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Abstract Variation in the timing of breeding (i.e., pheno-
logical variation) can affect species interactions and com-
munity structure, in part by shifting body size differences
between species. Body size differences can be further altered
by density-dependent competition, though synergistic effects
of density and phenology on species interactions are rarely
evaluated. We tested how field-realistic variation in phenol-
ogy and density affected ringed salamander (Ambystoma
annulatum) predation on spotted salamanders (Ambystoma
maculatum), and whether these altered salamander dynam-
ics resulted in trophic cascades. In outdoor mesocosms, we
experimentally manipulated ringed salamander density (low/
high) and breeding phenology (early/late) of both species.
Ringed salamander body size at metamorphosis, develop-
ment, and growth were reduced at higher densities, while
delayed phenology increased hatchling size and larval devel-
opment, but reduced relative growth rates. Survival of ringed
salamanders was affected by the interactive effects of phe-
nology and density. In contrast, spotted salamander growth,
size at metamorphosis, and survival, as well as the biomass
of lower trophic levels, were negatively affected primarily
by ringed salamander density. In an additional mesocosm
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experiment, we isolated whether ringed salamanders could
deplete shared resources prior to their interactions with
spotted salamanders, but instead found direct interactions
(e.g., predation) were the more likely mechanism by which
ringed salamanders limited spotted salamanders. Overall,
our results indicate the effects of phenological variability
on fitness-related traits can be modified or superseded by
differences in density dependence. Identifying such context
dependencies will lead to greater insight into when pheno-
logical variation will likely alter species interactions.

Keywords Ambystoma - Competition - Intraguild
predation - Phenological shift - Priority effects

Introduction

Variation in the timing of life history events, or phenology,
can substantially impact the dynamics of both populations
and communities (Forrest and Miller-Rushing 2010; Miller-
Rushing et al. 2010). Such variation is especially important
for species interactions, as it can dictate whether certain life
stages appear when required resources are available (Durant
et al. 2007; McKinney et al. 2012), with even subtle changes
to the timing of overlap leading to altered population tra-
jectories (Revilla et al. 2014). Phenological variation can
also shift the timing of when different species meet during
their respective ontogenies, which can alter the strength of
their interactions (Yang and Rudolf 2010). Altered inter-
actions stemming from variation in phenology can even
change dynamics across multiple trophic levels (Both et al.
2009). The ultimate consequences of phenological variation
include the decoupling of species interactions, match—mis-
match scenarios, and the development of novel communities
(Durant et al. 2007; Urban et al. 2012; Revilla et al. 2014).
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However, investigations addressing phenological variability
have only recently been identified as an essential but often
missing component in species interactions and community
ecology (Miller-Rushing et al. 2010; Yang and Rudolf 2010;
Nakazawa and Doi 2012). A better understanding of such
processes is especially important, as climate-induced shifts
in phenology have been documented in a growing number
of taxa (Parmesan and Yohe 2003; Visser and Both 2005;
Parmesan 2006).

While documenting variation in phenology of natural
populations is a first step in understanding their importance
to food web interactions, the underlying mechanisms that
determine how these shifts affect species interactions are
not always clear (Rafferty et al. 2013). Early arriving spe-
cies often dominate over later-arriving species (i.e., pri-
ority effects) via several mechanisms, including resource
pre-emption, habitat modification, or direct interference
(Connell and Slatyer 1977). Such priority effects have been
observed in many taxa, including plants (Kardol et al. 2013),
fish (Almany 2003; Geange and Stier 2010), terrestrial inver-
tebrates (Shorrocks and Bingley 1994), aquatic invertebrates
(Louette and De Meester 2007; Rasmussen et al. 2014), and
amphibians (Alford and Wilbur 1985; Hernandez and Chal-
craft 2012). However, the underlying mechanistic processes
of priority effects are largely unknown for many systems.
Therefore, a greater understanding of the processes (e.g.,
physical interference or resource pre-emption) that deter-
mine the outcome of phenological variation on intraspecific
and interspecific interactions may facilitate a robust under-
standing of the importance of phenological shifts on species
interactions and community structure.

Species interactions may be altered by additional factors
that either suppress or magnify the impacts of phenological
variation. In particular, consequences of advancements or
delays in the timing of breeding may be offset or augmented
by variable individual or population growth rates resulting
from differences in population densities (Hopper et al. 1996;
Reed et al. 2015). Such synergistic interactions between den-
sity dependence and phenological shifts may be especially
relevant for predator—prey interactions, whose outcomes are
determined by body size (e.g., gape limitations), as intra-
and interspecific density dependence and interspecific dif-
ferences in phenology can both dictate body size differences.
Shifts in interaction type or strength may, therefore, ensue
through either density-dependent or phenology-dependent
processes (Yang and Rudolf 2010), yet simultaneous tests of
these effects on species interactions are rare (but see Sredl
and Collins 1991; Hunter and Elkinton 2001; Durant et al.
2005; Stier et al. 2013; Reed et al. 2015).

We conducted a mesocosm experiment to test how shifts
in phenology and larval densities influenced predation by
ringed salamanders (Ambystoma annulatum) on coexist-
ing spotted salamanders (A. maculatum). Amphibians
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are good model system for these tests, because numerous
studies on breeding phenology (Morin 1987; Boone et al.
2002; Orizaola et al. 2010; Rasmussen and Rudolf 2015),
density-dependent competition (Wilbur 1972; Van Buskirk
and Smith 1991; Scott 1994), and priority effects (Alford
and Wilbur 1985; Wilbur and Alford 1985; Hernandez and
Chalcraft 2012) provide a substantial baseline of informa-
tion on how each process affects species interactions. Two
emergent paradigms from this large body of work are: (1)
asynchronous breeding between species can create body
size asymmetries among larval stages, which can impact
the type (e.g., competition and predation) and strength of
species interactions; and (2) larval salamanders are gape-
limited predators, and increased density dependence could
offset priority effects advantages obtained by breeding ear-
lier or further augment negative effects of delayed breeding.

