of variance
(MANOVA) for metamorphic response. The MANOVA was followed by univariate ANOVAs to determine which factors were the main contributor to
main effects.
Response

Source of variation

df

Survival to metamorphosis

Bd
Pesticide
Bd · pesticide
Error
Bd
Pesticide
Bd · pesticide
Error
Bd
Pesticide
Bd · pesticide
Bd
Pesticide
Bd · pesticide
Error
Bd
Pesticide
Bd · pesticide
Error
Bd
Pesticide
Bd · pesticide
Error
Bd
Pesticide
Bd · pesticide
Error

1
5
5
192
1
5
5
183
4,170
20,565
20,565
1
5
5
173
1
5
5
173
1
5
5
173
1
5
5
173

Tadpole activity

Metamorphic response
Time to metamorphosis

Time to tail resorption

Mass at metamorphosis

Number of crickets eaten

F

P

4.88
0.49
0.67

0.0284
0.7853
0.6463

4.12
0.44
0.43

0.0438
0.8226
0.8286

5.38
0.79
0.95
8.34
1.22
0.85

0.0004
0.7271
0.5225
0.0004
0.3032
0.5157

10.95
0.79
0.22

0.0011
0.5570
0.9528

3.75
0.68
1.60

0.0544
0.6396
0.1614

1.35
0.53
0.98

0.2463
0.7511
0.4339

2006). However, no effects of insecticide exposure were
observed. Gahl et al. (2011) examined the effects of Bd on
Wood Frog (Lithobates sylvaticus) tadpoles in the presence of the
herbicide glyphosate and also found that these factors did not
interact. If the presence of these insecticides increased susceptibility to disease (or if disease presence increased susceptibility
to insecticides), tadpoles exposed to both Bd and insecticide
would have shown more negative effects on responses
measured. Although our study does not support this hypothesis, the concentrations we used were low (though realistic), and
greater concentrations of insecticides may increase susceptibility
to Bd or other pathogens.
Our study does not support the hypothesis that relevant
environmental concentrations of insecticides alone or in
combination can increase susceptibility to Bd or enhance
negative effects of Bd. However, our study examined low, but
realistic concentrations of insecticides, which may not have
affected immunity; in nature, pulses of higher exposures could
increase vulnerability, and other contaminants may have
different impacts on susceptibility. Evaluating the potential for
interaction among pesticides and disease pathogens remains
vital because, although disease spread may be difficult to stop
or control, limits could be set on pesticide use and application.

FIG. 1. Survival to metamorphosis (A) and proportion of active
tadpoles (B) for individuals reared in the absence or presence of Bd.
Error bars represent 6 1 SE.
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