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Abstract
Widespread observations of malformed amphibians across North America have generated both concern and controversy. Debates over the causes of such malformations—
which can affect >50% of animals in a population—have continued, likely due to
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involvement of multiple causal factors. Here, we used a 13-year dataset encompassing
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test hypotheses relating abnormalities and four categories of potential drivers: (i)
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53,880 frogs and toads from 422 wetlands and 42 states in the conterminous USA to
chemical contaminants, (ii) land use practices, (iii) parasite infection, and (iv) targeted
interactions between parasites and pesticides. Using a hierarchically nested, competing-model approach, we further examined how these associations varied spatially
among geographic regions. Although malformations were rare overall (average = 1.6%), we identified 96 hotspot sites with 5%–25% abnormal individuals. Using
the full dataset of 934 collections (without data on parasite infection), malformation
frequency was best predicted by the presence of oil and gas wells within the watershed. Among collections also examined for parasite infection (n = 154), average parasite load and its interaction with pesticide application positively predicted
malformations: wetlands with a greater abundance of the trematode Ribeiroia ondatrae
were more likely to have malformed amphibians, but these effects were strongest
when pesticide application was also high, consistent with prior experimental research.
Importantly, however, the influence of these factors also varied regionally, helping
explain divergent results from previous studies at local scales; parasite infection was
more influential in the West and Northeast, whereas pesticide application and oil/gas
wells correlated with abnormalities in the Northeast, Southeast, and western regions
of the USA. These results, based on the largest systematic sampling of amphibian malformations, suggest that increased observations of abnormal amphibians are associated with both parasite infection and chemical contaminants, but that their relative
importance and interaction strength varied with the spatial extent of the analysis.
KEYWORDS
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nonstationarity

1 | INTRODUCTION

the general public (Johnson, Reeves, Krest, & Pinkney, 2010; Reeves
et al., 2013; Rohr, Schotthoefer, et al., 2008; Skelly & Benard, 2010;

Widespread observations of malformed amphibians in North America

Souder, 2000). To date, at least 70 species of amphibians have been

have prompted concern as well as controversy among scientists and

reported with abnormalities, for which the majority of observations
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involve recently metamorphosed frogs and toads (anurans) from wet-

proximity to agricultural (e.g., pesticides and fertilizer; Taylor et al.,

land habitats (Johnson, Reeves, et al., 2010). Of particular concern

2005; Gurushankara et al., 2007; Rohr, Schotthoefer, et al., 2008) or

are recent observations that document substantially higher levels of

industrial activities (e.g., coal combustion waste, petroleum hydrocar-

severe malformations (defined as permanent structural defects

bons; Hopkins, Congdon, & Ray, 2000; Flyaks & Borkin, 2004). While

resulting from abnormal development, whereas abnormalities refer

laboratory studies suggest that water and sediment extracts from

to any gross deviation from the normal range in morphology), rang-

contaminated sites can induce amphibian abnormalities (Bridges, Lit-

ing from 5% to 100% of sampled individuals (Johnson & Bowerman,

tle, Gardiner, Petty, & Huckins, 2004), linking field-observed patterns

2010; Johnson, Reeves, et al., 2010; Lannoo, 2008). While some

to specific compounds is complicated by the diversity of chemicals

small fraction of abnormalities may occur in any amphibian popula-

released into the environment and their potential to interact with

tion, available data indicate this baseline frequency is <5%, with pop-

one another or additional factors (Johnson, Reeves, et al., 2010).

ulations exhibiting significantly higher frequencies classified as

Finally, observational field surveys and experimental manipulations

“hotspots” (Johnson et al., 2002; Johnson, Reeves, et al., 2010;

indicate that sublethal predation by aquatic predators, such as larval

Ouellet, 2000). The most frequently reported abnormalities involve

dragonflies, introduced fishes, and leeches, can also contribute to

the hind limbs, including partially missing limbs, completely missing

e & Sessions, 2009; Bowerman et al.,
abnormal limb growth (Ballenge

limbs, extra limbs, and misshapen limbs (Johnson, Reeves, et al.,

2010; Johnson & Bowerman, 2010). When such attacks involve tad-

2010; Reeves et al., 2013). Most recent reports involve North Amer-

poles still undergoing limb development, the resulting abnormalities

ican amphibians, although mass malformations have also been

may not appear to be the obvious outcome of trauma (Bowerman

observed in other countries (Bacon, Linzey, Rogers, & Fort, 2006;

et al., 2010), challenging efforts to determine the causative agent by

Flyaks & Borkin, 2004; Gurushankara, Krishnamurthy, & Vasudev,

abnormality type alone.

2007; Laurentino, Pais, & Rosa, 2016; Ouellet, 2000). Several retro-

Despite progress in identifying the causes of abnormalities in

spective studies based on museum samples and historical resurveys

some localities, opportunities to broadly evaluate the importance of

further indicate that limb malformations have increased over time

multiple causal factors and how they vary spatially has been hin-

(Hoppe, 2005; Johnson & Lunde, 2005; McCallum & Trauth, 2003),

dered by the narrow spatial extent of previous surveys, an overall

highlighting the importance of investigating environmental changes

tendency to focus on single-factor explanations, and inconsistent

associated with morphological abnormalities through space and time.

methodologies among studies (Johnson, Reeves, et al., 2010; Lunde

Debate over the causes of abnormalities and their relative impor-

& Johnson, 2012). Given the large geographic extent over which

e & Sessions, 2009; Johnson &
tance has been extensive (Ballenge

abnormalities have been reported, it is likely that multiple causative

Bowerman, 2010; Skelly & Benard, 2010). Attention has focused on

agents are involved, the importance of which will vary spatially in

factors with the potential to disrupt development of amphibians dur-

form and magnitude. Studies that explicitly consider spatial nonsta-

ing their aquatic phase (i.e., tadpoles), for which the most commonly

tionarity (i.e., parameter values that vary in space) are therefore

advanced hypotheses include parasite infection, chemical contami-

increasingly essential for understanding and forecasting complex

nants, changes in land use practices (e.g., roads, agriculture, or urban-

ecological phenomena (Bini et al., 2009; Cohen et al., 2016). For

ization), and injuries from introduced predators (Ankley, Degitz,

instance, the factors underlying the risk of human-caused wildfires in

Diamond, & Tietge, 2004; Johnson, Reeves, et al., 2010; Lunde &

the Mediterranean Basin are highly region-specific: while the amount

Johnson, 2012; Reeves, Jensen, Dolph, Holyoak, & Trust, 2010; Tay-

of forested area is a broad predictor of risk, fires in agrarian areas

lor et al., 2005). For instance, both experimental studies and field-

are associated with land abandonment and increased fuel build-ups,

based correlations have linked infection by the digenetic trematode

whereas those near more urbanized regions are often linked to land

Ribeiroia ondatrae to amphibian limb abnormalities in multiple regions

€wer, 2010).
encroachment (Koutsias, Martınez-Fernandez, & Allgo

of North America (Johnson & Hartson, 2009; Johnson et al., 2002;