We experimentally manipulated phenology of each spe-
cies by introducing larvae to outdoor mesocosms at differing
times that represented normal and delayed breeding, simul-
taneous to altering predator (ringed salamander) density. We
hypothesized that phenological shifts would influence inter-
actions through one of two potential predicted pathways: (1)
phenological shifts that increase size disparity (e.g., early
breeding of ringed salamanders and late breeding of spotted
salamanders) would result in strong interspecific effects via
increased predation relative to competition (Electronic Sup-
plementary Material [ESM] 1) and (2) shifts that decrease
size differences (e.g., ringed salamanders breeding later and
spotted salamanders breeding earlier) will shift interactions
from predation to solely competition (ESM 1). In all cases,
we hypothesized that higher densities of ringed salamanders
would result in both reduced intraspecific growth rates of the
predator and size disparities between species, and further
compound phenology effects (ESM 1). We also investigated
the underlying mechanisms of priority effects by which
ringed salamanders limit spotted salamanders (preemptive
consumption of the shared resource or direct interactions
[e.g., predation]), and expected that the latter process would
be the dominant interaction. Finally, we tested whether shifts
in phenology and variable densities would impact different
trophic levels, with the expectation that higher densities of
salamanders would have the largest impacts on zooplankton
and phytoplankton biomass.

Methods

Study system

Ringed salamanders are endemic to the Ozark and Ouachita
Mountains of Missouri, Arkansas, and Oklahoma, USA

(Petranka 1998). Adults migrate to ponds in Septem-
ber—November to breed larvae overwinter in ponds and
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undergo metamorphosis from late April-June (ESM 1;
Semlitsch et al. 2014). Spotted salamanders are widely dis-
tributed across the eastern USA (Petranka 1998) and in Mis-
souri breed in late February—early April and undergo meta-
morphosis from June to October (Semlitsch and Anderson
2016). The mean breeding date can vary by up to 28 days
among years and ponds for each species (Semlitsch et al.
2014; Semlitsch and Anderson 2016). Thus, larvae of these
two species co-occur in ponds anywhere from several weeks
to months (Anderson and Semlitsch 2014; Anderson et al.
2015), resulting in variable sizes between species. Preda-
tion is primarily unidirectional (ringed salamanders eating
spotted salamanders) because of the seasonal differences in
breeding phenology. Larger ringed salamander larvae are
also more voracious predators than smaller larvae on spotted
salamander hatchlings (Anderson et al. 2016a), indicating
that phenology and predator density, both determinants of
interspecific larval size differences, have strong implications
for their interactions. These species share substantial overlap
in basal resources, similar to intraguild predation (Polis et al.
1989), though they do not use or share an exclusive basal
resource.

Experimental setup

We conducted the experiment in 1000 1 outdoor mesocosms
(hereafter tanks) arranged in a rectangular array on the Uni-
versity of Missouri campus. We filled tanks with well water
on 13 Sep 2013, and let them sit for 10 days to dechlorin-
ate. We added 1.25 kg of dry leaves (primarily Quercus
spp., Carya spp., and Acer spp.) that had been collected
from Baskett Wildlife Research Area near Ashland, MO,
and water (4 1) from nearby ponds to inoculate tanks with
planktonic organisms. We sieved water samples through an
aquarium net to remove any large predaceous invertebrates
prior to addition. We initially covered tanks with mesh lids
to prevent colonization by insects, but we removed them at
the start of the experiment to facilitate colonization by prey
(e.g., chironomids) and decrease the likelihood of freezing
during winter months. Most aquatic predators that would
colonize tanks (e.g., dragonflies) had stopped flying by this
point, though one tank was colonized by predaceous larval
stages of scavenging beetles (Hydrophilidae); omission or
inclusion of this tank did not affect any of the results, so we
kept it in the analysis.

We collected late-stage egg masses of ringed salamanders
on 27 Sep 2013 from a permanent pond at Fort Leonard
Wood, MO, and transported them to a greenhouse near the
tank array. To minimize genetic bias of early vs late-breed-
ing individuals on the outcomes of the experiment, we used
only clutches from early breeding adults and spread individ-
uals across our phenology treatments. To achieve this phe-
nology manipulation, we cut each egg mass approximately

in half with scissors, and placed one half in a cold storage
room (ca. 8 °C) and one half in a greenhouse (ca. 22 °C).
Eggs in the greenhouse hatched within 48 h, whereas those
in the cold room began hatching on 19 Oct and completed
hatching within 12 days. Hatchlings were kept cold and fed
a small aliquot of concentrated zooplankton 4 days prior to
addition. We recognize that temperature regimes can influ-
ence hatchling traits such as body size and development
(Orizaola et al. 2010), and we account for this difference in
some of the metrics we analyzed (see below). Ultimately,
this was a trade-off in balancing confounding genetic ver-
sus physiological effects, and our approach is commonly
used for manipulating phenology (e.g., Nosaka et al. 2015;
Rasmussen and Rudolf 2015; Murillo-Rincén et al. 2017).

We collected eggs of spotted salamanders on 05 Apr 2014
also from ponds at Fort Leonard Wood. Egg masses were
cut in half and placed in the same rooms where ringed sala-
mander eggs had been stored (8 °C for cold and 19 °C for
warm). However, the eggs experienced some mortality in the
greenhouse due to unanticipated temperature fluctuations,
and had to be supplemented with additional egg masses
that were not cut in half. Thus, our ringed salamander com-
ponent had equivalent genetic contributions mixed across
phenology treatments, but spotted salamanders were slightly
confounded in genetic contribution. We do not expect this
difference greatly biased our results though admit that it is
a possibility.

Phenology—density experiment

This experiment consisted of a 4 x 2 design (phenol-
ogy X ringed salamander density) using 32 tanks. Our phe-
nology treatments included an “early” and “late” addition for
each species to represent early- or late-hatching egg masses,
resulting in four possible phenology combinations (read
as ringed salamander—spotted salamander): early—early,
early—late, late—early and late—late. In this context, the early
treatments correspond to approximately the mean hatching
date for each species, and the late treatments correspond
to delayed hatching that approaches the tail end of their
breeding distributions (Semlitsch et al. 2014; Semlitsch and
Anderson 2016).

