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Proximity to agriculture is correlated with pesticide
tolerance: evidence for the evolution of amphibian
resistance to modern pesticides
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Introduction

Abstract

Anthropogenic environmental change is a powerful and ubiquitous evolutionary
force, so it is critical that we determine the extent to which organisms can evolve
in response to anthropogenic environmental change and whether these evolu-
tionary responses have associated costs. This issue is particularly relevant for spe-
cies of conservation concern including many amphibians, which are experiencing
global declines from many causes including widespread exposure to agrochemi-
cals. We used a laboratory toxicity experiment to assess variation in sensitivity to
two pesticides among wood frog (Lithobates sylvaticus) populations and a meso-
cosm experiment to ascertain whether resistance to pesticides is associated with
decreased performance when animals experience competition and fear of preda-
tion. We discovered that wood frog populations closer to agriculture were more
resistant to a common insecticide (chlorpyrifos), but not to a common herbicide
(Roundup). We also found no evidence that this resistance carried a performance
cost when facing competition and the fear of predation. To our knowledge, this
is the first study demonstrating that organophosphate insecticide (the most com-
monly applied class of insecticides in the world) resistance increases with agricul-
tural land use in an amphibian, which is consistent with an evolutionary
response to agrochemicals.

studies have demonstrated that invertebrate pest species
often evolve resistance, but pesticide resistance sometimes
carries a fitness cost that may reduce the health of popula-

Global change often poses a major challenge for organisms
because they must either move to regions that have more
favorable environments or adapt to the novel conditions
(Palumbi 2001; Meyers and Bull 2002). The use of agro-
chemicals, including pesticides, is one type of global change
to which an increasing number of species are exposed as
more land is being used for intensive agriculture (LeNoir
et al. 1999; Hayes et al. 2010). Although we have made
much progress in addressing the ecological consequences
of pesticide exposure (Relyea and Hoverman 2006), the
evolutionary consequences are poorly understood. The vast
majority of evolutionary investigations are restricted to
studies of target species, such as mosquitoes and crop pests,
because evolved resistance poses economic and health
concerns (Mallet 1989; Rosenheim et al. 1996). These

tions even after exposure to pesticides has ceased (Carriere
et al. 1994; Coustau and Chevillon 2000). However, fitness
costs are not always detected (Arnaud and Haubruge 2002;
Bielza et al. 2008; Lopes et al. 2008), and studies reporting
no costs may be false negatives because costs of resistance
may only emerge when the stress of the pesticides is com-
bined with natural stressors (Coors and De Meester 2008;
Hardstone et al. 2009).

There is a growing awareness that nontarget species often
experience collateral damage from pesticides, often result-
ing in death or sublethal effects on behavior, physiology, or
endocrinology (Weis et al. 2001; Hayes et al. 2010; Jansen
et al. 2011a; Tuomainen and Candolin 2011). In nontarget
species, however, we know very little about evolved resis-
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tance (Jansen et al. 2011b). Moreover, studies on vertebrate
species are rare (but see Boyd et al. 1963; Vinson et al.
1963), and we have no information for some of the most
commonly applied pesticides (e.g. organophosphate insec-
ticides).