Moreover, the factors underlying amphibian malformations have

Kiesecker, 2002; Lunde, Resh, & Johnson, 2012; Roberts & Dickin-

inherent potential to interact; exposure to pesticides, for instance,

son, 2012). These parasites specifically encyst around the developing

can suppress amphibian immunity and increase infection by parasites

limb buds of tadpoles, often disrupting growth leading to extra limbs,

(Hayes, Falso, Gallipeau, & Stice, 2010; Jayawardena, Rohr, Navar-

missing limbs, skin webbings, and other malformations (Johnson, Pre-

atne, Amerasinghe, & Rajakaruna, 2016; Pochini & Hoverman, 2017;

ston, Hoverman, & Richgels, 2013; Johnson, Sutherland, Kinsella, &

Rohr, Schotthoefer, et al., 2008), whereas toxic metals have been

Lunde, 2004; Johnson et al., 2012; Sessions, Franssen, & Horner,

hypothesized to interfere with larval amphibians’ ability to evade

1999). However, other wetlands with a high frequency of abnormal

aquatic predators such as larval dragonflies (Hayden et al., 2015;

frogs do not support R. ondatrae infection (Bowerman, Johnson, &

Reeves, Perdue, Blakemore, Rinella, & Holyoak, 2011; Reeves et al.,

Bowerman, 2010; Reeves, Doplh, Zimmer, Tjeerdema, & Trust, 2008;

2010). These observations underscore the potential for regional vari-

Skelly, Bolden, Freidenburg, Freidenfelds, & Levey, 2007), reinforcing

ation in causes and emphasize the need for large-scale, systematic

the need to investigate additional factors. Extensive research has

surveys of abnormalities combined with multifactorial measurements

analyzed the role of chemical stressors in disrupting amphibian

of possible causative agents.

development (summarized in Johnson, Reeves, et al., 2010), including

Here we use data collected across 42 states in the conterminous

evidence that abnormalities are associated with a wetland’s

USA to evaluate drivers of amphibian malformations both at national
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and regional spatial extents. Between 1999 and 2012, we assessed
abnormalities in 53,880 amphibians representing 41 species across
422 wetlands and 127 U.S. Fish and Wildlife Service (USFWS)
National Wildlife Refuges (see Reeves et al., 2013). Using a hierar-
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2 | MATERIALS AND METHODS
2.1 | Site and species selection

chically nested, competing-model approach, we evaluated the

We selected wetlands distributed across National Wildlife Refuges

explanatory power of targeted causative agents that have received

based on the known or suspected presence of amphibians and the

prior research support: parasitic trematodes, chemical contaminants,

availability of accessible habitat. In total, our sampling included 422

and anthropogenic forms of land use (Johnson et al., 2002; Johnson,

wetlands on 127 Refuges in 42 states across the conterminous USA,

Reeves, et al., 2010; Rohr, Schotthoefer, et al., 2008; Taylor et al.,

encompassing a broad range of ecoregions and land use histories

2005). Specifically, we compiled and combined spatially explicit

(Figure 1). We focused on frogs and toads with a particular emphasis

information on land cover, the distribution of oil and gas wells,

on lentic-breeding species within the genera Rana and Lithobates

application of pesticides and fertilizers, and abundance of the trema-

(see Appendix S1 for a list of the 41 species), owing to their wide-

tode R. ondatrae (collected at a subset of wetlands as part of this

spread distribution, prior history of abnormalities, and the value of

project) to test the capacity of these variables to predict patterns of

focal taxa for broad-scale comparisons (Lunde & Johnson, 2012;

skeletal malformations in amphibian populations across North Amer-

Ouellet, 2000). Potential amphibian breeding areas were identified

ica. On the basis of previous research, we expected a higher preva-

based on preliminary site visits and discussions with Refuge person-

lence of morphological abnormalities in wetlands adjacent to

nel. Sites were usually small wetlands or other water bodies, such as

agriculture or industrial activities, or those with greater R. ondatrae

agricultural ponds, marshes, or roadside ditches, located within

infection (Johnson et al., 2002, 2013; Lunde et al., 2012). We also

Refuges, Wetland Management Districts (WMD), or Waterfowl Pro-

tested the influence of targeted interactions between parasite infec-

duction Areas (WPA). However, while Refuges are managed “to con-

tion and pesticide application on the basis of prior experimental

serve, protect, and enhance fish, wildlife, plants, and their habitats

studies and region-specific field research (Rohr, Raffel, Sessions, &

for the continuing benefit of the American people” (USFWS Mission

Hudson, 2008; Rohr, Schotthoefer, et al., 2008). Importantly, we

Statement), they vary considerably in habitat, water quality, biologi-

examined how these response-environment associations varied spa-

cal diversity, and land use history. Some of the sampled Refuges rep-

tially by comparing the identity and explanatory power of hypothe-

resent nearly undisturbed natural habitats, whereas others have

sized factors at national vs. regional spatial extents, which has

been affected by prior land use practices associated with significant

important implications for how potential threats are studied and

habitat degradation or contamination, thereby creating broad varia-

managed.

tion well-suited for our survey of amphibian abnormalities.

1 – Pacific
(76)

2 – Southwest
(53)

3 – Midwest
(116)

4 – Southeast
(151)

5 – Northeast
(120)

6 – Mt. Prairie
(104)

6
1

5

3

2

4

F I G U R E 1 Geographical distribution of the percentage of amphibians exhibiting skeletal malformations from field collections across the
conterminous USA. Here we only show data from the 620 collections with at least 30 individuals surveyed. Averages are shown for wetlands
with multiple collection events. Histograms display relative frequencies of the percentage of malformed individuals across all collections within
USFWS administrative regions (we adopted the former USFWS classification scheme that combined Region 1 and 8 to achieve greater balance
in sampling coverage across the USA). Dashed lines show the average percentage of malformed individuals across all collections within each
region (the number of collections is shown in parentheses)
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we calculated R. ondatrae abundance—or the average number of
metacercariae per frog in a collection (Bush, Lafferty, Lotz, & Shos-

Sampling of wetlands was conducted between 1999 and 2012; indi-

tak, 1997)—only within the same year and species of the corre-

vidual wetlands were typically visited once or twice per season, with

sponding collection event. We used abundance rather than

a late-spring or early summer visit to detect amphibian activity and

presence/absence because previous studies have shown that R. on-

guide the timing of a second visit to catch animals near metamor-

datrae infection load correlates positively with malformation fre-

phosis. While most if not all USFWS regions were sampled each

quency (Johnson & Hartson, 2009; Johnson et al., 2002, 2004). Only

year, specific wetlands were generally visited over the course of one

sites with at least five dissected individuals of the same host species

to two (often consecutive) years, thereby maximizing the total sam-

that could also be linked to full malformation assessments from the

pling coverage within and among regions. During each collection

same year were included. One hundred and fifty-four of the total

event, we aimed to capture 50 individual amphibians of a given spe-

934 collections (16%) fulfilled these criteria (corresponding to 102

cies and examine them for external abnormalities following estab-

wetlands on 63 Refuges in 31 states; see Appendix S5 for a map dis-

lished protocols (USFWS, 1999). We focused on developmental

playing the geographic location of these sites).