Each tank contained one density of spotted salaman-
ders (N = 24), and one of two densities of ringed salaman-
ders (low: N = 8, 3.5 per m%; high: N = 24, 10.9 per m?).
The low densities we used match high natural densities of
each species (mean + SD, ringed: 1.8 + 1.8 larvae per m?;
spotted: 1.6 + 2.6 larvae per m?; Ousterhout et al. 2015),
permitting our high-density treatments to test for strong
density-dependent effects. We had four replicates of each
Phenology—Density treatment combination. We added ringed
salamander hatchlings to tanks assigned the “early” phenol-
ogy for both density treatments on 03 Oct 2013, and the
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“late” treatments 31 days later on 03 Nov 2013. We added
spotted salamander hatchlings to tanks assigned the “early”
treatments on 18 Apr 2014, and the “late” treatment 21 days
later on 09 May. Prior to addition, we photographed hatch-
lings over a ruler for a subset of hatchings for each spe-
cies in each phenology treatment (ringed: N = 586; spotted:
N = 739). From these photos, we measured total length (TL)
using ImageJ (Rasband 1997) to assess species differences
and how rearing conditions impacted initial hatchling size.
We captured a subset (35 individuals) of larvalringed sala-
manders from each tank during the second week of April,
and measured SVL (defined as the tip the snout to the distal
junction of the tail and hind limbs) using ImageJ to assess
predator size at the time of prey addition. In the late April,
we began checking all tanks for metamorphs (individuals
with reabsorbed gills) at least every other night. We removed
metamorphs, and recorded snout—vent length (SVL) and
mass. We also determined larval period length, the number
of elapsed days from the date of introduction. All tanks were
drained 16 and 17 Jul 2014 and we carefully searched the
leaf litter for the remaining salamanders.

Priority Effects experiment

In a second experiment, we tested the mechanism by which
the prior establishment of ringed salamanders affected
spotted salamanders: resource pre-emption or interference/
predation. We set up all tanks for this experiment in an
identical manner as above and interspersed them within the
Phenology-Density experimental array. We used a 2 X 2 full
factorial design for priority effect treatments: two priority
effects (sequential and synchronous, described below) and
two predator density treatments (low: N = 8; high: N = 24)
with three replicates of each treatment. In the sequential
treatment, ringed salamander larvae were added on 03 Oct
2013 at either low or high density, and then removed prior
to the addition of spotted salamanders (N = 24) on 27 Apr
2014; this treatment represents the situation, where ringed
salamanders metamorphose prior to hatching of spotted
salamanders in the spring. For the synchronous treatment,
both species were added at the same time on 27 Apr 2014 to
tanks that had been set up the previous fall but left devoid of
salamanders (see below for ringed salamander details). This
test isolates the effects of the previous resource depletion
from other interactions (concurrent exploitative or interfer-
ence competition and predation) because larvalringed sala-
manders did not have time to consume zooplankton prior to
adding spotted salamanders (i.e., the sequential treatment).
We admit this design did not permit us to directly moni-
tor predation, our expectation for the dominant interaction
in the synchronous treatment. However, spotted salaman-
ders typically have higher survival in tanks in the absence
of ringed salamanders predators (Anderson and Semlitsch
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2014, 2016), suggesting that predation was a more likely
process. We also set up two control treatments, where we
added either 24 or 48 hatchling spotted salamanders to tanks
on 27 Apr, which served as controls against the minimum
and maximum salamander densities.

On 21 Apr 2014, we began capturing ringed salamander
larvae from tanks in the sequential treatment with aquar-
ium nets and collapsible mesh minnow traps. This process
continued for 6 days, at which point we did not observe or
capture any more ringed salamander larvae. No remaining
ringed salamanders were captured at the end of the experi-
ment in the sequential treatments, indicating that all lar-
vae had been successfully removed prior to the addition of
spotted salamanders. Sequential treatment tanks had been
assigned a matching tank within the synchronous treatment:
ringed salamander larvae removed from the former were
transferred to the latter after capture. Prior to this move,
larvae were dorsally photographed over a ruler to measure
SVL using ImageJ. For the low- and high-density control
treatments, we added either 24 or 48 hatchling spotted sala-
manders on 27 Apr 2014.

Community sampling

We sampled all tanks in both experiments three times to
assess phytoplankton and zooplankton biomass (09 Nov
2013, 09 Apr 2014, and 09 May 2014). These dates cor-
respond approximately to when we added lateringed sala-
manders, early spotted salamanders, and latespotted sala-
manders, respectively. We used the standard methods for
sampling each trophic level (detailed in ESM 2).

Analyses

All analyses were conducted using R v3.3.0 (R Core Team
2016). We first tested whether hatching TL varied between
species, phenology treatment, and their interaction using
ANOVA. For both the Phenology—Density and Priority
Effects experiments, we generated mean values for each
tank (our experimental unit) for the following metrics:
larval SVL (ringed salamanders only), metamorph SVL,
relative growth rate (RGR), and larval period length.
Snout—vent length, TL, and mass at metamorphosis were
all highly correlated (r > 0.85) and resulted in similar
conclusions, so we only report SVL. Relative growth rate
was calculated as [In(SVL,eiumorph) — IN(TLyychling)]-days™
!, and provides a test of treatments effects while account-
ing for differences in the initial hatchling size among
phenology treatments. We initially analyzed all responses
using MANOVA with phenology, density, and their inter-
action as factors, which resulted in a significant interac-
tion term of phenology and density for ringed salaman-
ders (P = 0.002), and significant effects of phenology and
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density for spotted salamanders (both phenology and den-
sity, P < 0.001). For the Phenology—Density experiment,
we then analyzed each response using two-way ANOVAs,
with the main effects of density, phenology treatment, and
their interaction. We also analyzed survival of each spe-
cies using generalized linear models with a quasi-binomial
distribution (logit link), which better corrected overdis-
persion than using an individual-level random effect. We
calculated survival as the total number of larval (20% of
all individuals were still larvae for A. maculatum at the
conclusion of the experiment) and metamorphosed indi-
viduals at the end of the experiment, as remaining lar-
val individuals were typically large enough to complete
metamorphosis. We again used phenology, density, and
their interaction as predictor variables. Because we did
not initially block the experiment, we tested whether indi-
vidual rows of the tank array affected our results, but this
factor was not significant and thus removed from further
analysis. We removed non-significant interaction terms
when present and tested for the main effects of each pre-
dictor; phenology and density were always retained in each
model. We also computed adjusted R? values for SVL,
RGR, and larval period length models and McFadden R?
for the survival model.

