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1 | INTRODUCTION

Abstract

Geographic variation in species behavior and life history has been well docu-
mented in biology. Species with wide geographic distributions (i.e., across a
continent) but small home ranges (i.e., <1 km?) likely experience wide vari-
ability in abiotic environments across the entirety of their range, possibly
exhibiting strong local adaptation. Understanding variation across a large geo-
graphic scale is especially important when considering species that have strong
ecological importance, such as keystone species. Yet, few studies have com-
pared the potential cascading ecological effects of a predator with a keystone
role in at least part of its range. To understand how keystone ability in pond
food webs can vary across a large geographic range, we conducted an artificial
pond experiment with a known keystone predator in at least part of its range,
the marbled salamander (Ambystoma opacum). To do so, we collected size-
matched salamander larvae from three geographically distant populations
(>650 km apart) in Ohio, Mississippi, and North Carolina and placed them in
mesocosms with a suite of spring breeding amphibian prey species. We
observed differential survival of some prey species leading to differences in
spring-breeding amphibian diversity among the three predator populations,
indicating that keystone predation may vary at a geographic scale. Prey diver-
sity was lowest with predators from northern (Ohio) populations of salaman-
ders. Further understanding of large-scale variability in ecologically important
predators and the potential effects of translocating wide-ranging ambystomatid
species is needed to direct future conservation efforts and preserve
biodiversity.
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1969). Intraspecific variation in the ability to function as
a keystone predator is thought to shift across the geo-

Keystone predators have strong top-down effects on prey  graphic distribution of a species (Navarrete & Menge,

community composition even at relatively low densities, 1996; Paine, Castillo, & Cancino, 1985; Paine, 1980).
and can reverse the order of competitive hierarchy in Indeed, intraspecific variation in keystone ability has
prey communities, increasing overall community diver- been observed in marine ecosystems (Paine et al., 1985;

sity (Mills, Soulé, & Doak, 1993; Morin, 1981; Paine, Paine, 1980), freshwater ecosystems (Fauth, 1999a;

Population Ecology. 2020;1-9.

wileyonlinelibrary.com/journal/pope © 2020 The Society of Population Ecology | 1


mailto:kmstemp@ncsu.edu
http://wileyonlinelibrary.com/journal/pope

2 Wl LEY— Population

STEMP ET AL.

Ecology

Kurzava & Morin, 1994), and North American grassland
ecosystems (Amarasekare, 2008; Cully et al., 2010;
Kotliar, Miller, Reading, & Clark, 2006). Intraspecific var-
iation in keystone roles is often context dependent and
the presence of other intermediate or top-level predators
can affect outcomes (Amarasekare, 2008; Davenport &
Chalcraft, 2013; Des Roches et al.,, 2018; Fauth &
Resetarits, 1991). As well, local adaptation in foraging
abilities to certain prey items (Bassar et al., 2010; Rich-
ardson & Urban, 2013) could also alter their ability to act
as keystone species. Additionally, keystone predators in
one population can be outcompeted and replaced by
novel predators in nearby communities, even across
small geographic extents (Fauth, 1999a). Therefore,
understanding geographic patterns in intraspecific varia-
tion is especially important when considering species of
ecological importance (i.e., keystone predators).

