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Spatial heterogeneity in the selection imposed by different predator species could promote the adaptive diversification of
local prey populations. However, high gene flow might swamp local adaptations at limited spatial scales or generalized
phenotypic plasticity might evolve in place of local diversification. Spotted salamander larvae Ambystoma maculatum face
strongly varying risks from gape-limited marbled salamander larvae Ambystoma opacum and gape-unconstrained diving
beetle larvae Dytiscus spp. across natural landscapes. To evaluate if A. maculatum adapts to these predation risk across micro-
geographic scales, I measured selection gradients in response to the two focal predators and then assayed the defensive
morphologies of ten populations in a common garden experiment. I found that A. opacum induced selection on A. macu-
latum for larger tailfins and bodies whereas beetles induced selection for larger tail muscles and smaller bodies. In accor-
dance with the local adaptation hypothesis, A. maculatum populations inhabiting ponds with high beetle densities grew
larger tail muscles relative to other populations when raised in a common environment. However, populations exposed to
strong A. opacum selection did not evolve larger tailfins as predicted. High gene flow or morphological plasticity could
explain the absence of this morphological response to A. opacum. Overall, results suggest that populations can sometimes
evolve adaptive traits in response to locally variable selection regimes even across the very limited distances that separate
populations in this study. If prey populations often differ in their defenses against local predators, then this variation could

affect the outcome of species interactions in local communities.

Species often confront a spatial mosaic of varying natural
selection across natural landscapes (Wright 1931, Thompson
2005). Given sufficient time and genetic variation, each pop-
ulation might adapt to their specific local selection regime.
High gene flow can surpass the strength of divergent selec-
tion and thereby prevent local adaptive evolution across the
limited distances at which individual habitat patches occur
(Wright 1931, Slatkin 1985, Garant et al. 2007). However,
complete local adaptation and maladaptation represent two
extremes of a continuum of potential evolutionary endpoints
(Hendry and Gonzalez 2008). Often, populations demon-
strate some degree of suboptimal local adaptation even as
maladapted immigrants prevent the mean phenotype from
reaching the optimal state (Crespi 2000, Moore and Hendry
2005, Bolnick and Nosil 2007, Urban 2007c). Along these
lines, multiple studies now suggest that populations can
adapt across the same distances at which organisms normally
disperse (Jain and Bradshaw 1966, Sork et al. 1993, Storfer
and Sih 1998, Skelly 2004). Such microgeographic evolu-
tionary studies provide critical information about the joint
importance of gene flow, natural selection heterogeneity, and
neutral drift in determining evolutionary dynamics across
the fine spatial scales which often separate natural popula-
tions (Schemske and Bierzychudek 2001, Urban and Skelly
2006, Garant et al. 2007).
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Aquatic predators often differ in composition across
regional landscapes, and these predators can impose strong
natural selection on prey morphologies in local populations
(Van Buskirk et al. 1997, Johnson et al. 2008). Aquatic prey
can defend against predators through morphologies that
improve swimming performance, frustrate capture by gape-
limited predators with large size or appendages, or present a
non-lethal target for predatory attacks (Van Buskirk and
McCollum 2000b, Fitzpatrick et al. 2003, Van Buskirk et al.
2003, Kishida and Nishimura 2004). Broadly, evidence sug-
gests that morphological traits frequently are under stronger
selection (Kingsolver et al. 2001) and have higher heritabili-
ties (Mousseau and Roff 1987) than life history traits. There-
fore, we might expect that locally adapted morphological
defenses often will evolve across natural mosaics of varying
predation threats. However, remarkably few studies of
aquatic organisms have experimentally demonstrated genetic
differences in morphological defenses among populations in
response to specific predation threats (exceptions include
Parejko and Dodson 1991, Endler 1995, Trussell 2000,
Langerhans et al. 2004, Reimchen and Nosil 2004). More-
over, no study to date has examined if salamander popula-
tions evolve different morphologies to defend against local
predation threats (but see Storfer 1999 for a study on overall
escape performance).



Here, I studied ten A. maculatum populations, located on
an isolated ridge in southern New England (Fig. 1), that
coexist with varying densities of predaceous marbled sala-
manders Ambystoma opacum and diving beetles Dytiscus spp.
Genetic studies suggest high gene flow among A. maculatum
populations (Zamudio and Wieczorek 2007, Purrenhage
et al. 2009). Zamudio and Wieczorek (2007) found that
A. maculatum populations separated by less than 4.8 km
shared similar neutral genetic markers. Purrenhage et al.
(2009) additionally found no evidence for isolation by dis-
tance among A. maculatum populations separated by as
much as 55 km. Therefore, gene flow has the potential to
curb local adaptation within the 1 X 2 km study region if
natural selection is weak. Previous research suggests that
these populations have adapted different foraging behaviors
in response to varying predation risks (Urban 2007¢). In this
research, the populations that experienced the highest risk
from gape-limited A. opacum predation foraged most
intensely when raised under common conditions (Urban
2007¢). A demographic model suggests that this intense for-
aging by young A. maculatum larvae could enhance their fit-
ness by permitting them to grow into a size refuge from
gape-limited predators (Urban 2007a). However, to date,
morphological adaptations to predator regimes have not
been evaluated in this system. Morphological traits could
reduce the risk of intense foraging in A. maculatum by aiding
their escape following detection by predators.

I concentrated on four specific traits that frequently have
been found to determine larval amphibian escape perfor-
mance in previous research: overall body size and three size-
independent shape variables, including relative head width,
relative tail muscle cross-sectional area, and relative tailfin
area (Van Buskirk and Schmidt 2000, Van Buskirk et al.
2003, Kishida and Nishimura 2004, Teplitsky et al. 2005,
Johnson et al. 2008). I first evaluated selection on these

traits originating from A. opacum and Dytiscus. 1 predicted
that these two predators would impose divergent selection
on A. maculatum larval morphology because they differ in
their hunting strategies and gape-limitation. Second, I
tested if morphological traits measured in a common garden
covaried with the predator densities found in each popula-
tion’s habitat in a manner consistent with local adaptation.
Such common garden experiments provide important infor-
mation about the genetic contributions to trait variation by
raising individuals in a controlled environment and thereby
reducing environmental influences on the phenotype. I
expected that populations that live with either high A.
opacum or Dytiscus densities would evolve larger tailfins and
tail muscles as a generalized means to improve their escape
performance from predators. Moreover, 1 expected that
populations exposed to high A. opacum predation would
evolve either wider heads or more rapid growth into a larger
size to defend against the gape-limited A. opacum. Alterna-
tively, high gene flow among populations and/or limited
genetic variation might prevent the evolution of morpho-
logical defenses against these predators across microgeo-
graphic distances.