For the Priority Effects experiment, we analyzed the same
metrics (larval and metamorph SVL, RGR, larval period
length, and survival) and used the same model error struc-
tures as the Phenology—Density experiment. For ringed
salamanders, the only predictor variable was their initial
density. For spotted salamanders, we tested for differences
in each response across the two control conditions and the
four experimental treatments. We also separately examined
whether the initial density of ringed salamanders influenced
metrics of spotted salamander metamorphs in the synchro-
nous and sequential treatments, where they interacted either
directly or indirectly, respectively. We report similar R> met-
rics as above.

For the community sampling, we analyzed chlorophyll a
(chl a), a proxy for phytoplankton biomass, and the biomass
of the two most dominant groups of zooplankton, Daph-
nia and adult copepods (primarily Cyclopoida) using linear
mixed models in the ‘lme4’ package (Bates et al. 2015). We
log (x + 1)-transformed each biomass estimate, and included
sample date and mesocosm as random effects to account for
the repeated sampling of tanks. We tested for significance
of phenology and initial density using Kenward—Rogers
approximate F tests in the ‘car’ package (Fox and Weisberg
2011). We also report marginal and conditional R? values
(ern and Rg, respectively), which correspond to the amount
of variation explained by the fixed and random effects,
respectively (Nakagawa et al. 2013). Below, we report the P
values and model R2, but all test statistics, including other
effect size measures, (%) are in ESM 3.

Results

Hatchling size at the time of addition varied significantly
by an interaction of phenology treatment and species
(P < 0.001; adj. R* = 0.65). Post hoc Tukey contrasts showed
that all species—phenology combinations were significantly
different from one another. Within a species, ringed sala-
mander hatchlings were on average 4.5 mm longer and
spotted salamander hatchlings were 1.0 mm longer in the
late phenology compared to the early phenology treatment
(Fig. 1a). For between species comparison, ringed salaman-
ders were on average 1.0 mm shorter than spotted salaman-
ders in the early phenology but 2.5 mm longer in the late
phenology.

Phenology-Density

The interaction of phenology treatment and initial density
was not significant for larval SVL of ringed salamanders at
the time of the early spotted salamander addition (P = 0.80;
Fig. 1b). There were significant effects of phenology and
density on larval SVL (phenology: P < 0.001; density:
P=002;R*= 0.64). Larvae from low-density treatments
were on average 2.1 mm larger than high-density treatments,
and larvae from early treatments (early—early and early—late)
were approximately 6 mm larger than larvae from the late
treatments (late—early and late—late; Fig. 1b).

The interaction of phenology treatment and initial density
was not significant for SVL, larval period length, or RGR of
ringed salamander metamorphs (all P > 0.08). Metamorphs
were significantly greater in SVL, on average 5 mm longer,
when reared at low compared to high densities (P < 0.001;
R? = 0.54; Fig. 2a), but phenology treatment effects were not
significant (P = 0.12). Differences in RGR were significant
for each of phenology and density treatments (phenology:
P < 0.001; density: P < 0.001; R?= 0.76); RGRs were 24%
higher in the early—early and early—late treatments compared
with the late—early and late—late treatments, and 15% higher
at low densities compared to high initial densities (Fig. 2c).
Initial density and phenology treatments were each signifi-
cant predictors of ringed salamander larval period length
(density: P = 0.003; phenology: P < 0.001; R* = 0.90); lar-
val periods were on average 27 days longer in the early—early
and early—late treatments compared with the late—early and
late—late treatments, and 5 days longer in high-density com-
pared to low-density treatments (Fig. 2e). A significant inter-
action of phenology and initial density predicted survival of
ringed salamanders (P = 0.002; McFadden R? =0.63). Post
hoc Tukey contrasts showed that at high initial densities,
survival was 40 and 50% lower in the early—early treatment
compared to the late—early and late—late treatments, respec-
tively (Fig. 2g). The low-density early—late treatment was
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Fig.1 a Hatchling total length of ringed (Ambystoma annulatum;
darker boxes) and spotted (A. maculatum; lighter boxes) salamanders
at the time they were added to tanks. Early and late correspond to 3
Oct 2013 and 3 Nov 2013 for ringed salamanders, respectively, and
18 Apr 2014 and 9 May 2014 for spotted salamanders, respectively.
b Larval snout—vent length in April of ringed salamanders (Ambys-
toma annulatum) in the Phenology—Density experiment. The timing
of measurement corresponded with approximately when spotted sala-
manders were added to tanks and when the second zooplankton sam-
ple was taken. Gray boxes are low-ringed salamander density (N = 8)
and white boxes are high-ringed salamander density (N = 24). The
x-axis labels correspond to the phenology treatments, read as ringed
salamander—spotted salamander: early—early (E-E), early-late (E-L),
late—early (L-E), and late—late (L-L)

12-19% higher than the other three low-density phenology
treatments.

For spotted salamanders, the interaction of phenology
and ringed salamander density was not significant for meta-
morph SVL, RGR, or survival (all P > 0.18; Fig. 2). For
SVL, the effect of initial ringed salamander density was
significant (P = 0.002, R* = 0.31; Fig. 2b), but phenology
had no significant effect (P = 0.12). Metamorphs were on
average 1.5 mm larger in the high-density compared to the
low-density treatments. Relative growth rates of spotted
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salamanders were significantly different between both ringed
salamander density and phenology treatments (density:
P =0.008; phenology: P =0.03; R?=0.37; Fig. 2d). Meta-
morphs grew 8% faster at lowringed salamander densities
compared with highringed salamander densities, and 15%
slower in the late—late phenology treatment compared with
the early—early treatment. Larval period length was predicted
by a significant interaction of phenology and ringed sala-
mander density treatments (P = 0.01; R?=0.63; Fig. 2f). In
general, metamorphs in the late—late highringed salaman-
der density treatment took the longest to metamorphose
among other high-density treatments, and compared to the
low-density late—late treatment. Survival was significantly
affected by ringed salamander density (P = 0.006; McFad-
den R? = 0.25; Fig. 2h), but phenology treatment had no
effect. Survival was on average 23% higher at low densities
compared with high densities. Survival and SVL were also
negatively correlated (r = —0.57, P = 0.001).