Scale is an important factor to consider in under-
standing geographic variation in ecology. Micro-
geographic (i.e., within a metapopulation) variation and
adaptation, or the lack there-of, has recently been studied
in a variety of ecological systems, with an emphasis in
freshwater ecosystems (Davenport & Lowe, 2018; Rich-
ardson, Urban, Bolnick, & Skelly, 2014; Richardson &
Urban, 2013). However, large-scale differences between
populations of the same species are much less studied
(i.e., populations across a species’ range), and may be
even more important for understanding widespread geo-
graphic trends in species interactions (Chamberlain,
Bronstein, & Rudgers, 2014; Early & Keith, 2019; Travis,
1996). For example, when predatory starfish were
removed from experimental plots in Washington State,
Chile and New Zealand, populations in Chile responded
by rapidly reverting to their natural unaltered state while
the other populations created a more modified size-
structured prey community (Paine et al., 1985). Thus,
there is the potential for distinct ecological communities
to develop and variability in the stability of interactions
across large scales, depending on the ability of predators
to act as keystones. Yet, in some situations, life history
traits (larval dispersal capabilities or genetic predisposi-
tion for adult body size) result in homogeneous popula-
tion level response, even at large scales (Kurzava &
Morin, 1994; Navarrete & Manzur, 2008; Pennings &
Silliman, 2005). With previous research on this topic pro-
viding such varied results, further investigation into geo-
graphic variation in keystone ability is warranted.

In freshwater ponds, several species have been identi-
fied as keystone predators, including the eastern newt
(Notophthalmus viridescens), mole salamander (Ambystoma
talpoideum) and marbled salamander (A. opacum)
(Chalcraft & Resetarits, 2003; Fauth, 1999a; Kurzava &
Morin, 1994; Morin, 1981, 1995; Wilbur, 1997). These

predatory salamanders selectively consumed competitively
dominant prey species (i.e., Anaxyrus spp. or Scaphiopus
spp. tadpoles), relieving competitive pressure on weaker
competitors (i.e., Pseudacris sp. tadpoles), and ultimately
increasing diversity (Morin, 1981; Wilbur, 1997). There is
some evidence for geographic variation in keystone ability
in these taxa, though such effects were either attributed to
body size variation (Kurzava & Morin, 1994) or differences
in relative abundance (Fauth, 1999a) between predator
populations. We do not know of any studies confirming
population-level differences in keystone ability when those
two factors are held constant. Therefore, more mechanistic
tests that control for variation in such traits would allow a
stronger understanding of how populations may intrinsi-
cally vary in their ability to act as keystone predators.

To better understand how keystone ability can vary
across a large-scale geographic range and to identify
unique keystone populations, we conducted a common
garden experiment with mesocosms that exposed larval A.
opacum from three geographically distant populations
(>500 km apart) to a suite of common prey species. We
purposefully controlled for predator body size and density
to investigate the effect of predator source population on
predator keystone ability. We anticipated that size-matched
predators from all populations would have identical effects
on prey community composition and would generally
enhance prey diversity relative to predator-free controls.

2 | MATERIALS AND METHODS

2.1 | Study system

Marbled salamanders (Ambystoma opacum) are a com-
mon and wide-ranging species found across eastern
North America, with known populations as far west as
Texas and north to New Hampshire (Petranka, 1998).
Like many amphibians, these salamanders have complex
life cycles with predacious aquatic larvae and terrestrial
adults (Lannoo, 2005; Wilbur, 1997). However, unlike
most other ambystomatid salamanders, courtship and
breeding in A. opacum occurs on land in the fall and eggs
are deposited in dry or nearly dry depressions (Lannoo,
2005). Larvae then overwinter in ponds, resulting in indi-
viduals that are larger in body size than many spring-
breeding species, thus allowing them to serve as an
important predator in aquatic amphibian communities
(Anderson, Linares, Dodson, & Semlitsch, 2016; Daven-
port & Chalcraft, 2012; Morin, 1995; Urban, 2007;
Wilbur, 1997). When prey communities are diverse, these
predators can cause shifts in the competitive hierarchies
of prey species, in some cases even reversing the outcome
of competitive dominance (Morin, 1981, 1983).
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2.2 | Experimental design

We conducted a mesocosm experiment at Southeast Mis-
souri State University (SEMO) from October 2017 to June
2018. We set up an experimental array of mesocosms
(modified 1,000 L cattle tanks) to replicate natural ponds
using established methods, which are briefly described
here (Semlitsch & Boone, 2009). We filled mesocosms in
early October 2017 with tap water, and added 150 ml of
water conditioner (AmQuel by Kordon) to remove chlo-
rine and chloramine. We added 1.5 kg of leaf litter to pro-
vide a nutrient base and several 500 ml inoculations of
local pond water containing zooplankton to establish a
prey base for larval salamanders. Mesocosms were left
open, but colonization of the mesocosms by predatory
insects was rare due to the experiment occurring primar-
ily over the winter months.