Material and methods

Natural history

I studied ten Ambystoma maculatum larval populations
inhabiting temporary ponds situated on an isolated forested
ridge (area = 2 km?) on Totoket Mountain near Northford,
CT, USA (Fig. 1). The spotted salamander A. maculatum is a
large terrestrial salamander (up to 22 g) that inhabits the
eastern US and Canada. Each spring, adults move from
upland terrestrial habitat into temporary ponds to mate and

Northford study site
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Figure 1. Map of study site in Northford, CT. The 14 temporary ponds inhabited by A. maculatum populations are indicated by their
approximate shapes on a 2-m contour map of Totoket Mountain. Numbers identify each pond and these numbers correspond to Appendix
5. Bold text indicates ponds evaluated in the selection or common garden experiments. Gray-numbered ponds were not evaluated in this
study but were included to give a sense of the landscape configuration of populations. In general, ponds excluded from the study were small,
possibly sink, populations. Letters indicate ponds with higher than average A. opacum (o) and Dytiscus (d) densities.
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to lay eggs. Small (-15 mg) aquatic larvae emerge from eggs
after 8-10 weeks. Ambystoma maculatum larvae must survive
a gauntlet of diverse predators before metamorphosing into
terrestrial juveniles by late summer.

The marbled salamander larva A. opacum and diving bee-
tle larva Dytiscus spp. are two of the most important preda-
tors of A. maculatum larvae in the study region based on field
densities and feeding trials (Urban 2007b, 2008). The two
predators differ in their ability to attack large prey. Ambys-
toma opacum are strongly gape-limited and cannot consume
large A. maculatum larvae (Urban 2008) whereas Dytiscus
attack A. maculatum larvae of most size classes (Urban
unpubl.). However, Dytiscus sometimes fail to capture the
largest pre-metamorphic A. maculatum larvae.

Although both predators vary in their regional annual
absolute abundances, their local abundances remained rela-
tively similar for the years during which I studied the pond.
Ambystoma opacum local abundances in each of the 14 stud-
ied ponds were correlated across years (mean abundance cor-
relation (= SE) among four years for which samples were
available: 0.54 = 0.09; Appendix). The consistent differ-
ences in A. opacum densities among ponds likely reflects
landscape variation in the probabilities that ponds freeze
solid and kill overwintering A. opacum larvac (Urban
unpubl.). Dytiscus densities also remained consistent from
year to year (e.g. mean correlation (= SE) among three years:
0.47 £ 0.18). The specific environmental determinants of
Dytiscus density are not known. However, data suggests that
Dytiscus reach their highest densities in semi-permanent
ponds with dense emergent vegetation (Urban unpubl.).
These consistent differences in predator densities among
local ponds could impose differential selection on prey
phenotypes.

The two predators differ in densities across the landscape
such that A. 9pacum dominates the predator community of
some ponds, Dytiscus dominates in other ponds, and high
densities of both predators co-occur in still others (Fig. 1).
The mean field densities of Dytiscus and A. opacum among
ponds were not significantly correlated (p = -0.35, t, =
—-1.31; p = 0.215), suggesting that the two predation gradi-
ents occur relatively independent of each other.

Field surveys

To estimate predator densities in the field, I performed stan-
dardized dip-net surveys in all ponds at the field site every
two weeks during A. maculatum’s annual development for
three years (Urban 2007b). I estimated predation threat as
mean annual density and mean spring density of Dytiscus
and A. opacum, respectively. 1 estimated A. opacum spring
densities as the density of A. opacum larvae during A. macu-
latum hatching (Urban 2007b). I used spring densities of A.
opacum to estimate their predation threat because these gape-
limited predators do not feed on large A. maculatum larvae
later in the season (Urban 2007b). Unfortunately, Dytiscus
larvae cannot yet be identified to species (Larson et al. 2000),
and thus I pool species in my estimates of their density. The
few adults collected from the region suggest that larvae of
both D. verticalis and D. marginalis can occur in study

ponds.
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Traits

I evaluated morphological variation among the ten A. macu-
latum populations after they were raised in a common gar-
den experiment. I selected four morphological traits expected
to defend A. maculatum against predators based on previous
research on aquatic amphibians (Van Buskirk and Schmidt
2000, Fitzpatrick et al. 2003, Van Buskirk et al. 2003,
Kishida and Nishimura 2004, Teplitsky et al. 2005, Johnson
et al. 2008). These traits included total body size and three
size-independent morphological variables: relative head
width, tailfin area, and tail muscle area. Hereafter, I apply the
term ‘relative’ to a trait if I corrected it for overall animal size
by using the residuals of a regression between the trait and
body size (centroid size). A larger individual might escape
from gape-limited predators like A. opacum by entering a size
refuge (Urban 2007¢) or because burst swimming speed
increases with salamander body size (Fitzpatrick et al. 2003).
A relatively wider head might prevent capture by gape-lim-
ited predators (Kishida and Nishimura 2004) and stabilize
the body during rapid swimming (Fitzpatrick et al. 2003).
Relatively deep tailfins can quicken an amphibian larvas
acceleration away from predators or provide a nonlethal tar-
get for predator attacks (Fitzpatrick et al. 2003, Van Buskirk
et al. 2003, Johnson et al. 2008). A relatively large tail mus-
cle can provide greater or more enduring thrust away from
predators that make repeated attacks (Teplitsky et al. 2005,
Wilson et al. 2005).