stages from forelimb emergence through full tail resorption (i.e.,
metamorphosis), given that abnormalities are more easily observed
at these stages (rather than during early larval development) and that

2.3 | Variable construction

abnormal animals often die before reaching sexual maturity (Lunde &

An important analytical challenge in conducting analyses at a continen-

Johnson, 2012). Although numerous types of amphibian abnormali-

tal extent is obtaining standardized environmental variables measured

ties were recorded across sites (Reeves et al., 2013; USFWS, 1999),

at a scale compatible with that of the response yet still spanning the

we focus here on skeletal malformations involving the limbs, includ-

relevant geographic extent (Levin, 1992). To quantify the influence of

ing: extra limbs (polymelia) and/or digits (polydactyly); missing limbs

anthropogenic forms of land use adjacent to wetlands where amphib-

(amelia), limb segments (ectromelia), or digits (ectrodactyly); and

ians were surveyed, we estimated the proportion of land cover types

other miscellaneous types of skeletal malformations (e.g., abnormal

within HUC-12 watersheds (USGS, 2017) by averaging values from

skin webbing). Abnormalities that did not affect the skeleton, such

the 2001 and 2006 National Land Cover Data products (at a

as open wounds, scarring, or eye abnormalities, were excluded.

30 9 30 m resolution; Homer, Huang, Yang, Wylie, & Coan, 2004),

Abnormality data used in this paper have been posted to Data Dryad

which broadly captured our sampling period. We consolidated the low

(https://doi.org/10.5061/dryad.dc25r).

intensity, medium intensity, and high intensity developed land cover

To evaluate patterns of parasite infection, we selected a subset

categories into one class of developed land. We grouped woody wet-

of normal and malformed (when present) individuals from collections

lands, emergent herbaceous wetlands, and open water into a single

in each region. Collections were chosen for parasite analysis based

category to encompass the amount of nearby wetland area, which was

on (i) the presence of malformed frogs in prior collections and (ii)

included because of its expected influence on amphibian occupancy

attempts by regional biologists to obtain broad spatial coverage

and abundance (Gould et al., 2012). Cultivated crops and pasture/hay

within USFWS regions. Both normal and abnormal animals were

were combined to represent agricultural activity as a broad category

necropsied to determine the abundance of R. ondatrae cysts or

frequently invoked as a potential driver of amphibian malformations

metacercariae, which are typically found within or just beneath the

(Taylor et al., 2005). Consolidation of land cover types was performed

skin around the developing hindlimbs or, less often, around the

to improve classification accuracy and simplify the environment for

mandible (Johnson et al., 2004). Ribeiroia ondatrae has a complex life

our evaluation. We selected the HUC-12 watershed as preferable to

cycle involving sequential transmission among rams horn snails, larval

arbitrary distance classes that may have omitted information about

amphibians, and birds or mammals (Johnson, Lunde, Ritchie, & Lau-

the directional flow of water.

ner, 1999; Johnson et al., 2002; Lunde & Johnson, 2012; Roberts &

To obtain information on chemical contaminants, we extracted

Dickinson, 2012). Parasite encystment within the developing tad-

publicly available county-level data on pesticide and fertilizer use for

poles can disrupt normal limb growth, which is ultimately hypothe-

all counties in the conterminous USA (field-based water samples

sized to increase parasite transmission by amplifying predation by

were not collected as part of this study). Estimates of annual,

avian hosts (Johnson et al., 2004). Whenever possible, we examined

county-level pesticide use—for selected herbicides, insecticides, and

between 10 and 20 freshly caught animals to facilitate accurate

fungicides applied to agricultural crops grown in the USA from 1992

identification of living parasites and minimize errors in parasite

to 2009—were obtained from the USGS National Water-Quality

detection and abundance (Lunde & Johnson, 2012). Investigators

Assessment Program (Thelin & Stone, 2013). We narrowed the list

used a stereo-dissecting microscope to examine the major organ sys-

of chemicals for inclusion in our pesticide exposure variable to nine

tems, digestive tract, and skin (external and internal) of each frog to

compounds that have been shown to pose risks to amphibians: atra-

quantify all visible parasites. Once excysted, metacercariae of R. on-

zine, carbaryl, chlorpyrifos, chlorothalonil, copper, diazinon, endosul-

datrae were identified based on the presence of esophageal divertic-

fan, glyphosate, and malathion (see Appendix S2 for details on the

ula and other diagnostic morphological features (Lunde & Johnson,

pesticide selection process). We excluded data prior to 1998 to

2012). Because infection can vary strongly among years and species,

match the temporal extent of amphibian surveys (1999–2012),
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retaining the previous year to capture possible lag effects of pesticides remaining in the environment. For each unique compound-year
combination (which is how the raw data were obtained), we
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2.4 | Analytical procedures
To evaluate potential drivers of skeletal malformation prevalence, we

weighted pesticide application (kg) by the geographic area (km ) of

fit generalized linear mixed models (GLMMs) using the “lme4” library,

each county. We then applied a natural log (x + 1) transformation to

v 1.1-7 (Bates, Maechler, Bolker, & Walker, 2015) in R v. 3.2.0 (R

help normalize the distribution prior to scaling. Because pesticides

Development Core Team, 2010). GLMMs explicitly allow for non-

vary in their toxicity per unit volume, we scaled pesticide application

normal error distributions (such as binomial for malformations in this

by dividing these values by the standard deviation of each respective

case) and inclusion of “grouping variables” as random terms, along-

compound-year combination from all counties, and then summed

side advantages in accommodating unbalanced designs, correcting

these scaled values among all years and compounds for each county.

for sources of autocorrelation (including spatial autocorrelation), and

This effectively identified counties with relatively high (or low) appli-

using “shrinkage” to improve parameter estimation, which is espe-

cation values for the selected pesticides, concurrently accounting for

cially important for subgroups with limited sampling intensity (Gel-

variation in toxicity per unit volume. To ensure these results were

man & Hill, 2007; Zuur, Ieno, Walker, Saveliev, & Smith, 2009). The

insensitive to the pesticides and scaling approach, we verified that

sampling unit in all analyses was the individual collection event (col-

similar effects were generated with the unscaled values (i.e., non-

lection of the same species at the same site on the same date) and

transformed but weighted by county area) of all 433 insecticides,

the response variable was the number of malformed amphibians rel-

herbicides, and fungicides (applied during 1998–2012), and that

ative to the number of normal frogs, which was modeled as a bino-

2

effects persisted even with removal of the well-studied herbicide

mial error distribution with a log-link function. Using the “cbind”

atrazine from the nine focal compounds (see Appendix S2). We also

function in R to combine the number of abnormal and normal frogs

obtained county-level estimates of nitrogen and phosphorus fertilizer

in the response metric, our models weighted collection events by

applied commercially (farm and nonfarm uses) in the conterminous

the total sample size, helping to avoid the use of arbitrary sample

USA from 1987 to 2006 (Gronberg & Spahr, 2012). We calculated

size thresholds and the discounting of potentially meaningful data.