Chl a tended to be lower and Daphnia biomass higher in
low-density treatments (ESM 3). However, only Daphnia
biomass was significantly different between initial density
treatments (P = 0.009), and phenology had no significant
effects for either response (chl a: R2 = 0.02, R? = 0.35;
Daphnia: ern =0.12, Rg = 0.20). Neither treatment signifi-
cantly affected copepod biomass (both P > 0.8; ern =0.004,
R2=0.93).

Priority effects

Larvalringed salamanders averaged 30 mm SVL (range
23-42 mm) in the sequential treatments at the time they
were moved to synchronous treatments, and were on aver-
age 5 mm larger at low compared to high densities, though
the difference was not statistically significant (P = 0.26;
R* = 0.09). This general trend continued for metamorphs,
where individuals in low-density treatments were on average
3 mm longer in SVL, had higher relative growth rates, and
shorter larval periods than metamorphs from high-density
treatments, but the effects were not statistically significant
(all P > 0.30; all adj. R? < 0.02;: ESM 3). Survival did not
vary by density treatment (P = 0.47).

Snout—vent length, RGR, and survival of spotted
salamander metamorphs all varied significantly among
priority effect treatments (SVL: P = 0.004, R? = 0.44;
RGR: P =0.02, R> = 0.33; survival: P = 0.002, McFad-
den R? = 0.50). Larval period length was not significantly
affected (P = 0.55; Fig. 3). Density and the interaction of
density with priority effect treatments was also not sig-
nificantly different for any response variable (P > 0.28).
Metamorphs from the synchronous treatment were on
average 3 mm larger than individuals from either control
or the sequential treatments, and had higher growth rates
in the synchronous treatment (Fig. 3). Survival of spotted
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salamanders was 39 and 33% higher in the sequential and  Discussion

control treatments compared with the synchronous treat-
ment, respectively (Fig. 3).

For trophic effects in the Priority Effects experiment,
chl a biomass was significantly affected by both priority
effects and density treatments (priority effects: P = 0.002;
density: P = 0.005; ern =0.29, Rz = 0.34; ESM 1). Chl
a was lower in low-density compared with high-density
treatments, and highest in the sequential treatment. Pri-
ority effects treatments were marginally significant for
Daphnia biomass (P = 0.06) and density was not signifi-
cant (P = 0.65; RZ = 0.13, R? = 0.35). Daphnia biomass
was highest in the synchronous treatment and lowest in
the sequential treatment. Copepod biomass was not sig-
nificantly affected by either density (P = 0.08) or priority
effects treatments (P = 0.98; RZ = 0.04, R? = 0.83).

Phenological variation and density dependence are two fac-
tors that commonly influence body size differences among
individuals within and among species, which can affect
intra- and interspecific interactions (Yang and Rudolf 2010;
Miller and Rudolf 2011). However, the synergistic effects of
phenology and density on species interactions have rarely
been investigated (Hopper et al. 1996; Hunter and Elkin-
ton 2001; Stier et al. 2013; Rasmussen and Rudolf 2015;
Reed et al. 2015). For most response variables, we found
that predator phenology and initial density had either sin-
gular or additive effects on the predator or prey, but that
density effects were more pronounced for the prey. Only
predator survival and prey larval period length were affected
by synergies between phenology and density. We also found
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indirect support for predation as the likely mechanism by
which the predator in our system limits its prey, as opposed
to resource pre-emption. Finally, predator phenology and
density had limited impacts on trophic cascades. Overall, our
study provides critical insight into the relative magnitude of
phenological variation needed to affect species interactions
compared with other processes (e.g., density dependence),
and further such inquiries may help resolve the importance
of phenological shifts on species interactions, especially
those subject to change under future climate scenarios.

Phenology and density

Predator density and phenology had highly variable effects
on traits of the predator (ringed salamanders). Snout—vent
length was only affected by density, but RGR and larval
period length were influenced by additive effects of both fac-
tors, and survival was affected by synergies between them.
Our results are consistent with other demonstrations of den-
sity-dependent competition (Wissinger 1989; Van Buskirk
and Smith 1991), where growth rates and other individual
traits were positively influenced in low-density environ-
ments. The reason for synergistic effects of phenology and
density on ringed salamander survival is a bit unclear for
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the early—early high-density treatment, as manipulated and
environmental variables (e.g., temperature) were not outside
normal conditions experienced by this species. However, the
absence of an interaction for SVL and RGR is also notable,
because it indicates different combinations of phenology
and densities may be equivalent in how they affect indi-
vidual traits (e.g., metamorph SVL in the low-density late
treatments were not different from the high-density early
phenology treatments). As body size at metamorphosis is
generally a good predictor of adult fitness for amphibians
that metamorphose close to maturation size (Semlitsch et al.
1988; Altwegg and Reyer 2003; Earl and Whiteman 2015),
as is the case in our focal species, understanding the condi-
tions that influence body size is critical to understanding
selective pressures on individuals that would lead to altered
population dynamics.

We observed strong compensatory growth in the predator,
where the late additions of ringed salamanders overcame
a 30-day deficit in breeding phenology to metamorphose
at the same time as the early additions. At high densi-
ties, such growth occurred at a cost of reduced body size
at metamorphosis. Compensatory growth has been docu-
mented in numerous taxa (Metcalfe and Monaghan 2001),
but especially in organisms that inhabit ephemeral aquatic
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ecosystems, as such plasticity is likely critical to advance
development rates and complete metamorphosis under
deteriorating habitat conditions (Altwegg 2002; Stoks
et al. 2006; Orizaola et al. 2010, 2014). Such compensa-
tory growth in ringed salamanders is somewhat surprising,
however, because their long larval period requires them to
inhabit more permanent ponds, suggesting reduced selection
from pond drying on growth rates for this species.