I measured body size as centroid size or the square root
of the sum of squared distances between 28 morphological
landmarks and their centroid (Bookstein 1991). Morpho-
logical landmarks were measured from lateral and dorsal
photographs of each larva in a program that I wrote in
Matlab using the Image Analysis Toolbox. See Fig. 2 for
individual landmark locations and Appendix 2 in the online
supplementary materials for details about measurements.
Tailfin area was estimated as the area of a parabola circum-
scribed within a rectangle that has tailfin depth and tail
length as sides (Fitzpatrick et al. 2003). I estimated tail
muscle size as the cross-sectional area of an ellipse delim-
ited by tail muscle depth and width at the midpoint of the
tail. The three morphological variables were first In-trans-
formed and then residuals were calculated from each vari-
able’s regression on In centroid size to make them
size-independent variables. I found no significant evidence
for any remaining allometric relationships between these
variables and In centroid size in both selection and com-
mon garden experiments (p > 0.10). I also examined the
relationship between shape residuals and In centroid size
and found no evidence for any remaining non-linear rela-
tionships. Finally, I found no evidence that interactions
between In centroid size and population of origin explained
significant variation in any of the shape variables (p >
0.10), which would indicate a different allometrical
relationship for each population and the need to apply
population-specific size corrections.

Prey selection experiment

To evaluate natural selection, I re-analyzed morphological
results from a mesocosm selection experiment performed as



Figure 2. Morphological landmarks used to define the body shapes of A. maculatum larvae. Numbers indicate landmarks, and lettered lines
indicate measurements used to calculate traits used in analyses. Lateral and dorsal views were integrated by normalizing and centering
coordinates relative to the longitudinal axis of the larva to create a three-dimensional set of points to calculate centroid body size. The
landmarks were designed to line up between views (e.g. points 24 and 25 in the dorsal view line up with point 7 in the lateral view). See

Appendix 2 for detailed descriptions of landmarks.

part of a broader geographic survey about size-selection by
A. opacum and Dytiscus larvae on A. maculatum size (Urban
2008). This study revealed that A. opacum predation induced
selection for larger A. maculatum head widths (raw sizes not
corrected for body size) whereas Dytiscus induced selection
for smaller head widths. The four morphological traits ana-
lyzed here were not evaluated in this earlier analysis. Details
of the experimental design can be found in Urban (2008).
Briefly, I raised larvae in a common garden after collecting
them from four egg masses from each of four ponds from
each of three geographically divergent regions in New
England (48 families total), including four ponds (Fig. 1; no.
2,7, 13, 14) from the specific region studied here. Two pred-
ator chemical cue treatments (4. opacum and Dytiscus) and a
control treatment were applied during larval development to
broaden the scope of phenotypic variation available for selec-
tion (i.e. phenotypic engineering) to act on and to simulate
the range of phenotypes found in nature. Previous work
indicates that these cue treatments induce changes in sala-
mander growth and refuge use (Urban 2008) and also tail
muscle depth (Urban unpubl.).

Practical limitations to marking and recapturing individ-
ual A. maculatum larvae in natural ponds make measurement
of natural selection in the wild difficult in this system.
Instead, I replicated the substrate and predation conditions
as closely as possible in outdoor mesocosms. I conducted
selection trials in 60-1 wading pools (area = 0.80 m? to
which I added a standardized mixture of substrate leaf litter
and zooplankton food for prey. Twelve A. maculatum larvae
were selected by randomly stratifying samples among

populations and predator cue treatments. Thus, in each
experiment I exposed a randomly selected larva from each of
the three treatments from each of four populations per
region.

Eighteen replicated selection trials were evaluated for
each of the two predator species for a total of 36 trials. Selec-
tion experiments were performed over the course of two
years (Dytiscus, followed by A. opacum). 1 applied the same
procedure in each year. Each set of larvae was exposed to
cither two field-collected A. opacum larvae or one Dytiscus
larva. These mesocosm densities corresponded to mean field
densities. I selected A. opacum with gape sizes within = 1 SD
of those observed in the field. Prior to selection trials, I pho-
tographed each A. maculatum larva dorsally and laterally so
that surviving individuals could be re-identified after selec-
tion by comparing individual spotting patterns (Urban
2007c). A selection trial ended when half the larvae remained
or 10 days had passed.

I evaluated linear and quadratic selection gradients using
standard parametric approaches because these measures
relate to commonly used quantitative genetic models of evo-
lution (Lande and Arnold 1983) and allow comparison with
other studies (Kingsolver et al. 2001). I estimated linear and
non-linear (quadratic) selection gradients on all traits in a
multiple logistic regression. The initial means and variances
of each trait before selection are given in Appendix 3. All
variables were standardized to a mean of zero and variance of
one before analysis. Data were pooled across replicate selec-
tion arenas after finding that the interaction between each
trait and mesocosm identity did not significantly explain
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survival (Sokal and Rohlf 1995). Logistic coefficients were
converted into linear gradients using standard methods (Jan-
zen and Stern 1998).

I also estimated correlational selection which occurs when
two or more traits interact in their effects on fitness (Lande
and Arnold 1983, Schluter and Nychka 1994). I estimated
correlational selection via projection pursuit regression to
estimate and to visualize selection on the multivariate larval
morphology. Projection pursuit regression addresses correla-
tions between traits by estimating the axes of strongest selec-
tion as linear combinations of each trait in the directions of
greatest fitness variance (Schluter and Nychka 1994). This
method also has the advantage that it does not require that
fitness surfaces conform to a specific (e.g. quadratic) func-
tional relationship (Schluter and Nychka 1994, Brodie et al.
1995). Instead, projection pursuit regression uses cubic
splines to estimate fitness surfaces across multivariate trait
axes. The method indicates strong correlational selection
when two or more fitness maxima or minima describe the
fitness-trait relationship across an axis comprised of two or
more traits (Schluter and Nychka 1994). For each analysis, I
found the value of the smoothing function that minimized
the general cross-validation score, which describes how well
data fit the regression. In both predator selection experi-
ments, an additional projection pursuit axis did not signifi-
cantly explain fitness variation (p > 0.2). I then bootstrapped
data 1000 times to evaluate the significance of individual
traits to the major axis of fitness variation. I applied a bias-
correction to the percentile method to calculate confidence
intervals because median bootstrapped trait loadings diverged
strongly from estimated parameter values (Manly 2001).