fertilizer exposure for each county by summing the cumulative

We standardized numerical covariates by subtracting their mean and

amount of fertilizer applied (kg) from 1998 to 2006 and weighted by

dividing by their standard deviation, thereby centering each at zero

county area. Previous research has highlighted the potential for

and placing values on a standard deviation scale to facilitate compar-

nutrient inputs to have both direct effects on amphibians (Marco &

isons of regression coefficients. We also applied a log10(x + 1) trans-

Blaustein, 1999) as well as indirect effects mediated through trema-

formation to parasite abundance and pesticide exposure.

tode infection (Johnson et al., 2007; Rohr, Schotthoefer, et al.,
2008).

Prior to model construction, we used pairwise correlation coefficients to identify collinearity among candidate predictor variables

Finally, we assessed oil and gas development in the vicinity of

and examined the variance inflation factors of multivariate models to

wetlands as a possible source of contaminants. Ramirez and Mosley

further ensure model validity. We omitted fertilizer exposure

(2015) documented chronic pollution at oil and gas production sites

because it was highly correlated with pesticide exposure (Pearson

on National Wildlife Refuges across the USA, ranging from localized

r > .74) and led to high variance inflation when both terms were

oil or brine spills to flowline leaks releasing large volumes of pollu-

included together (VIF = 3.8). For some region-specific models, we

tants. Moreover, region-specific field surveys have suggested links

also had to exclude agricultural land use or developed area owing to

between abnormal vertebrate development and the presence of pet-

high correlations with pesticide use (Table 1; see Appendix S4 for

roleum and heavy metal-based contamination, which is also sup-

more detail). To accommodate nonindependence among collections

ported by toxicological research (Bacon, Fort, Todhunter, Mathis, &

in space and time, we included random intercept terms for wetland

Fort, 2013; Hayden et al., 2015; Mahaney, 1994; Reeves et al.,

identity, sampling year, HUC-12 watershed, and the USFWS admin-

2010, 2011). To generate our oil/gas well variable, we collected pub-

istrative region (see Appendix S4 for further justification). We did

licly available data on the geographic location, type, and status of oil

not include a random effect for amphibian species identity both

and gas wells for all states that had petroleum production and

because of the large geographic extent of the study (such that most

included our amphibian survey sites (n = 21 states). These data were

species did not extend beyond specific regions) and because explora-

amassed on a state-by-state basis and then trimmed by removing

tory analyses suggested that neither a species- nor family-level ran-

wells that were initially drilled after 2009 and those classified as

dom effect accounted for significant variation in the response,

“dry” wells (i.e., wells that never produced oil or gas; see

consistent with the findings of Reeves et al. (2013). We tested for

Appendix S3 for additional data cleaning steps of this variable). We

overdispersion in all models (using the “overdisp_fun” function in R)

used the trimmed data to construct estimates of: (i) well presence/

by calculating the sum of squared Pearson residuals and comparing

absence within each HUC-12 watershed, and (ii) well density (num-

it to the residual degrees of freedom (Venables & Ripley, 2002). To

ber of wells divided by the watershed area). We used well presence

address overdispersion detected in some models (see Appendix S4),

rather than density in our statistical models because the distribution

we included an observation-level (collection-level) random effect

of the latter variable was highly bimodal: at the national extent,

(OLRE). This method involves giving each observation a unique level

about half of the watersheds with study sites had no wells.

of an added random intercept term, thereby helping absorb the

NA
NA

NA

NA

NA

NA

Midwest (n = 176)

Southeast (n = 233)

Northeast (n = 189)

Mountain Prairie (n = 120)
NA

NA

NA

NA

Southwest (n = 117)

NA

—

—

NA

—

Pacific (n = 99)

Regional (all data)

Mountain Prairie (n = 22)

NAc

—

—

—

NA

0.20* (0.03–0.37)

Parasites 3 pesticides

—

—

—

—

—

0.83* (0.12–1.54)

—

1.48*** ( 2.36 to

1.78*** (0.82–2.74)

—

—

1.22* (0.04–2.41)

0.37* (0.05–0.68)

—

O/G well presence

0.60)

—

—
0.30. ( 0.02 to 0.61)

—

—

—

—

0.51* (0.09–0.92)

0.49* (0.04–0.94)

—

—

—

—

0.22. ( 0.02 to 0.47)

Pesticide exposure

—

—
NAd

NA

—
d

—

—

—

NAd

NAd

—

—

—

NAd

NA

d

d

NA

—

—

—

—

—

—

Developed

NAd

—

—

—

—

—

Agriculture

—

—

0.49*** ( 0.78 to

NAd

—

—

—

—

—

—

—

—

—

—

Wetland

0.23)

b

The Southwest regional model was omitted because too few sites included data on parasite infection in this region.
We used a generalized linear model rather than a generalized linear mixed model because the random intercept terms had variance values approaching zero, coupled with the small sample size in this
region.
c
Parasite infection was not detected in the Southeast region.
d
Variables excluded due to multicollinearity (see Appendix S4).

a

Southeast (n = 13)b

0.47*** (0.22–0.71)

—

NAc

Midwest (n = 30)

Northeast (n = 61)

—

0.46*** (0.27–0.64)

NA

0.27** (0.08–0.46)

Southwest (n = 2)a

Pacific (n = 26)

Regional (parasite data)

All data (n = 934)

Parasite data (n = 154)

National

Parasite abundance

T A B L E 1 Model-averaged regression coefficients for analysis of amphibian skeletal malformation prevalence at national and regional spatial extents (only coefficients with p ≤ .10 are shown;
otherwise “―”). Coefficients with 95% confidence intervals (shown in parentheses) that do not include zero are denoted by bold format. The number of collection events included in each
model is shown in parentheses. For continuous predictors, variables were scaled such that coefficients range between 0 and 1; for the factor predictor (oil/gas well presence), the variable was
not scaled (such that coefficients cannot be directly compared between continuous and categorical variables). Significance codes are as follows: “***” ≤ .001; “**” ≤ .01; “*” ≤ .05; “.” ≤ .10. The
models using all data (n = 934 collections) do not include the parasite abundance covariate nor the parasite-by-pesticide interaction term

e280

|
HAAS
ET AL.