Predator density had the strongest effect on nearly
all traits of our prey species, the spotted salamander. We
observed that spotted salamanders were larger at metamor-
phosis and their survival was lower at high predator densities
(Anderson and Semlitsch 2014). The correlation of these
traits stems from reduced competition among the surviving
prey, or thinning effects (Van Buskirk and Yurewicz 1998;
Brodin and Johansson 2002), which permits higher growth
rates of individuals once they exceed gape limits of the pred-
ator. Phenological variation only affected larval development
in spotted salamanders, primarily through lengthening of the
larval period when hatchlings were added late and at a high
density. Such a scenario may have important implications if
hydroperiod length is a limiting factor; in ephemeral pools,
larvae may have difficulty achieving the minimum size for
metamorphosis when faced with both increased competi-
tion (density) and less time to metamorphose due to later
breeding.

Asymmetric effects of altered phenology on traits of inter-
acting species may be a common phenomenon, and appear
to disproportionately affect prey more than predators (Sredl
and Collins 1991; Brundage et al. 2014; Nosaka et al. 2015;
Rasmussen and Rudolf 2016), though tests that consider
simultaneous shifts in predators and prey are relatively rare.
We observed the opposite result; predator density primarily
affected the prey, whereas the predator was affected by a
combination of phenology and density in varying strengths,
depending on the response. This departure from the previ-
ous studies could indicate that the timescale of phenology
is critical towards explaining when phenological variation is
important: shifts may not affect interactions between species
with greater temporal separation in ontogenies as much as
shifts between species that have more synchronous ontoge-
nies. For example, several studies found even modest pheno-
logical shifts affected species interactions of taxa that breed
in the same season (Rasmussen et al. 2014; Rasmussen and
Rudolf 2016). In our study, 20-30-day phenological shifts
represented realistic variation in breeding phenology, but
were not enough to substantially influence body size differ-
ences between species; larvalringed salamanders were still
large enough to consume spotted salamander hatchlings in
all treatments (Anderson et al. 2016a). Our experiment indi-
cates that, at least in our system, extreme density dependence
within the predator/prey or substantial phenological shifts
would be necessary to affect size asymmetries enough for a

switch of interaction type (e.g., predation to competition) to
occur in this system (Yang and Rudolf 2010). With certain
simplifying assumptions about larval growth patterns (ESM
4), ringed salamander breeding phenology would have to
undergo additional shifts of ca. 33 day beyond our late treat-
ment at high densities (equivalent to 06 Dec), and 45 day at
low densities (18 Dec) to cause a switch in interaction type;
the total number of days beyond the mean breeding date this
simple model explored (6375 days) corresponds to realistic
shifts reported in other taxa, including amphibians (Parme-
san 2006; Todd et al. 2011). However, more modest varia-
tion in density and phenology, in combination with other
processes that similarly limit body size (e.g., temperature;
Indermaur et al. 2010), may ultimately result in switches in
interaction type (e.g., predation to competition; Yang and
Rudolf 2010). Indeed, larvalringed salamander sizes at the
time of spotted salamander breeding in natural populations
vary more widely compared to the sizes observed in this
experiment (Ousterhout et al. 2015; Anderson et al. 2016b),
which could be the byproduct of these multiple stressors.

We compared phenological shifts in breeding between
two dates for each species, analogous to shifts in the mean
phenology. However, other types of phenological shifts, such
as altered variance, skewness, or earliest/last dates, may be
more critical to species interactions (CaraDonna et al. 2014;
Rasmussen and Rudolf 2015, 2016). We expect that altered
variance in breeding would be particularly important in
the development of size-structured populations and com-
munities: a greater number of breeding pulses spread out
across a longer time period may increase size variance both
within and between species (Rasmussen et al. 2014; Murillo-
Rincén et al. 2017), though predation could simultaneously
decrease size variance if subsequent cohorts are eliminated.
Alternatively, decreased phenological variance (i.e., greater
synchrony) may reduce size structure but increase density-
dependence, which we found to be a strong predictor of both
predator and prey responses. Further tests are, therefore,
needed to determine what temporal component of pheno-
logical variation, if any, is most critical towards explaining
shifts in species interactions, and if certain aspects of phe-
nological change would be mollified by other processes such
as density dependence.

Priority effects

The mechanisms by which early colonizing individuals
either enhance or limit subsequent arrival patterns has been
a long-standing area of investigation in ecology, and likely
have important consequences for interactions altered by phe-
nology. However, tests of which mechanism is pervasive are
rare. One of the strongest examples also occurred in pond
communities, where Hernandez and Chalcraft (2012) found
that resource depletion by overwintering anuran tadpoles
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was the dominant effect on spring anuran tadpoles, with
ensuing changes to interaction strengths between subse-
quent cohorts. In contrast to this result, we found that prior
occupancy of tanks by ringed salamanders with no physi-
cal interactions did not influence body size or survival of
spotted salamanders, resulting in similar patterns to control
treatments without ringed salamanders. However, when the
two species co-occurred without prior resource depletion
present, spotted salamander survival was greatly reduced,
indicating that the relative impacts of resource depletion
on spring-breeding species are substantially less than more
direct effects. We cannot entirely disentangle the exact
process (avoidance mechanisms of the prey, interference
competition by the predator, or predation), but we speculate
predation as the likely culprit due to high foraging rates by
ringed salamanders on spotted salamanders in laboratory
studies (Anderson et al. 2016a) and because competition
alone rarely results in variable mortality within mesocosms
for these species (Anderson and Whiteman 2015; Ander-
son and Semlitsch 2016; Ousterhout and Semlitsch 2016).
Behavioral avoidance seems unlikely to have occurred as
spotted salamanders do not always respond to predatory
threats by congeners (Walls 1995). Further identification
of priority effects mechanisms is critical in systems where
phenology is changing, as it permits insight into how inter-
actions may subsequently shift.