Common garden experiment

I analyzed the morphological traits of salamander larvae
from ten different populations raised in a common garden
experiment. In another manuscript (Urban 2007c¢), I
explored behavioral and life history traits (foraging intensity
and final weight) in animals from this experiment but did
not analyze morphological traits. For experimental details
see Urban (2007c). Briefly, I examined morphological traits
from five full-sibs from each of five families from each of ten
ponds except for one pond for which only four egg masses
were collected before it dried prematurely for a total of 245
individuals.

Egg masses were collected from ponds within two days of
egg-laying in spring 2004 to minimize environmental condi-
tioning. I placed each larva in a separate 1-1 clear plastic con-
tainer and randomly assigned them to a location in a
temperature-controlled room with full-spectrum lighting.
Larvae were exposed to temperatures (14.3°C = 0.5 SD) and
photoperiods that matched natural conditions in the region.
Every two days, I fed larvae with equal numbers of size-
matched cultured Daphnia magna and added 25-ml of water
conditioned by A. opacum fed A. maculatum larvae ad libi-
tum. These proportional volumes of A. opacum cues induced
significant behavioral phenotypic plasticity in prior research
(Urban 2008). I chose to expose all populations to A. opacum
cues instead of no cues because few natural populations live
in environments completely devoid of predators. I could not
expose individuals to both A. opacum and Dytiscus cues and
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still ensure substantial replication of genetically variable indi-
viduals (among and within families) given spatial limitations.
Therefore, I chose to evaluate responses to A. opacum, rather
than Dpytiscus, because preliminary research suggested that
these populations differed in survival when exposed to A.
opacum. Under this experimental design, I could not assess
variation in the evolution of predator-specific reaction norms
in this experiment. However, I could assay variation in fixed
traits and variation in plastic responses to general predation
threats elicited by A. opacum cues (but not a genotype X envi-
ronment interaction). In this experiment, any significant
variation in body size would originate from differences in
body structure (i.e. a wider body) or increased allocation of
energy to growth as opposed to activity because all individu-
als were fed the same amount of food and hatchlings did not
differ significantly in size upon hatching (Urban 2007¢).

I used mixed-effects restricted error maximum likelihood
(REML) methods to estimate the relationship between field
predator densities and trait variation. I included maternal
family nested within population with both factors entered as
random effects. I first evaluated a multivariate regression (the
continuous version of a MANOVA) of the four morpho-
logical variables in relation to Dytiscus and A. opacum preda-
tor densities in source ponds to test for overall morphological
differentiation across selection regimes. Such multivariate
approaches should be used to analyze correlated traits (Schei-
ner 2001) like morphological traits. I performed univariate
mixed-effects regressions for each response trait after finding
that the multivariate model was significant (Scheiner 2001).
All mixed-effects models were calculated in Genstat ver. 11.
Probabilities were calculated based on the Wald-statistic
using a method that approximates the denominator degrees
of freedom for an unbalanced design (Kenward and Roger
1997). Note that these approximated degrees of freedom
often are not integers.

Results
Prey selection experiment

Ambystoma opacum predation resulted in selection for A.
maculatum larvae with larger bodies and tailfins as deter-
mined by linear selection gradients (Table 1; body size:

et £ SE =+ 0.115 £ 0035, 2, ,, = 119, p = 0.001;
relative tailfin size: B '+ SE = +0.089 % 0.040; x* ,,,
= 4.4, p = 0.036). Quadratic terms did not differ signifi-
cantly from zero (p > 0.54). Multivariate results corrobo-
rated parametric analyses by suggesting that larger larvae
with larger tailfins survived better under attack by A. opacum
(Fig. 3A). Projection pursuit regression did not suggest cor-
relational selection among any traits, i.e. no multiple minima
or maxima along a multi-trait axis. Instead, strong direc-
tional selection was detected along a trait axis dominated by
larger tailfin sizes and body size, although the latter was not
significant (Table 1).

Dytiscus caused significant linear selection for smaller
bodied A. maculatum larvae (Table 1; B '+ SE = —
0.134 = 0.036; x* ,,, = 15.5,p < 0.001).gf’rojection pur-
suit regression showed that survival changed most along a
phenotypic axis dominated by both body size and relative



Table 1. Estimates of natural selection on A. maculatum morphology under predation by either A. gpacum or Dytiscus larvae based on univariate
logistic multiple regressions and multivariate projection pursuit regressions.

Predator A. opacum Dytiscus

Non-parametric Non-parametric
Trait B Y, correlational B Y, correlational

) estimates ) estimates

nggo'd body 0.115 = 0.035  0.000 + 0.023  0.45 (-0.37,0.93) —0.134 + 0.036 0.061 = 0.034 —0.66 (-0.99, -0.12)
R\f’v'f‘(}t'ﬁe head —0.037 = 0.040  0.004 = 0.017 —0.39 (-0.94, 0.40) —0.052 = 0.034 0.010 = 0.021 —0.23 (-0.93, 0.61)
Rg';;"’e tailfin 0.089 = 0.040  0.005 + 0.020  0.78 (0.39,0.99)  0.025 = 0.033  0.007 = 0.021  0.21 (-0.59, 0.94)
jog'cvleet;!e —0.039 + 0.034 —0.018 +0.020 —0.19 (-0.82,0.48) 0.017 = 0.033 —0.035 = 0.024  0.68 (0.23, 0.99)

Note. — Univariate linear (3) and non-linear selection (v, ,) gradients reflect the average gradient (= 1 SE) calculated from logistic multiple
regression results according to the method of Janzen and Stern (1998). Non-parametric multivariate correlational estimates describe the
relative contributions of each trait (with bootstrapped confidence intervals) to the multi-trait axis that explains the direction of strongest selec-
tion. Values in bold indicate statistically significant coefficients from least-squares regression or based on bias-corrected percentile boot-

strapped confidence intervals for projection pursuit regression.

tail muscle size (Fig. 3B; Table 1). The fitness curve was
characterized by two maxima at either end of the pheno-
typic axis, a pattern which indicates negative correlational
selection. To visualize the joint contributions of body size
and relative tail muscle size to survival better, I performed a
second projection pursuit regression evaluating only these
two significant traits along two axes (Appendix 4). In this
more restricted analysis, survival increased strongly in the
direction of smaller body sizes and increased rapidly but
then flattened in the direction of larger relative tail muscle
sizes. Hence, the combined analyses indicate that small-
bodied larvae with large tail muscles survive Dytiscus preda-
tion best.