HAAS

|

ET AL.

e281

“extra” binomial variation, providing more robust estimates of param-

2002), whereby models that did not include a given parameter were

eters, and more accurately partitioning explained and unexplained

excluded from the averaging of that particular estimate. Analyses

variation in the data (Elston, Moss, Boulinier, Arrowsmith, & Lambin,

were performed using the MuMIn (Multi-Model Inference) R-pack-

2001; Harrison, 2014, 2015); in other models, overdispersion was

age (Barton, 2015).

negligible and no OLRE was included.
Building upon our hypotheses, we constructed the following set of
candidate models: (i) a null model containing the intercept and random
effects only; (ii) six univariate models for each fixed effect (pesticide
exposure, oil/gas well presence, parasite abundance, and proportion of

3 | RESULTS
3.1 | Sampling overview

agricultural, developed, and wetland land use within each watershed); (3)

Over 13 years we obtained 934 collections from 422 wetlands and

three multivariate models corresponding to either “chemical contami-

127 National Wildlife Refuges to examine skeletal malformations. In

nants” (pesticide exposure + well presence), “land use” (agriculture + de-

total, 53,880 amphibians representing 41 species were surveyed.

veloped + wetland), or “parasite-by-pesticide interactions” (parasite

When examining average malformation prevalence across space, we

abundance-by-pesticide exposure); and (4) a global model containing all

first examined collections with at least 30 individuals (n = 620 collec-

six fixed effects and a parasite-by-pesticide interaction term. Because

tions) to increase confidence in our estimates (Figure 1). Whereas

parasite infection was only assessed in a subset of 154 collections from

abnormalities were rare in most of these collections, the percentage of

102 wetlands, which were chosen in part based on detection of malfor-

malformed amphibians ranged from 0% to >25%, with approximately

mations (protocols available: https://doi.org/datadryad.org/resource/10.

47% (n = 292) of those collections exhibiting ≥2% malformed amphib-

5061/dryad.dc25r), we performed this analysis both on two datasets:

ians and 22% (n = 138) at or exceeding the oft-cited baseline fre-

one with the parasite covariate (n = 154 collections from 102 sites) and

quency of 5% (Lunde & Johnson, 2012). When using the binomial

one without (934 collections from 422 sites). Thus, the dataset with par-

mixed-effects model to account for variation in sample size, study

asite infection was a nonrandom subset of all collections that allowed us

location, and sampling year (allowing us to use all 934 collections), we

to examine the individual and combined influence of R. ondatrae, chemi-

estimated a model-adjusted mean malformation frequency of 1.6%

cal contaminants, and land use variables. To examine spatial nonstation-

[95% CI: 1.0%–2.3%]. Among regions, the Midwest (model-adjusted

arity in environment-response associations, we also examined the

mean = 2.5% [1.8%–3.4%], n = 176 collections), Northeast (model-

influence of these variables at a regional spatial extent using the USFWS

adjusted mean = 2.1% [1.3%–2.9%], n = 189 collections), and Pacific

administrative regions (Figure 1); once again, these models were run

(model-adjusted

both with and without the parasite infection covariate to allow maximal

regions exhibited the highest frequencies of skeletal malformations,

use of the data. We omitted the parasite-by-pesticide interaction term

followed by the Southeast (model-adjusted mean = 1.8% [1.2%–

from the regional models owing to the reduction in sample size and a

2.5%],

desire to avoid over-fitting. Because some of the predictors were colli-

mean = 0.9% [0.5%–1.4%], n = 120 collections), and Southwest

near within regions, the specific covariates included varied slightly

regions (model-adjusted mean = 0.6% [0.3%–1.0%], n = 117 collec-

among regions (Table 1; Appendix S4). Residuals from the best-sup-

tions). Ribeiroia ondatrae infection was detected within 39 of 102 sam-

ported models for each analysis (national and region-specific extents,

pled wetlands (38%) with corresponding malformation surveys;

both with and without parasite infection) were examined for evidence of

average infection load per collection ranged from 0.1 to 55.8 metacer-

overdispersion, spatial autocorrelation, and other diagnostics to help

cariae per frog (10.3  1.7 SEM). Infection was highest in the North-

assess model validity (see Appendix S4).

east (average load among collections with at least one infected

n = 233

mean = 2.0%

collections),

[1.1%–3.6%],

Mountain

n = 99

Prairie

collections)

(model-adjusted

We used an information-theoretic approach coupled with model

frog = 13.1 metacercariae; n = 37 collections), followed by the Pacific

averaging to evaluate the importance of land use, chemical contami-

(7.1 metacercariae; n = 9 collections), Midwest (6.9 metacercariae;

nants, parasites, and targeted interactions in explaining the distribu-

n = 15), and Mountain Prairie regions (2.1 metacercariae; n = 3); there

tion of amphibian skeletal malformations. Candidate models were

were no parasite detections in the Southwest and Southeast regions.

ranked by Akaike’s Information Criterion corrected for small sample

Across all regions, the highest parasite loads were observed at Great

size (AICC), and model-averaged parameter estimates, standard

Swamp NWR (55.8 metacercariae per frog, 11.9% abnormal of 59

errors, and 95% confidence intervals were obtained based on

sampled) and Erie NWR (47.8 metacercariae per frog, 5.5%, n = 55) in

weighted support from candidate models (Burnham & Anderson,

the Northeast and Ellicott Slough NWR in the Pacific (47.3 metacer-

2002). This approach has the advantage of providing a formal “rela-

cariae per frog, 25.2% abnormal, n = 107). Maps illustrating the spatial

tive strength of evidence” for each of the alternative hypotheses

variability in each predictor variable across the USA can be found in

(Burnham, Anderson, & Huyvaert, 2011). Model-averaging was per-

Appendix S5.

formed by calculating a weighted-average of parameter estimates
across all models in the full set of candidate models considered.
Thus, parameter estimates of more likely models count more toward

3.2 | National scale analysis

parameter estimates of the averaged model. We used the “natural-

At the national extent using the subset of collections in which para-

average method” for parameter estimation (Burnham & Anderson,

sites were examined, the best-performing model included a main
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effect of R. ondatrae abundance as well as a parasite-by-pesticide

include zero. Inclusion of fertilizer application—rather than pesticides

interaction, such that malformations increased more steeply at sites
with high levels of both parasites and pesticides (Tables 1, 2,

^ = 0.23; p = .04),
—was also associated with higher malformations (b
^ = 0.04;
but no interaction with parasite infection was found (b

Figure 2). The model-averaged, standardized coefficient estimates

p = .63; see Appendix S4 for more detail). Repeating these analyses

for parasite abundance and the parasite-by-pesticide interaction
^ = 0.27 (95% CI: 0.08–0.46) and b
^ = 0.20 (95% CI: 0.03–
were b

on the full dataset representing 934 collection events, the presence

0.37). No other covariates had 95% confidence intervals that did not

malformations in the best-supported model (Table 2). The model-

Spatial extent

Model

k

of oil/gas wells within the watershed was associated with higher

AICC

ΔAICC

wi

National
Parasite data (n = 154)