Community effects

Phenological shifts have been predicted to affect multi-
ple trophic levels in simulation studies (Nakazawa and
Doi 2012; Revilla et al. 2014), and from some obser-
vational studies (Durant et al. 2007; Both et al. 2009).
However, empirical tests of such effects are rarer (Both
et al. 2009). We observed no effect of phenology and only
minimal effects of density on lower trophic levels. We
mainly found reduced Daphnia biomass with increasing
salamander density in the Phenology—Density experiment,
and weaker positive effects of density on phytoplankton
biomass in the Priority Effects experiment. Other studies
have shown top predators can alter the composition and
abundance of lower trophic levels via trophic cascades
(Pace et al. 1999), including pond ecosystems (Holomuzki
et al. 1994; Blaustein et al. 1996; Eitam et al. 2005; Urban
2013), which is weakly corroborated by our results. This
reduced effect could be due to the highly stochastic
dynamics of plankton in pond ecosystems, and our three
sampling points were not enough to capture treatment
effects. Recent findings by Rowland et al. (2017) support
this idea, which showed the strength of top—down control
of pond food webs by salamanders changed temporally.
Our density treatments may also have not been insufficient
to produce a measurable impact on lower trophic levels,
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even though they were at or above natural densities. Nev-
ertheless, we expect that further examination of pheno-
logical shifts propagating through a community could be
a promising area of future research.

Conclusions

Experimental investigations of variation in phenology can
set a baseline for understanding how phenology affects
interspecific interactions, as well as simulate scenarios of
how future phenological shifts will alter community struc-
ture under climate change (Visser and Both 2005; Forrest
2015). Such investigations, coupled with natural observa-
tions or modeling, would be exceedingly powerful to unravel
the mechanistic pathways in species interactions associated
with phenological shifts (Rafferty et al. 2013; Rasmussen
et al. 2014). Documenting these asymmetric responses is
important, because such findings may lead to greater insight
into how species interactions are affected by phenological
shifts occurring due to climate change. Not all species are
changing in a similar manner, and thus, only certain inter-
actions (or partners within interactions) may be influenced
(Rafferty and Ives 2011; CaraDonna et al. 2014). It is also
important to not discount alternative processes, such as den-
sity dependence, that may be equally or more important for
determining the outcome of species interactions. Phenol-
ogy and density may also respond to different environmental
cues, leading to contrasting effects on population dynam-
ics (Ficetola and Maiorano 2016). Monitoring density or
other factors simultaneous to phenological variation may,
therefore, elicit a better understanding of when phenological
variation becomes important for species interactions, and
could be critical elements to include in long-term monitor-
ing of phenology. Assessments of these and other syner-
gistic effects are an important next step in understanding
how phenological variation will alter species interactions
and food webs.

Acknowledgements We thank K. Romine C. Linares, K. Dodson, L.
Hollins, and C. Goodson for helping set up the experiment and collect
larvae and metamorphs; M. Rawlings for sampling help and zooplank-
ton enumeration; and B. Sonderman, T. Little, N. Emerich, P. Willis,
and J. Gorman-McAdams for logistical help. R. Holdo, M. Gompper,
D. Finke, M. Boone, and the Holdo/Semlitsch labs provided extensive
feedback on the previous drafts of this manuscript. This work was sup-
ported by funding from the Department of Defense (SERDP RC2155)
and a GAANN fellowship to T.L.A. Animals were collected under
MDC permit 15992, and all experiments approved by the University
of Missouri ACUC (7403).

Authors contributions TLA and RDS designed the study, TLA and
FER performed the study, FER performed laboratory analysis, TLA
analyzed data and wrote the manuscript, and TLA and FER edited the
manuscript.



Oecologia

Compliance with ethical standards

Conflict of interest The authors declare no conflict of interest.

References

Alford RA, Wilbur HM (1985) Priority effects in experimental pond
communities: competition between Bufo and Rana. Ecology
66:1097-1105

Almany GR (2003) Priority effects in coral reef fish communities.
Ecology 84:1920-1935

Altwegg R (2002) Predator-induced life-history plasticity under time
constraints in pool frogs. Ecology 83:2542-2551

Altwegg R, Reyer HU (2003) Patterns of natural selection on size at
metamorphosis in water frogs. Evolution 57:872-882

Anderson TL, Semlitsch RD (2014) High intraguild predator density
induces thinning effects on and increases temporal overlap with
prey populations. Popul Ecol 56:265-273

Anderson TL, Semlitsch RD (2016) Top predators and habitat com-
plexity alter an intraguild predation module in pond communi-
ties. J Anim Ecol 85:548-558

Anderson TL, Whiteman HH (2015) Non-additive effects of intra-
and interspecific competition between two larval salamanders.
J Anim Ecol 84:765-772

Anderson TL et al (2015) Abundance and phenology patterns of two
pond-breeding salamanders determine species interactions in
natural populations. Oecologia 177:761-773

Anderson TL, Linares C, Dodson K, Semlitsch RD (2016a) Vari-
ability in functional response curves among larval salaman-
ders: comparisons across species and size classes. Can J Zool
94:23-30

Anderson TL et al (2016b) Differences in larval allometry among three
ambystomatid salamanders. J Herpetol 50:464—470

Bates D, Maechler M, Bolker BM, Walker S (2015) Ime4: linear mixed-
effects models using S4 classes, R package version 1.1-9 edn

Blaustein L, Friedman J, Fahima T (1996) Larval Salamandra drive
temporary pool community dynamics: evidence from an artificial
pool experiment. Oikos 76:392—402

Boone MD, Scott DE, Niewiarowski PH (2002) Effects of hatching
time for larval ambystomatid salamanders. Copeia 2002:511-517

Both C, Van Asch M, Bijlsma RG, Van Den Burg AB, Visser ME
(2009) Climate change and unequal phenological changes across
four trophic levels: constraints or adaptations? J Anim Ecol
78:73-83

Brodin T, Johansson F (2002) Effects of predator-induced thinning
and activity changes on life history in a damselfly. Oecologia
132:316-322