Common garden experiment

Next, I evaluated morphological variation among natural
populations raised in a common garden (trait means and
standard deviations listed by population in Appendix 5). I
first performed a mixed-effect multivariate regression to see
if, when analyzed together, morphological traits varied with
a population’s historical exposure to A. opacum and Dytiscus
predation threats. Multivariate results suggested that only
Dytiscus density was marginally related to overall morpho-
logical variation (Table 2; F ,, - = 2.6, p = 0.052). Relative
tail muscle size dominated the multivariate regression with
Dytiscus density (Table 2). Contrary to results from selection
experiments, relative tailfin size was not significantly related
to A. opacum density in multivariate or univariate tests (Fig.
4A; Table 2; p > 0.5). Given the marginal significance of at
least one multivariate result, I next evaluated univariate rela-
tionships for each trait. In line with multivariate results, rela-
tive tail muscle size, a trait demonstrated to be under
correlational selection by Dytiscus, increased significantly in
A. maculatum populations that co-occur with high densities
of Dytiscus (Table 2; Fig. 4B; FI,GA = 6.4, p = 0.013).
Dytiscus density predicted 57% of the variation in mean tail
muscle sizes among ponds. All other traits were not signifi-
cantly associated with either Dytiscus or A. opacum densities
or their interaction (Table 2; p > 0.08), and I found little
evidence for significant variation among populations or fam-

ilies (p > 0.07).

Discussion

Assuming adequate genetic variation and low gene flow,
strong natural selection is expected to generate adaptive dif-
ferentiation among populations (Endler 1986, Lynch and
Walsh 1998). Aquatic predators often impose selection for
prey with morphological traits that allow them to accelerate
away from attacks or provide non-lethal targets (Van Buskirk
and McCollum 2000a, Fitzpatrick et al. 2003, Van Buskirk
et al. 2003, Teplitsky et al. 2005, Wilson et al. 2005) or for
prey with larger or wider bodies that protect them against
gape-limited predators (Kishida and Nishimura 2004).
Ambystoma maculatum encounter varying predation risks
from gape-limited A. opacum and gape-unconstrained
Dytiscus across natural landscapes (Urban 2007b). Selection
experiments suggested that these two predators impose
divergent selection on overall prey body size and relative tail-
fin and tail muscle sizes, which could lead to adaptive mor-
phological divergence across populations. I found asignificant
correlation between relative tail muscle size in populations
and the local density of Dytiscus. However, A. maculatum
larvae did not grow the larger tailfins predicted to protect
against A. opacum predation in habitats dominated by
A. opacum.

Natural selection and adaptive differentiation:
A. opacum

Ambystoma opacum preyed selectively on small larvae with
relatively smaller tailfins (Table 1, Fig. 3A). Ambystoma
opacum likely prey on small larvae owing to their strong
gape-limitation (Urban 2007b, 2008) or because large
amphibian larvae swim faster (Fitzpatrick et al. 2003, John-
son et al. 2008). Selection for larger tailfins might occur if a
larger tailfin allows A. maculatum larvae to accelerate rapidly
away from A. opacum as has been found for the congener A.
tigrinum (Fitzpatrick et al. 2003). However, support for large
tailfins contributing to swimming acceleration has been
mixed for other amphibians (Van Buskirk and McCollum
2000a, Teplitsky et al. 2005). Alternatively, large tailfins
might provide a region for non-lethal predatory attacks
through the so-called lure effect (Van Buskirk et al. 2003). I
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A. Predation by A. opacum
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Figure 3. The relationship between mortality selection by A. opacum
(A) and Dytiscus (B) in relation to the direction of strongest selec-
tion on A. maculatum body size, relative head width, tailfin area,
and tail muscle cross-sectional area as determined by projection
pursuit regression. The principal trait axis for each selection experi-
ment represents the linear combination of each trait in the direc-
tion of greatest survival variation. I only list the traits that
contributed significantly to the trait axis in each selection experi-
ment. However, other traits also likely contributed to survival pat-
terns in the directions indicated in Table 1. In (A), relative tailfin
size contributed significantly and positively to the major trait axis.
In (B), both relative muscle size and centroid body size contributed
significantly to the trait axis. Relative tail muscle size increased to
the left and centroid body size increased to the right on the axis.
Horizontal dashes indicate bootstrapped standard errors for the
estimated spline regression. Vertical marks indicate the actual data
where a one indicates survival and a zero indicates death.

find this explanation unlikely in this case because A. opacum
almost always attack A. maculatum head-first. Relative tail
muscle size did not affect survival as expected, even though
larger tail muscles increase swimming acceleration in other
amphibians (Teplitsky et al. 2005, Johnson et al. 2008). In
addition, relative head width did not mediate A. maculatum’s
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survival under A. opacum gape-limited predation even
though a wider head would allow them to enter a size refuge
sooner (Kishida and Nishimura 2004).

Despite evidence for selection on body size and relative
tailfin size, populations from ponds with high densities of A.
opacum did not differ significantly in these traits (Fig. 4A).
Differences in body size in the common garden experiment
only could develop through differential allocation or a struc-
tural increase in volume because all salamanders began at
roughly the same size and were fed the same food rations.
The failure of populations to evolve greater allocation to
growth or an increase in volume might indicate genetic con-
straints, a reduced need for this trait given that increased
foraging has already evolved in populations exposed to high
A. opacum predation risk, or that this trait already has reached
its maximum, considering the many benefits to growth for
temporary pond amphibians once resources have been
obtained.

Potential explanations for why larger tailfins did not evolve
in response to A. opacum include low statistical power, strong
negative genetic correlations with other traits, and pheno-
typic plasticity. The statistical power to substantiate a correla-
tion between selection regimes and a trait was low even
though the number of experimental units and populations
examined was high relative to other common garden exami-
nations of local adaptation in vertebrates. However, even
accounting for low statistical power, additional replication
would have been unlikely to uncover a significant result here
given that the estimated relationship was opposite that pre-
dicted and almost significantly so (p = 0.08). The study
design did not allow a sufficient number of families to esti-
mate genetic correlations accurately for each population.
However, preliminary estimates suggested little evidence for
strong (near = 1.0) correlations between tailfin size and other
traits that would slow evolutionary rates (average correlations
ranging from —0.30 to +0.51). A more likely explanation is
that predator cues induce larger tailfins and that this environ-
ment-specific trait obviates the need for locally adapted fixed
traits. Yurewicz (2004) found that A. maculatum larvae grow
larger tailfins in response to dragonfly predators. Future
experiments should determine if chemical cues from A
opacum aftect A. maculatum larval morphology.