We collected 16 larval A. opacum from each of three
different populations across their range (Figure S1). Lar-
vae were collected from one natural wetland complex in
Hinds County, Mississippi (32°16’55"N 90°21'06"W), one
complex in Hamilton County, Ohio (39°17'57'N
84°42'14"W), and two complexes in Wake County, North
Carolina (35°49'15"N 78°21'06"W) between February
22,2018 and February 26, 2018. Larvae were immediately
transported in coolers back to SEMO after capture, where
they were placed in individual holding containers. Sala-
manders were size matched both within and between
populations (mean = 0.251 g, range 0.171-0.409 g) with
all A. opacum in a single mesocosm within +0.24 g of
one another (Table S1). All salamander predators were
added to mesocosms on March 2, 2018. Our experimental
food webs all contained amphibian prey and were as fol-
lows: (a) four A. opacum from North Carolina (NC), (b)
four A. opacum from Ohio (OH), (c) four A. opacum from
Mississippi (MS) and (d) predator-free control. We repli-
cated each predator population four times and the
predator-free control three times for 15 total mesocosms
arranged in four experimental blocks (one replicate per
block).

We collected all amphibian prey as egg masses from
Scott, Cape Girardeau and Wayne Counties, Missouri dur-
ing March and April 2018. All prey species were collected
from communities within A. opacum’s range, but where
A. opacum was not detected during 3 years of surveys
(Davenport, unpublished data), to reduce local adaptation
of prey to predator cues. After egg masses hatched, all
mesocosms received tadpole prey (based on availability)
of four different species of anurans, with the timing of
additions matching the natural phenological patterns in
Missouri. We added 200 southern leopard frogs (Rana
sphenocephala) on March 5, 200 chorus frogs (Pseudacris
feriarum) on March 11, 37 American toads (Anaxyrus
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americanus) on April 7, and 200 Cope's gray treefrogs
(Hyla chrysoscelis) on 9 May. We also added 45 hatchling
Ambystoma larvae on 3 April, which included a mix of
spotted salamanders (A. maculatum) and small-mouthed
salamanders (A. texanum). We refer to these as
Ambystoma hereafter in all results. Each mesocosm
received a total of 682 prey items across the duration of
the experiment, and all prey densities fall within the range
of naturally occurring values, and are similar to values
used in previous experimental studies (Alford, 1999;
Chalcraft & Resetarits, 2003; Dananay & Benard, 2018;
Fauth & Resetarits, 1991; Ousterhout, Anderson, Drake,
Peterman, & Semlitsch, 2015; Pintar & Resetarits, 2018).

Tanks were monitored daily for individuals undergo-
ing metamorphosis. Metamorphosis was defined as
reabsorption of external gills for salamanders and emer-
gence of a forelimb for anurans. All emerging prey were
placed in holding containers in the laboratory until full
gill/tail reabsorption, after which snout-vent length
(hereafter termed “SVL”) and mass measurements were
taken. We recorded the day on which individuals were
measured to calculate larval period length. We termi-
nated the experiment on 25 June, at which point the
tanks were drained through a dipnet and the leaf litter
thoroughly searched to recover any remaining individ-
uals. Following the experiment, all surviving met-
amorphs and larvae were euthanized and specimens
were placed in the SEMO Natural History Museum.