Of the many taxonomic groups that are affected by glo-
bal change, amphibians are a group that is experiencing
global declines, with 32% of species threatened and 43% of
species experiencing declines (Stuart et al. 2004). The
causes of these declines are diverse, including habitat loss,
disease, and introduced species. In some locations, these
declines appear to be related to pesticide exposure and it is
becoming increasingly clear that these stressors are more
lethal when combined (Wake 1991; LeNoir et al. 1999; Stu-
art et al. 2004; Hayes et al. 2010). Only a few studies have
addressed the impacts of pesticides on amphibians from an
evolutionary perspective. Recently, a phylogenetic signal of
pesticide sensitivity in amphibians was found for the orga-
nochlorine pesticide endosulfan (Hammond et al. 2012).
While this study demonstrates that characteristics common
to amphibian families (e.g. conserved physiology within
clades) can predict sensitivity to endosulfan, studies at the
individual and population levels are necessary to under-
stand contemporary responses to pesticides. Population-
level studies have provided valuable insights on the
tolerance of amphibians to nonpesticide toxicants (Persson
et al. 2007; Brady 2012; Hopkins et al. 2012). Existing work
on pesticides, restricted to the insecticide carbaryl, shows
that amphibian species, populations, and individuals can
vary in pesticide resistance and this resistance can carry a
fitness cost (Bridges and Semlitsch 2000; Semlitsch et al.
2000; Bridges et al. 2001). However, no connection has
been made between variation in resistance and patterns of
land use. Only one study, using the insecticide DDT, has
compared the resistance of amphibian populations from
treated and untreated reference sites (Boyd et al. 1963).
While the population from the pristine site was very sensi-
tive, there was no clear mortality pattern for sites that were
sprayed directly versus sites that probably experienced indi-
rect exposure (e.g. drift or runoff). In addition, we have no
information on whether amphibians can evolve resistance
to major groups of pesticides that are commonly used
today (e.g. organophosphate insecticides) or whether resis-
tance varies across pesticides that have different modes of
action.

We assessed whether wood frog populations vary in their
resistance to the most commonly used insecticide (chlor-
pyrifos) and herbicide [Roundup Original MAX® (active
ingredient: glyphosate)] in the agricultural sector (Grube
et al. 2011), whether the variation in resistance is associ-
ated with variation in agricultural land use, and whether
sensitivity to pesticides is associated with adaptive
responses to competition and the threat of predation. We
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collected newly oviposited eggs from nine populations
across a land-use gradient and reared them under com-
mon-garden conditions prior to using tadpoles in experi-
ments. First, using a standard toxicology experiment, we
tested the hypothesis that populations of wood frogs col-
lected from ponds in areas with more agriculture were
more tolerant to moderately lethal concentrations of chlor-
pyrifos and Roundup. Second, using an outdoor mesocosm
study, we tested the hypothesis that more resistant popula-
tions of wood frogs would have reduced performance
(measured as fitness components including survival, larval
growth rate, and size at metamorphosis and time to meta-
morphosis) and that such costs would be more pro-
nounced under stressful conditions (i.e. the presence of
predators or high competition).

Methods

Animal collection and husbandry

Experiments were conducted at the University of Pitts-
burgh’s Pymatuning Laboratory of Ecology during 2009
and 2010. Each year, we collected 9-10 recently-laid egg
masses (composed of early-stage embryos) from each of
nine wood frog populations. Wood frogs typically remain
within 300 m of their natal pond and their genetic neigh-
borhood is generally within 1 km of the breeding pond
(Berven and Grudzien; Semlitsch 1998, 2000). In our study,
the shortest distance between ponds was 4 km, so it is unli-
kely that animals from different ponds were from the same
population. Ponds were chosen so that they varied in the
amount of land nearby dedicated to the production of pas-
ture/hay, row crops, and small grains (Fig. 1; see Figures S1
and S2 for a regional view of the ponds). For each pond,
we considered both the distance to the nearest agricultural
field and the proportion of land used for agriculture within
a 500-m radius of the pond. Egg masses were hatched in
covered 200-L plastic wading pools (4-5 egg masses per
pool) filled with aged, untreated well water. Tadpoles were
fed rabbit chow ad libitum until used in experiments.

Assessment of pesticide resistance

In the spring of 2010, we conducted a 48-h laboratory tox-
icity experiment using a completely randomized design to
assess each population’s sensitivity to chlorpyrifos and
Roundup. We used published LC50 values and pilot studies
to select nominal concentrations for each pesticide that
would be moderately lethal to tadpoles (Sparling and Fell-
ers 2007, 2009; Jones et al. 2009). Wood frogs from each of
the nine populations were exposed to three treatments: (i)
no-pesticide control, (ii) chlorpyrifos, and (iii) Roundup
(active ingredient is glyphosate). For chlorpyrifos, we used
a nominal concentration of 1.75 ppm. For glyphosate, we
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