Natural
Dytiscus

selection and adaptive differentiation:

Dytiscus preferentially preyed on larger bodied A. maculatum
larvae with smaller tail muscles (Table 1). Larger relative tail
muscles likely sustain a faster or more enduring escape
response from an attacking predator (Dayton et al. 2005,
Teplitsky et al. 2005). The fitness advantage for small prey
probably occurs either because Dytiscus actively prefer larger
and thus more energetically valuable prey items or because
they cannot catch small larvae (Urban 2008). Multivariate
analyses also suggested that larger larvae with smaller tail
muscles survived better than intermediate phenotypes when
attacked by Dytiscus (Fig. 3B). However, a projection pursuit
regression analysis focused on just body size and relative tail
muscle size showed no evidence for any survival advantage to
large larvae with small tail muscles (Appendix 4). The second
survival optimum at larger body size might reflect an



Table 2. Mixed-effects multivariate and univariate regressions of morphological variation versus A. opacum and Dytiscus densities.

Source of variation

Response A. opacum Dytiscus A. opacum X Dytiscus Population Family
Multivariate F,,=10(0415  F, =26(0052)  F,,, =09(0499) LR, =2.0(1.000) LR,=6.0/(0.201)
Estimated coefficients
Centroid body size —-0.003 0.033 -0.197
Relative head width 0.003 0.044 0.156
Relative tailfin area —0.036 —0.024 0.068
Relative tail muscle 0.072 0.401 0.204
area
Univariate F,.,=0.1(0748)  F =22(0.189) F,.,=23(0.181) LR =2.0(0.162) LR =0.1(0.708)
centroid body size ) ' '
Relative head width ~ F,,, = 0.2 (0.640)  F,,, = 0.8(0.416) Flos=15(0266) LR =0.0(0.841) LR =2.1(0.151)
Relative tailfin size F,,=45(0.080  F, , =0.5(0.499) F,,=02(0.687) LR, =0.0(0.862) LR, =1.50.215)
Relative tail muscle  F,., =0.0(0.795)  F,, =6.4(0.013) F,.,=02(0.660) LR =0.1(0.823) LR =3.2(0.074)
size B B

Note. — Multivariate mixed-effects restricted error maximum likelihood (REML) results are listed first, followed by univariate mixed-effects
results. The first three columns convey the F-statistic, subscripted degrees of freedom and parenthesized p-values. Denominator degrees of
freedom are approximated (Kenward and Roger 1997). The last two columns give the likelihood ratio tests for the random effects, family and

population, and their associated x’-square probabilities.

advantage to large size independent of tail muscle size if
Dytiscus cannot capture the largest larvae (Urban 2008) or
might indicate the complex contributions of other traits.
Regardless, larvae that are large enough to experience this
divergent selection are nearing metamorphosis and thus
long-term investment in morphological alterations would be
unlikely at this stage. I did not find any fitness advantage to
larger tailfins in selection analyses even though relative tailfin
size was expected to facilitate larval escape from Dyriscus
either by increasing swimming acceleration or by providing
a lure for non-lethal attacks.

Ambystoma maculatum from populations that inhabit
ponds with high Dytiscus densities had larger tail muscles
compared to those that inhabit ponds with low Dytiscus den-
sities when raised in a common garden (Fig. 4B). This find-
ing matches the predicted adaptive response to positive
selection on tail muscle size from Dytiscus indicated by selec-
tion experiments (Fig. 3B). Genetic differences likely under-
lie the significant differentiation among populations because
traits were measured under controlled conditions. Further-
more, | removed eggs from natural environments within two
days of laying at a time when Dytiscus larvae generally have
not yet recruited (Urban unpubl.), suggesting that observed
effects do not constitute induced reactions to Dyziscus cues.
However, the role of maternal effects remains unknown and
should be explored in future studies. Given that larvae were
only exposed to A. opacum and not Dytiscus cues, tail muscle
differences among populations must represent either varia-
tion in fixed traits or variation in generalized plasticity to A.
opacum cues. In previous research, A. opacum cues did not
significantly induce larger tail muscles in A. maculatum lar-
vae (Urban unpubl.), providing evidence against the latter
explanation. Also, cues from predaceous dragonflies did not
induce differences in tail muscle depth in A. maculatum in
another study (Yurewicz 2004). However, plasticity could
still augment morphological variation in natural popula-
tions. Future research should assess variation in gene-by-
environment responses.

Microgeographic adaptations and gene flow

Evidence now suggests that both relative tail muscle size and
foraging behavior (Urban 2007c¢) have evolved in A. macula-
tum populations in response to two distinct predation
threats. Each population lives, on average, within 116 m of
its nearest neighbor at the study site (Fig. 1). Two studies of
neutral microsatellite markers in A. maculatum suggest high
gene flow across these spatial scales. A New York study deter-
mined that populations separated by less than 4.8 km were
effectively integrated by gene flow (Zamudio and Wieczorek
2007). An Ohio study found no evidence for isolation by
distance among ponds separated from 0.02 to 55 km and
estimated the number of migrants per generation at 6.9
(Purrenhage et al. 2009). If the populations studied here dis-
perse similarly, then adaptations appear to have evolved
despite a high potential for genetic exchange among popula-
tions.