2.3 | Analysis

We used the program R 3.3.3 to assess the top-down
effects of larval salamander source population on each
experimental food web (R Core Team 2019). To test for
variation in species evenness among populations, we first
calculated the Shannon-Weiner index of evenness and
Simpson's diversity index for each tank (included all five
surviving amphibian species) using the R package
“vegan” (Chalcraft & Resetarits, 2003; Oksanen et al.,
2009). We then analyzed amphibian prey diversity using
analysis of variance (ANOVA) with predator population
as the predictor, using the ANOVA function the “car”
package (Fox & Weisberg, 2019). To examine the effects
of predator population on prey responses, we performed
a MANCOVA (“MANOVA” function in base R) on larval
period length, SVL, and mass at metamorphosis for these
species, using predator population as the predictor. We
used survival as a covariate to control for the effect of
prey species density on these response variables. Larval
period was defined as date of addition to the mesocosm
to date of total tail reabsorption. All predictors were first
log-transformed to better conform to the multivariate
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normal distributional assumption of a MANCOVA. If the
MANCOVA was significant, we then examined univariate
ANCOVAs. We analyzed prey survival separately because
we used a different model structure: generalized linear
mixed models with binomial errors, predator population
as the fixed effect, and an individual-level random effect to
account for overdispersion (Warton & Hui, 2011). Survival
for prey salamander larvae and tadpoles is defined as the
sum of the (a) number of individuals that underwent
metamorphosis, and (b) number of larvae that survived to
the experiment's end date, as a proportion of initial input.
It is assumed that tadpoles surviving to the end of the
experiment would have reached size refugia from preda-
tors and would have emerged, given more time, or over-
wintered as larvae (R. sphenocephala). Survival for A.
americanus and H. chrysoscelis was too low to perform
meaningful tests of their responses, therefore prey
response models were only
sphenocephala, P. feriarum, and Ambystoma. We also ana-
lyzed A. opacum survival, date of emergence, and size at
metamorphosis, using similar model structures as above
for the prey. The MANOVA for predator response was not
significant, but we conducted univariate analyses to fur-
ther examine potential variation. Larval period length was
unknown for A. opacum as they were collected as already
hatched larvae, however, date of emergence was defined
as date of addition to the mesocosm to date of total tail
reabsorption in the lab. For all models, we used the Tukey
multiple comparison of means with 95% family wise confi-
dence levels to assess experimental food web differences,
using the “emmeans” package (Lenth, 2020).

3 | RESULTS

3.1 | Preyresponse

Prey diversity, as measured by Shannon-Wiener even-
ness, was highest in predator-free control and NC food
webs, and lowest in the OH food web (F;;; = 4.628, p
=.025, Figure 1, Table S2). The prey diversity results
from Simpson's diversity index were the same (Fs1;
= 4.811, p = .022). Pairwise comparisons can be found in
Table S3 for all surviving prey. Total prey survival was
highest in the predator-free control food web, as com-
pared to any other food webs (y* = 72.10, p < .001;
Figure 2). There was no significant food web effect for
Ambystoma survival (y* = 5.74, p = .13; Figure 3a). Rana
sphenocephala survival was significantly lower in all food
webs than the predator-free control food web (;(2 = 26.34,
p < .001, Figure 3b). The OH food web was also different
from the NC and MS food webs; indeed, only two R.
sphenocephala survived in the OH food web. Pseudacris
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FIGURE 1 Community diversity of five amphibian prey in a
mesocosm experiment on the effects of population source of
predatory Ambystoma opacum salamanders, as represented by the
Shannon-Wiener Index of Evenness. Source populations
represented are: MS, Mississippi, NC, North Carolina and OH,
Ohio. Circles represent actual data points. Capital letters above
boxes identify pairs of means that are significantly different. n = 4
in all cases except for the control, where n = 3