Parasite-by-pesticide

3

All data (n = 934)

Oil/gas well presence

1

697.28
2866.7

—

0.71

—

0.31

Chemical contaminants

2

2868.3

1.63

0.14

Global

5

2868.5

1.78

0.13

Wetland

1

2868.7

1.94

0.12

Regional—parasite data
Pacific (n = 26)

Parasite abundance

1

137.51

—

0.98

Mountain Prairie (n = 22)

Null (intercept only)

—

94.39

—

0.56

Southwest (n = 2)b

—

—

Midwest (n = 30)

Null (intercept only)

—

—

—

142.57

—

—
0.30

Oil/gas well presence

1

143.91

1.34

0.15

Development

1

144.21

1.64

0.13

Southeast (n = 13)c

Chemical contaminants

2

63.21

—

0.84

Northeast (n = 61)

Global

4

268.69

—

0.74

Oil/gas well presence

1

397.76

—

0.42

Chemical contaminants

2

399.24

Regional—all data
Pacific (n = 99)

Mountain Prairie
(n = 120)
Southwest (n = 117)

Midwest (n = 176)

Southeast (n = 233)
Northeast (n = 189)

Development

1

358.38

Null (intercept only)

—

358.95

Null (intercept only)

1.47
—
0.57
—

0.20
0.33
0.25

—

168.32

Agriculture

1

169.76

1.43

0.15

Development

1

169.79

1.46

0.14

Wetland

1

170.02

1.70

0.13

Pesticide exposure

1

170.23

Null (intercept only)

—

616.97

Development

1

618.21

1.24

0.17

Pesticide exposure

1

618.72

1.74

0.13

Agriculture

1

618.78

1.80

0.13

Wetland

1

686.79

Global

4

687.65

1.91

0.30

—

—
0.86
—

0.11
0.32

0.49
1.32

Pesticide exposure

1

640.30

Null (intercept only)

—

641.79

1.48

0.19

2

642.21

1.90

0.15

Chemical contaminants

0.40

a
The number of parameters within a candidate model category (e.g., global) can vary due to some variables being omitted following multicollinearity checks.
b
The Southwest regional model was omitted because too few sites included data on parasite infection
in this region.
c
We used a generalized linear model rather than a generalized linear mixed model because the random
intercept terms had variance values approaching zero, coupled with the small sample size in this region.

T A B L E 2 Best-supported informationtheoretic models (within 2 ΔAICC) for
amphibian malformation prevalence. For
each model, “k” is the number of
parametersa, AICC is Akaike’s information
criterion corrected for small sample size,
ΔAICC is the difference in AICC between
the lowest ranked model and the model
under examination and wi is the Akaike
weight. The models using all 934
collections do not include the parasite
abundance covariate nor the parasite-bypesticide interaction term. See
Appendix S6 for all models within 4
ΔAICC
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F I G U R E 2 Model-averaged regression coefficients for analysis of amphibian skeletal malformation prevalence at national and regional
extents, using (a) the 154 collections containing parasite infection data, and (b) all 934 collections (excluding the parasite abundance and
parasite-by-pesticide interaction covariates). Point estimates for each spatial extent are shown with 95% confidence intervals; asterisks denote
95% CIs that exclude zero. Covariates include parasite abundance (“Par”), a parasite-by-pesticide interaction term (“Int”), pesticide exposure
(“Pest”), oil/gas well presence (O/G), and proportion of agricultural (“Ag”), developed (“Dev”) or wetland land use/cover (“Wet”). Spatial extents
include national (“N”), Pacific (“1”), Southwest (“2”), Midwest (“3”), Southeast (“4”), Northeast (“5”), and the Mountain Prairie (“6”) regions. For
continuous predictors, variables were scaled such that coefficients range between 0 and 1; for the factor predictor (oil/gas well presence), the
variable was not scaled (such that coefficients cannot be directly compared between continuous and categorical variables). The Southwest
regional model was omitted when using the parasite dataset due to small sample size. For some regions, certain covariates were excluded
owing to high correlations with other variables (see Table 1, Appendix S4)

averaged coefficient for oil/gas wells was also the only coefficient in

identify influential covariates, such that all of the 95% confidence

the national dataset for which the 95% confidence interval excluded
^ = 0.37; 95% CI: 0.05–0.68; Tables 1, 2, Figure 2). Residuals
zero (b

intervals around the model-averaged coefficients included zero, and

from the best-supported models both with and without parasite

examination (see below for the analysis without parasite infection).

infection showed no evidence of overdispersion or spatial autocorrelation (see Appendix S4).

3.3 | Regional scale analysis

too few sites (n = 2) in the Southwest included data on parasite
When analyzing region-specific models without the parasite
covariate (the larger dataset with 934 collections), we found that
malformation frequency was higher within watersheds that con^ = 0.83; 95%
tained one or more oil/gas wells in the Pacific region (b
CI: 0.12–1.54), in broad parallel to findings using the parasite data

By geographically decomposing the national models, we evaluated

subset for this region as well as the national-scale model with all col-

the region-specific influence of candidate variables on malformation
patterns in the datasets both with and without parasite examination

lections. In the Northeast, malformations were marginally higher in
^ = 0.30; 95% CI: 0.02 to
counties with more pesticide application (b

(Tables 1, 2, Figure 2). These analyses identified model similarities

0.61), consistent with the analysis using the parasite dataset. In the

and differences as a function of scale (national vs. regional) and the
specific dataset (full vs. subset with parasite examination). For the

Southeast region, only the amount of wetland area was associated
^ = 0.49; 95% CI: 0.78 to 0.23),
with malformation frequency (b

dataset with parasites examined (n = 154 collections), the best-sup-

without the observed links to pesticides and oil/gas wells detected

ported model for the Pacific region included parasite abundance
^ = 0.46; 95% CI: 0.27–
(model-averaged regression coefficient: b

among the subset of sites examined for parasites in this region. No

0.64), whereas the second best-performing model included oil/gas
^ = 1.22;
well presence (ΔAICC = 9.74; model-averaged coefficient: b

for the Midwest, Mountain Prairie, and Southwest—contained

95% CI: 0.04–2.41). Similarly, in the Northeast, malformation fre^ = 0.47; 95% CI: 0.22–
quency increased with parasite abundance (b
^ = 0.51; 95% CI: 0.09–0.92), but
0.71) and pesticide exposure (b
^
decreased with well presence (b = 1.48; 95% CI: 2.36 to 0.60;

other regional models conducted with this dataset—including those
model-averaged regression coefficients excluding zero from the 95%
confidence intervals.