Evidence has been mixed for the adaptive morphological
divergence of aquatic amphibians across microgeographic
scales in response to varying predation risks. Van Buskirk
and Arioli (2005) found that the Rana temporaria tadpole
morphologies did not differ significantly among populations
encountering different overall predator densities that were
separated from nearest neighbors by a mean minimum dis-
tance of 1.5 km. In a study among oceanic islands separated
by 100-1000 m, Lardner (1998) found that size at meta-
morphosis increased in response to a generalized predation
risk gradient but found no evidence that tail shape, the trait
expected to affect predator escape performance, increased
along this same gradient. Relyea (2002) found evidence for
morphological differentiation among Rana sylvatica popula-
tions that differed in both generalized predation and compe-
tition environments across a mean minimum distance of 652
m. None of these studies examined how morphologies
changed according to specific predator selection regimes. If
specific predators select for different prey traits, then an
aggregated predation risk gradient might obscure adaptive
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Figure 4. (A) the mean relative tailfin area of each population of A.
maculatum larvae (= SE) relative to the In (x + 1) density of A.
opacum larvae in its natural environment. (B) the mean relative tail
muscle cross-sectional area of each population of A. maculatum lar-
vae (£ SE) relative to the In (x + 1) density of Dytiscus larvae in its
natural environment. Tailfin area did not increase with A. opacum
density whereas tail muscle size increased with Dytiscus density
(indicated with a least-squares regression line).

clines in predator-specific traits. In an exceptional study ana-
lyzing a specific sunfish predation gradient, Storfer (1999)
found that Ambystoma barbouri populations differed in max-
imum swimming acceleration depending on exposure to
sunfish predation when separated by 14 km, but not when
separated by 1 km. Although not established for A. barbouri,
morphological variation probably underlies some variation
in its maximum swimming acceleration. These studies sug-
gest that amphibian populations sometimes evolve morpho-
logical adaptations across hundreds of meters to several
kilometers. Ambystoma maculatum populations, meanwhile,
appear to adapt to local predator assemblages across some of
the shortest distances reported for an amphibian.

The degree to which populations become adapted or mal-
adapted to local selection regimes depends on the balance
between local selection and gene flow (Wright 1931, Slatkin
1985). Although moderate gene flow can introduce genetic
variation to fuel an adaptive response (Gomulkiewicz et al.
1999), high gene flow can swamp out the evolution of locally
adapted phenotypes or, in less extreme cases, greatly restrict
a population from evolving an optimal mean phenotype
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(Bolnick and Nosil 2007, Garant et al. 2007, Hendry and
Gonzalez 2008). This critical balance between gene flow and
selection becomes even more important at the microgeo-
graphic scales that often separate habitat patches. A growing
number of empirical studies demonstrate microgeographic
adaptation across finer scales than expected (Jain and
Bradshaw 1966, Sork et al. 1993, Storfer and Sih 1998,
Skelly 2004). These results indicate lower gene flow and
stronger divergent selection than assumed based on prior
considerations. Gene flow might be lower than expected if
migrants seldom reproduce successfully in novel habitats
because they cannot mate or their maladapted offspring sur-
vive poorly (De Meester et al. 2002, Nosil et al. 2005). Also,
biased mate choice could sometimes lead to outbreeding
avoidance. Interestingly, A. maculatum females prefer related
males (Chandler and Zamudio 2008), which could mean
that outbreeding avoidance in this species facilitates its
microgeographic adaptation. Alternatively, natural selection
might be stronger than expected in natural habitats because
our estimates often do not incorporate all components of
fitness or do not cover an appropriately long time scale
(Endler 1986). In general, we need more research on how
populations adapt to heterogeneous selection over microgeo-
graphic scales in the wild.

The temporal consistency of selection environments also
will dictate how well local populations become adapted to
currently observed selection. Biotic selection might vary
more than abiotic selection if the species responsible for nat-
ural selection frequently colonize new habitats or become
locally extirpated from habitats. If selection regimes shift
rapidly relative to the generation length of a focal species,
then non-differentiated generalists (e.g. fixed plasticity)
should evolve. However, stable abiotic environments might
often determine the distribution of biotic selection regimes
(Reznick et al. 1990), thereby guaranteeing their stability.
Unfortunately, researchers seldom know the historical
dynamics of biotic selection (exceptions include Grant et al.
1996, Cousyn et al. 2001). In this study, I recorded A.
opacum and Dytiscus distributions for 3—4 years. This short-
term data does not cover the many generations over which
we expect evolution to occur (4. maculatum generation time
~ seven years). Given the observed response to selection and
the underlying abiotic determinants of A. gpacum and
Dytiscus distributions, I believe that these distributions have
remained relatively constant over time. However, only long-
term historical data would confirm this supposition. One
goal of long-term ecological research should be to establish
the dynamics of selection regimes over time.

Caveats and additional considerations

Results from selection analyses should be viewed cautiously
because I only evaluated the mortality component of fit-
ness. Size at metamorphosis also affects future survival and
fecundity in Ambystoma salamanders (Scott 1994). Incor-
porating fecundity into fitness calculations likely would
strengthen existing selection for large size in larvae faced
with both A. opacum and Dytiscus predation. Maternal
effects could affect observed genetic variation among popu-
lations and families. One of the most important maternal
effects in amphibians, egg provisioning, did not differ



significantly among populations (Urban 2007c¢). Practical
limitations prevented me from performing a third experi-
ment that examined trait selection from both predators.
Future work will be needed to address if selection from the
two predator species is interactive or additive when both
species co-occur. Also, all larvae in the experiment were
exposed only to A. opacum cues. This design did not allow
me to evaluate plastic reactions to Dytiscus cues. The sig-
nificant gradient in tail muscle shape with Dyziscus density
found in this study warrants future experiments that exam-
ine if trait variation arises as different fixed (non-plastic)
traits or as different levels of induced reactions (genotype
by environment interactions) to predator cues. In particu-
lar, the degree to which different levels of induced reactions
evolve under relatively strong gene flow would be an inter-
esting future direction. Finally, correlations between genet-
ically determined population traits and natural selection
regimes do not demonstrate causation and therefore should
be interpreted cautiously. Clearly, field manipulations of
natural selection or genetic variation followed by long-term
genetic monitoring would be desirable (Reznick and
Ghalambor 2005), although logistically challenging, for
this long-lived species.