feriarum survival was significantly lower in all food webs
relative to the predator-free control food web (;(2 =16.52,
p <.001; Figure 3c). Only three individuals of A.
americanus survived from one of the predator-free control
replicates, while only two replicates (one OH and one MS)
had surviving H. chrysoscelis (Figure 3d,e). Relative abun-
dance of surviving prey varied across food webs; the prey
community in OH food webs was only 24% R.
sphenocephala, 30.1% H. versicolor and 66.3% Ambystoma.
In NC food webs, the prey community was 26.9% R.
sphenocephala, 9.6% P. feriarum and 63.5% Ambystoma.
MS food webs were comprised of 48.4% R. sphenocephala,
15.5% H. versicolor and 26.7% Ambystoma. Finally, control
food webs were 50.2% R. sphenocephala, 35.8% P. feriarum
and 13.2% Ambystoma (Figure 4). The MANCOVA on lar-
val period length, SVL and mass was not significant for R.
sphenocephala, Ambystoma or P. feriarum, so we did not
evaluate univariate ANCOVAs (Figures S2-S4).

3.2 | Predator response

Ambystoma opacum survival was not related to source
population (y* = 0.098, p = .952, Table S3). Additionally,
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FIGURE 2 Total number of surviving prey that emerged from
each of four experimental food webs in a mesocosm experiment
evaluating predator source population. Source populations
represented are: MS, Mississippi; NC, North Carolina; OH, Ohio.
Circles represent actual data points. Capital letters above boxes
identify pairs of means that are significantly different. n = 4 in all
cases except for the control, where n = 3

the MANOVA on initial predator mass, mass at meta-
morphosis and date of emergence were not significant,
nor were significant in the univariate ANOVAs (Tables
S4 and S5).

4 | DISCUSSION

Geographic variation in predation ability may play an
important role in determining local community composi-
tion, especially in aquatic ecosystems. We detected differ-
ences in top-down predator effects across a large
geographic scale on prey diversity and prey composition
(Figures 1 and 2). No predator populations demonstrated
effects consistent with keystone predation, with prey
diversity being equivalent to or less than the predator-
free control food web in all cases (Figure 1). For example,
prey survival was generally low in the presence of a pred-
ator: of five prey taxa, only three (R. sphenocephala,
Ambystoma and P. feriarum) produced enough surviving
individuals to analyze for individual traits (Figure 3).
Anaxyrus americanus only produced three metamorphs
from a single predator-free control replicate, and H.
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FIGURE 3 Mean percent survivorship of (a) Ambystoma,

(b) Anaxyrus americanus, (c) Hyla chyrsoscelis, (d) Pseudacris
feriarum and (e) Rana sphenocephala across predator treatments in
a study evaluating predatory Ambystoma opacum source
population. Source populations represented are: MS, Mississippi;
NC, North Carolina; OH, Ohio. Circles represent actual data points.
Capital letters above boxes identify pairs of means that are
significantly different. n = 4 in all cases except for the control,
where n = 3

chrysoscelis produced metamorphs in only two food webs
(one OH and one MS) where predator survival was low.
All prey items in this experiment were added in order of
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FIGURE 4 Relative survival of each of five amphibian prey
species by food web. Each food web represents replicate mesocosms
with predators from different source populations and a common
amphibian prey community. Source populations represented are:
MS, Mississippi; NC, North Carolina; OH, Ohio. The top bar
indicates initial prey densities at the start of the experiment, and
each species is represented by a grayscale tone

natural phenological progression; thus, when these late-
breeding, competitively inferior species were added to the
experiment, they were likely perceived as prey for larger
intermediate predators like Ambystoma.

We detected differences in prey diversity across
predator populations, namely that diversity was lowest
in our northern predator population (OH). This result
occurred after controlling for predator size and density,
variables that influenced prey responses in previous
studies (Fauth, 1999a; Kurzava & Morin, 1994), while
allowing all populations to experience the same envi-
ronmental conditions. Furthermore, even in food webs
where diversity measures were similar (the predator-
free control, MS and NC food webs), the resulting rela-
tive abundance of surviving prey was dramatically dif-
ferent and prey community composition was altered.
For example, relative Ambystoma abundance was
higher for the NC and OH food webs compared to the
predator-free control and MS food webs, and R.
sphenocephala comprised nearly half of MS and
predator-free control food webs, but only 2.4% of OH
food webs. Our findings reinforce the importance of
context-dependent interactions between potential key-
stone predators and their prey.