4 | DISCUSSION

although well presence and pesticide application were marginally collinear [r = .6], see Appendix S4). In the best-supported models for

The widespread nature and suspected increase in amphibian malfor-

the Southeast region, where R. ondatrae infection was not detected

mations have prompted interest from scientists and alarm from the

among any of the samples processed for parasites (n = 13), malfor^ = 1.78; 95% CI:
mations associated positively with oil/gas wells (b
^ = 0.49; 95% CI: 0.04 – 0.94).
0.82–2.74) and pesticide exposure (b

general public (Burkhart et al., 2000; Kaiser, 1997; Rohr, Schotthoe-

Models for the Mountain Prairie and Midwest regions failed to

let, 2000; Ankley et al., 2004; Johnson, Reeves, et al., 2010; Lunde

fer, et al., 2008; Souder, 2000). Despite numerous studies examining
the potential causes of malformed amphibians (see reviews by Ouel-
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& Johnson, 2012), the factors responsible for recent observations of

Yoxtheimer, & Abad, 2013). Ongoing research at a series of wetlands

abnormalities in North American amphibians remain controversial

in Bermuda further suggested a link between petrochemical and

e, 2010; Skelly &
(Johnson & Bowerman, 2010; Sessions & Ballenge

metal contamination in pond sediment and elevated frequencies of

Benard, 2010). Given the large spatial extent over which abnormali-

morphological abnormalities in toad and killifish populations (Bacon

ties have been reported, it is highly likely that multiple factors are

et al., 2013).

involved—either individually or through interactions—and that their

Among the subset of collections in which we also examined

effects vary with geographic location. As such, one of the greatest

amphibians for trematode infection, average infection load by R. on-

challenges to this investigation is the difficulty of disentangling the

datrae predicted the frequency of malformations at the national

relative contributions of multiple factors, particularly those that co-

extent and within the Pacific and Northeast regions specifically.

occur on the landscape or vary spatially and temporally in their influ-

These effects were intensity-dependent, such that higher levels of

ence on amphibian development (Johnson, Reeves, et al., 2010;

average infection were associated with a greater risk of malforma-

Reeves et al., 2013).

tion, which has also been reported experimentally and in studies

Here, we coupled results of a continental-extent, systematic sur-

from the western USA (Johnson et al., 2012, 2013). Ribeiroia onda-

vey of skeletal malformations in 41 species of amphibians across the

trae infection has been linked to severe limb malformations in

USA with a hierarchically-nested assessment of hypothesized drivers,

amphibians in previous experimental research and regional field sur-

including parasite infection, pesticide use, oil and gas contaminants,

veys (Johnson et al., 1999, 2002, 2013; Lunde et al., 2012; Roberts

land use, and targeted interactions between parasites and pesticides.

& Dickinson, 2012; Stopper, Hecker, Franssen, & Sessions, 2002).

This entailed a uniquely extensive compilation of geospatial data on

Parasite-induced limb malformations are hypothesized to adaptively

watershed-level exposure to chemical threats as well as empirical

enhance transmission of R. ondatrae between its intermediate (am-

collection of covariates such as R. ondatrae infection abundance.

phibian) and definitive (bird) hosts, which depends on predation

While malformations were rare in most amphibian populations (1.6%

(Johnson et al., 2002, 2004), although considerable debate has

model-adjusted average prevalence), we identified 96 “hotspot” loca-

focused on the potential for factors such as nutrient runoff or pesti-

tions with skeletal malformations affecting 5%–25% of examined

cides to amplify infection or its effects on frogs (Johnson & Chase,

individuals (when ≥30 individuals examined; see also Reeves et al.,

2004; Rohr, Schotthoefer, et al., 2008).

2013). Consistent with our hypotheses and prior surveys conducted

Importantly, parasite load also interacted synergistically with the

at local extents, results of the national-extent analyses identified

national-extent patterns of pesticide application to predict skeletal

roles of both parasite infection and chemical contaminants in pre-

malformations in amphibians. While many studies have focused on

dicting geographic variation in malformation risk.

specific factors, emerging evidence has highlighted the potential for

While contaminants have frequently been hypothesized to con-

additive or synergistic interactions among putative causes of abnor-

tribute directly to amphibian limb abnormalities, consistent with an

malities (Hayden et al., 2015; Johnson et al., 2013; Reeves et al.,

extensive history of ecotoxicological research in the laboratory, few

2010, 2011; Rohr, Schotthoefer, et al., 2008). Several studies have

studies have thus far identified a link between measured or applied

identified such effects between parasites and pollutants, whereby

contaminants in the field and observed patterns of abnormalities in

increased runoff of biocides or nutrients amplifies parasite infection

natural systems, particularly at large spatial extents (Bacon et al.,

through complex ecological mechanisms (Jayawardena et al., 2016;

2013; Ouellet, Bonin, Rodrigue, DesGranges, & Lair, 1997; Reeves

Johnson et al., 2007). Rohr, Raffel et al. (2008) and Rohr, Schotthoe-

et al., 2010; Rohr, Schotthoefer, et al., 2008; Taylor et al., 2005). In

fer et al. (2008) found that the commonly applied herbicide atrazine

examining nine pesticides known to be harmful to amphibians across

and the fertilizer phosphate jointly predicted trematode abundance

the conterminous USA, we found evidence for a main effect of pes-

in amphibians from 18 agricultural wetlands in Minnesota. These

ticide application in predicting patterns of amphibian abnormalities in

synergistic effects were hypothesized to stem from pesticide-

a wetland, which was significant in the Northeast and Southeast

mediated decreases in host immunocompetency and nutrient-

regions and marginally significant at the continental scale. Moreover,

mediated amplification of trematode-infected snails, each of which

by carefully assembling a national-extent database on the distribu-

were supported by corresponding experimental studies (Johnson

tion of oil and gas wells within the USA, we also detected a positive

et al., 2007; Rohr, Schotthoefer, et al., 2008). Similarly, Reeves et al.

association between oil/gas activity and the prevalence of malforma-

(2010) reported an association between toxicants and abnormal

tions at both the national extent and in the Pacific and Southeast

amphibians in Alaska, from which they suggested that contaminants

regions specifically (although this association was reversed in the

(metals and pesticides) may inhibit larval amphibians’ capacity to

Northeast). Whether this pattern is causal or reflects links with

avoid attacks by dragonfly larvae that cause limb abnormalities (see

unmeasured factors is unclear, but the connection between petro-

e & Sessions, 2009; Bowerman et al., 2010). Additional
also Ballenge

leum byproducts and amphibian development warrants further inves-

studies have shown how the threat of predation (visual and chemical

tigation. In a survey of National Wildlife Refuges, Ramirez and

cues) can indirectly increase trematode infections in amphibians

Mosley (2015) reported chronic oilfield and brine leaks, which may

through reductions in escape behaviors or stress-induced immune

result in complex mixtures of petroleum hydrocarbons leaching into

suppression (Marino & Werner, 2013; Thiemann & Wassersug,

the

2000). However, macroinvertebrate predators may also decrease

environment

(see

also

Vidic,

Brantley,

Vandenbossche,
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trematode infections by consuming infected snails or the free-swim-

abnormal amphibians, the parasite subset allowed us to specifically

ming parasite stages (cercariae) infectious to amphibians (Johnson,

examine the influence of additional, site-specific hypotheses (e.g.,

Dobson, et al., 2010; Rohr et al., 2015), highlighting the potential

R. ondatrae infection and its interaction with pesticides) among wet-

complexity of ecological interactions in driving abnormal develop-

lands with nonzero malformation prevalence. An inherent challenge

ment in amphibians.