Conclusions

Despite much research documenting the relationship
between morphology and predator escape in aquatic ani-
mals, we have few experimental demonstrations of inter-
population differences in defensive morphology consistent
with adaptations to different predator communities. A few
exceptional studies suggest evolved differences in adaptive
morphologies in aquatic organisms (Parejko and Dodson
1991, Endler 1995, Trussell 2000, Langerhans et al. 2004,
Reimchen and Nosil 2004) or escape performance suspected
to be underlain, at least in part, by morphological differences
(Storfer 1999, Ghalambor et al. 2004). This study demon-
strates the first case of adaptive morphological differentiation
among salamander populations in response to varying preda-
tion threats. Relative tail muscle size increased among popu-
lations by 0.7 standard deviations along a natural gradient of
increasing Dytiscus density. In contrast, A. maculatum popu-
lations did not differ in relative tailfin size across a gradient
in A. opacum densities despite selection for this trait. I sug-
gest that this lack of an adaptive response might result from
a plastic response shared by all populations or lower selection
for this trait relative to local gene flow. Overall, results indi-
cate that A. maculatum populations likely have evolved at
least one morphological trait in response to varying preda-
tion risks over microgeographic spatial scales, but gene flow
might swamp other traits at these microgeographic scales. If
the relative roles of gene flow and selection frequently deter-
mine traits involved in species interactions, then we will
often need to understand spatial evolutionary dynamics in
order to accurately predict the ecological dynamics and
structure of natural communities.
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Appendix 1

Predator density correlations across years

The mean densities of each predator from each of the 14 ponds
studied were correlated across each of the years for which data
was available. Note that spring densities were used for A. opacum
as this predator leaves the pond in mid-summer. Dyfiscus, in
contrast, usually do not recruit until later in the spring and often
remains in ponds until late summer/early fall. These inter-year
correlations were then averaged to obtain the average temporal
correlation in predator densities for the system. Note that I had
data on A. opacum densities for 2009, when I resumed sampling
after returning to this research, but not for Dyziscus.

Pearson’s correlations across years for A. opacum spring densities
among ponds.

2002 2003 2004
2002
2003 0.37
2004 0.24 0.55
2009 0.49 0.85 0.71

Mean correlation (= SE) = 0.54 = 0.09

Pearson’s correlations across years for Dytiscus overall densities
among ponds.

2002 2003
2002
2003 0.80
2004 0.44 0.18

Mean correlation (= SE) = 0.47 = 0.18

Appendix 2

Description of morphological landmarks used in analyses

See Fig. 2 in text for numbered locations. Landmarks: 1 —
nose; 2 — top of head at posterior of eye; 3 — bottom of head
at posterior of eye; 4 — top of head at maximum head depth;
5 — bottom of head at maximum head depth; 6 — front of
forelimb; 7 — body midpoint between 6 and 11; 8 — top of
tailfin at posterior end of vent; 9 — top of trunk at vent; 10 —
bottom of trunk at vent; 11 — bottom of tailfin at vent; 12 —
top of tailfin at midpoint of tail (between points 11 and 16);
13 — top of tailfin at midpoint; 14 — top of tail at midpoint;
15 — bottom of tail at midpoint; 16 — tail tip; 17 — nose;
18,19 — head width at posterior edge of eyes; 20, 21 — max-
imum head width; 22, 23 — neck width at front of fore-
limbs; 24, 25 midpoint body width; 26, 27 — trunk width
at posterior end of vent; 28, 29 — tail muscle width at tail
midpoing; 30 tail tip. Lengths used in measurements: a —
maximum head width; b — tailfin area approximated as the
area of a parabola circumscribed by a rectangle with base
equal to tailfin height at tail midpoint and height equal to tail
length; ¢ —tail muscle cross-sectional area estimated from the
ellipse connecting points 13, 14, 28 and 29.

Appendix 3

Initial means and standard deviations for traits evaluated in
selection experiments.

Predator
Traits A. opacum Dytiscus
Centroid body size 2.02 = 0.12 2.35 +0.14
Relative head width 0.00 = 0.07 0.00 = 0.07
Relative tailfin size 0.00 £ 0.12 0.00 = 0.08
Relative tail muscle size 0.00 = 0.19 0.00 = 0.18

Note. — Relative morphological measures were calculated as the
residuals of each In-transformed trait on In-transformed centroid
body size.

Appendix 4
A bi-projection pursuit regression of survival under Dytiscus

attack in relation to the two significant variables, centroid
body size and relative tail muscle size, in the full analysis.

Figure Al. Results from a bi-projection pursuit regression of sur-
vival under Dytiscus attack in relation to the two significant vari-
ables, centroid body size and relative tail muscle size, in the full
analysis. Centroid body size dominates the first projection pursuit
axis (centroid: 1.00; relative tail muscle size: 0.49) whereas tail
muscle size dominates the second axis (centroid: 0.10; relative tail
muscle size: 0.87). Excluding relative tail width and tailfin size, this
analysis suggests that selection by Dytiscus would favor small A.
maculatum larvae with larger relative tail muscles. This analysis does
not suggest any advantage to being a large larva with smaller tail
muscles.
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Appendix 5

Predator densities in ponds and A. maculatum trait means and standard deviations from common garden experiment.

A. opacum mean

Dytiscus mean In

Relative head width Relative tailfin size Relative tail muscle

Population* In density (no. m?)  density (no. m?) Body size (SD) (SD) (SD) size (SD)
1 0.04 0.19 1.962 (0.042) 0.010 (0.081) —0.002 (0.058) —0.064 (0.170)
2 0.42 0.24 1.975 (0.043) 0.010 (0.045) —0.006 (0.059) 0.028 (0.223)
5 0.51 0.00 1.981 (0.038) —0.010 (0.046) —0.007 (0.072) —0.087 (0.250)
6 0.06 0.10 1.964 (0.041) —0.008 (0.071) 0.006 (0.067) —0.027 (0.178)
7 0.24 0.16 1.961 (0.045) 0.026 (0.061) 0.036 (0.050) —0.025 (0.203)
9 0.33 0.05 1.982 (0.027) —0.014 (0.054) 0.007 (0.059) —0.004 (0.145)
12 0.50 0.29 1.979 (0.041) 0.003 (0.054) —0.008 (0.062) 0.058 (0.179)
13 0.00 0.41 2.001 (0.040) 0.000 (0.056) 0.007 (0.074) 0.059 (0.184)
14 0.21 0.21 1.970 (0.036) —0.002 (0.056) —0.004 (0.083) 0.044 (0.223)
16 0.98 0.10 1.968 (0.037) —0.011 (0.053) —0.029 (0.065) 0.051 (0.168)

Note. — * see Fig. 1 in main text for map of locations corresponding to these numbers.
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