We propose several reasons for the differential effects
observed in our experiment. First, variation in predator
traits (e.g., behavior, foraging efficiency or physiology)
across spatial scales may be responsible for the variation
in prey survival and diversity. For example, foraging rates
of larval spotted salamanders (A. maculatum), an inter-
mediate consumer, have been shown to vary substan-
tially on a large spatial scale, with northern populations

showing a greater response to predation risk when forag-
ing while populations ~200 km further south were more
affected by intraspecific density (Urban & Richardson,
2015). Thus, it is reasonable to speculate that variation in
predator behavior (i.e., foraging rate or aggression) across
the large geographic scale we examined could have
resulted in significant variation in prey diversity. Second,
local adaptation to abiotic factors may have an effect on
keystone function. We conducted this experiment in
southeastern Missouri (37.31° N), centrally located
between our three experimental populations: MS (32.28°
N), NC (35.82° N) and OH (39.30° N). Some species show
negative latitudinal clines in critical thermal maxima, for
example, lower critical thermal maxima at more northern
localities, indicating their physiology is linked to climate
(Gatz, 1973). Therefore, populations from more northern
latitudes (i.e., OH) that were displaced to our study site
may be more efficient predators in a more temperate envi-
ronment than at their source location. As well,
populations from more southern latitudes (MS and NC)
may have been less effective predators in the cold winter
conditions at our study site relative to their natal ponds.
Finally, there is also the potential for variation in natural
community composition and diversity to impact keystone
predators across spatial gradients (Amarasekare, 2008).
Variation in prey density (i.e., at the edge of their range)
or local patterns of sympatry at each site could influence
the way a predator interacts with that species, potentially
leading to species-specific consumption (Stenhouse, 1985).
Selective predation has been documented in some
populations of A. opacum (Morin 1995). While all prey
could be found with A. opacum, variation in competitive
abilities of prey species could also modify the impact of
predators. As A. opacum were collected as larvae in our
study, we acknowledge the possibility that individuals
may have encountered prey items prior to collection. How-
ever, larvae from most populations were collected before
spring-breeding anurans were active and we did not detect
any anuran species at any of our collection sites. It is
worth noting that some dragonflies (Libellulidae) colo-
nized mesocosms in mid-June during the last weeks of the
experiment. It is also highly unlikely that the dragonflies
unduly influenced amphibian survival because coloniza-
tion occurred after most salamanders and anurans had
already metamorphosed and individual dragonflies were
too small to consume any remaining amphibian prey.
Overall, we found that predator populations differed
in their effects on a common prey assemblage, but sur-
prisingly we found no keystone effect of A. opacum. The
specific mechanism for our documented variation in prey
diversity remains unknown. Life history traits are known
to vary across a species’ range, especially in organisms
with wide geographic distribution (Kurzava & Morin,
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1994; Laurila, Lindggren, & Laugen, 2008; Morrison &
Hero, 2003). However, we did not detect differences in
survival, size at metamorphosis or date of emergence in
any of the predator populations we examined. Future
research should focus on variation in predator behavior
across a large geographic scale, as well as variation in the
predatory ability of wide-ranging populations of a single
species. Abiotic factors and species' tolerance to environmen-
tal changes could also be the driving force in changing key-
stone predator abilities, making studies of large-scale
geographic variation vital to understanding variation in
population- and community-level processes. As the future of
climatic stability becomes less certain, changes to species
interactions will only become more difficult to identify and
predict on a large scale (Gilman, Urban, Tewksbury,
Gilchrist, & Holt, 2010; Yang & Rudolf, 2010). Further
research into the factors that cause changes in community
composition, especially in regard to ecologically important
species like keystones, is important for determining prey
community composition and ecological function, and will
aid in promoting and preserving biodiversity in a constantly
changing world (Gilman et al., 2010).
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