to this approach is that many of the potential causes of abnormal

The large spatial extent of the current survey, which included

development in amphibians are themselves correlated in space and

422 wetlands from 42 states, emphasized regional variation in the

time. While we used multiple approaches to address collinearity, this

identity and relative influence of putative drivers of amphibian mal-

nonetheless required that some covariates be removed from specific

formations. For instance, whereas infection by R. ondatrae has been

analyses (e.g., fertilizers or agricultural land use). The overall ten-

linked to malformation hotspots in Canada, the western, midwestern,

dency in some regions for malformations to occur predominantly at

and northeastern United States (Johnson & Hartson, 2009; Johnson

wetlands with concurrent chemical and biological threats limited the

et al., 2002, 2013; Lannoo et al., 2003; Lunde et al., 2012; Roberts

capacity of models to rigorously discriminate among hypotheses, and

& Dickinson, 2012), it is absent from other sites and regions with a

especially their potential interactions (only a subset of which were

history of abnormalities, including Alaska, Vermont, and Bermuda

tested here). For instance, some sites with high abnormality frequen-

(Bacon et al., 2013; Reeves et al., 2013; Skelly et al., 2007). For

cies in the Southeast and Pacific regions had relatively high levels of

example, Reeves et al. (2008) examined 576 abnormal wood frogs in

agrochemicals (e.g., pesticide and fertilizer use) alongside oil/gas

Alaska for R. ondatrae and found that none were infected. Such spa-

development in the watershed.

tial nonstationarity is consistent with the findings of our region-spe-

In light of the necessarily correlational relationships presented

cific analyses: while R. ondatrae infection was among the most

for analyses at such large geographic extents, we caution against

significant correlates of malformations in the western and northeast-

strong causal inference and emphasize the potential for alternative

ern US, it was relatively unimportant in models for the Mountain

explanations. Given the number of sampled wetlands it was not pos-

Prairie region and Midwest, despite being widespread in the Mid-

sible to quantify specific contaminants in the water, sediment, or

west. Ribeiroia ondatrae was also was not detected in any sites in

frogs, such that our predictor variables represent proxies for contam-

the southwestern or southeastern USA, although the lower sample

inant exposure. Many studies have reported substantial variation in

sizes in these regions leave open the question of whether it is

pesticide concentrations among aquatic sites, even at small scales,

absent or under-sampled (see also Johnson & McKenzie, 2009). Simi-

which is highly dependent upon watershed connectivity, drainage

lar, region-specific effects associated with both pesticide application

from agricultural lands, the types of crops cultivated, rainfall events,

(in the Southeast and Northeast) and oil/gas well activity (Pacific,

and the timing of amphibian activity (Smalling et al., 2015). More-

Southeast and Northeast regions) further help to characterize the

over, particular types of landscapes (e.g., agricultural areas) or

malformation issue as a series of discrete phenomena rather than a

county-level application of pesticides could correlate with other,

single problem with a single solution. Whether the negative effect of

unmeasured factors that influence observed abnormalities. For

oil/gas wells on malformations in the Northeast represents another

instance, we excluded fertilizer application from the analysis owing

example of spatial nonstationarity or instead stemmed from only

to its high collinearity with pesticide exposure and agricultural land

two of the 10 Refuges having wells within their watershed will

use, leaving open the possibility that inferred linkages between

require further investigation.

abnormal frogs and pesticides were mediated through nutrient-

Alongside the effects of spatial extent (national vs. regional), our

rather than pesticide-based effects on parasites or tadpoles (Marco

results also identified variation in supported covariates as a function

& Blaustein, 1999). And while we specifically aimed to incorporate

of the dataset used: the full dataset involving all 934 collections or

variables previously shown or suspected to be linked to abnormali-

the subset of 154 that included examination for parasite infection.

ties in wildlife, some candidate factors do not have readily available

Specifically, the “reduced dataset” in which we tested for parasite

data. For instance, detailed geographic information on the distribu-

infection was also associated with stronger covariate effects from

tion and abundance of aquatic predators with the potential to cause

pesticide application and oil/gas well presence. These differences

amphibian limb abnormalities, including larval dragonflies, small

likely stem from at least two factors. First, by accounting for the

e & Sessions, 2009; Bowerman et al.,
fishes, and leeches (Ballenge

influence of R. ondatrae infection on observed abnormalities, models

2010), are lacking for the continental USA generally and these wet-

involving the reduced dataset were able to partition out the added

lands specifically. Future efforts should also aim to make a more

links with contaminants. Second, and perhaps most importantly, the

detailed examination as to how malformation types and frequencies

subset of collections with parasite examination were not randomly

vary with amphibian species or phylogenetic relationships, which are

selected; often they were from wetlands or populations at which

likely to influence both exposure and susceptibility to potential ter-

abnormalities were detected, such that the mean malformation fre-

atogens. Finally, despite the large scope of the geographic sampling

quency was ~1.5 times greater (4.8% abnormal among parasite-

program, all sites were from National Wildlife Refuges, Wetland

examined collections vs. 3.1% in the full dataset, when restricting to

Management Districts (WMD) or Waterfowl Production Areas

collections with ≥30 frogs). Thus, while the full dataset provided

(WPA), which may not be representative of other types of lands or

broader but coarser information into factors associated with

properties.
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Severe skeletal malformations, as well as their underlying drivers,
have the potential to contribute to population declines of amphibians (Adams et al., 2013; Goodman & Johnson, 2011; Johnson et al.,
2013), which have become the most imperiled class of vertebrates
on earth (Hoffmann et al., 2010; Stuart et al., 2004; Wake & Vredenburg, 2008). Given that wildlife habitats are often simultaneously
subjected to multiple threats, understanding the relative effects and
interactions of co-occurring factors is essential for developing conservation and management plans to mitigate such declines and
abnormalities. Amphibian limb development is an extremely plastic
process subject to disruption by a wide variety of natural and
anthropogenic agents (Ouellet, 2000). To our knowledge, this represents the first systematic, continental-extent analysis to evaluate the
relative influence of multiple factors in driving amphibian abnormality patterns in nature. Our findings, while correlative, implicated
additive and synergistic effects of trematode parasite infection and
chemical contaminants, including both application of agrochemicals
and presence of oil/gas wells in the watershed. We hope these findings catalyze additional investigations into the regional factors associated with above-baseline frequencies of malformations that
ultimately identify how and why causative factors vary through
space and time.
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