Brundage A, Benbow ME, Tomberlin JK (2014) Priority effects on the
life-history traits of two carrion blow fly (Diptera, Calliphoridae)
species. Ecol Entomol 39:539-547

CaraDonna PJ, Iler AM, Inouye DW (2014) Shifts in flowering phe-
nology reshape a subalpine plant community. Proc Natl Acad Sci
USA 111:4916-4921

Connell JH, Slatyer RO (1977) Mechanisms of succession in natural
communities and their role in community stability and organiza-
tion. Am Nat 111:1119-1144

Durant JM et al (2005) Timing and abundance as key mechanisms
affecting trophic interactions in variable environments. Ecol Lett
8:952-958

Durant JM, Hjermann D@, Ottersen G, Stenseth NC (2007) Climate
and the match or mismatch between predator requirements and
resource availability. Clim Res (CR) 33:271-283

Earl JE, Whiteman HH (2015) Are commonly used fitness predictors
accurate? A meta-analysis of amphibian size and age at metamor-
phosis. Copeia 103:297-309

Eitam A, Blaustein L, Mangel M (2005) Density and intercohort prior-
ity effects on larval Salamandra salamandra in temporary pools.
Oecologia 146:36-42

Ficetola GF, Maiorano L (2016) Contrasting effects of temperature
and precipitation change on amphibian phenology, abundance and
performance. Oecologia 181:683-693

Forrest JRK (2015) Plant-pollinator interactions and phenological
change: what can we learn about climate impacts from experi-
ments and observations? Oikos 124:4-13

Forrest J, Miller-Rushing AJ (2010) Toward a synthetic understanding
of the role of phenology in ecology and evolution. Philosophical
transactions of the Royal Society of London. Series B Biol Sci
365:3101-3112

Fox J, Weisberg S (2011) An R companion to applied regression, 2nd
edn. Thousand Oaks, CA

Geange SW, Stier AC (2010) Priority effects and habitat complexity
affect the strength of competition. Oecologia 163:111-118

Hernandez JP, Chalcraft DR (2012) Synergistic effects of multiple
mechanisms drive priority effects within a tadpole assemblage.
Oikos 121:259-267

Holomuzki JR, Collins JP, Brunkow PE (1994) Trophic control of fish-
less ponds by tiger salamander larvae. Oikos 71:55-64

Hopper KR, Crowley PH, Kielman D (1996) Density dependence,
hatching synchrony, and within-cohort cannibalism in young
dragonfly larvae. Ecology 77(1):191-200

Hunter AF, Elkinton JS (2001) Interaction between phenology and
density effects on mortality from natural enemies. J] Anim Ecol
68:1093-1100

Indermaur L, Schmidt BR, Tockner K, Schaub M (2010) Spatial
variation in abiotic and biotic factors in a floodplain determine
anuran body size and growth rate at metamorphosis. Oecologia
163:637-649

Kardol P, Souza L, Classen AT (2013) Resource availability mediates
the importance of priority effects in plant community assembly
and ecosystem function. Oikos 122:84-94

Louette G, De Meester L (2007) Predation and priority effects in exper-
imental zooplankton communities. Oikos 116:419-426

McKinney AM, CaraDonna PJ, Inouye DW, Barr B, Bertelsen CD,
Waser NM (2012) Asynchronous changes in phenology of migrat-
ing Broad-tailed Hummingbirds and their early-season nectar
resources. Ecology 93:1987-1993

Metcalfe NB, Monaghan P (2001) Compensation for a bad start: grow
now, pay later? Trends Ecol Evol 16:254-260

Miller TEX, Rudolf VHW (2011) Thinking inside the box: community-
level consequences of stage-structured populations. Trends Ecol
Evol 26:457-466

Miller-Rushing AJ, Hoye TT, Inouye DW, Post E (2010) The effects
of phenological mismatches on demography. Philos Trans R Soc
Lond Ser B: Biol Sci 365:3177-3186

Morin PJ (1987) Predation, breeding asynchrony, and the outcome of
competition among treefrog tadpoles. Ecology 68:675-683

Murillo-Rincén AP, Kolter NA, Laurila A, Orizaola G (2017) Intraspe-
cific priority effects modify compensatory responses to changes
in hatching phenology in an amphibian. J Anim Ecol 86:128-135

Nakagawa S, Schielzeth H, O’Hara RB (2013) A general and simple
method for obtaining R2 from generalized linear mixed-effects
models. Methods Ecol Evol 4:133-142

Nakazawa T, Doi H (2012) A perspective on match/mismatch of phe-
nology in community contexts. Oikos 121:489-495

Nosaka M, Katayama N, Kishida O (2015) Feedback between size
balance and consumption strongly affects the consequences of
hatching phenology in size-dependent predator-prey interactions.
Oikos 124:225-234

@ Springer



Oecologia

Orizaola G, Dahl E, Laurila A (2010) Compensating for delayed hatch-
ing across consecutive life-history stages in an amphibian. Oikos
119:980-987

Orizaola G, Dahl E, Laurila A (2014) Compensatory growth strategies
are affected by the strength of environmental time constraints in
anuran larvae. Oecologia 174:131-137

Ousterhout BH, Semlitsch RD (2016) Non-additive response of
larval ringed salamanders to intraspecific density. Oecologia
180:1137-1145

Ousterhout BH, Anderson TL, Drake DL, Peterman WE, Semlitsch
RD (2015) Habitat traits and species interactions differentially
affect abundance and body size in pond-breeding amphibians. J
Anim Ecol 84:914-924

Pace ML, Cole JJ, Carpenter SR, Kitchell JF (1999) Trophic cascades
revealed in diverse ecosystems. Trends Ecol Evol 14:483—488

Parmesan C (2006) Ecological and evolutionary responses to recent
climate change. Annu Rev Ecol Evol Syst 37:637-669

Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate
change impacts across natural systems. Nature 421:37-42

Petranka JW (1998) Salamanders of the United States and Canada.
Smithsonian Institution Press, Washington [D.C.]

Polis GA, Myers CA, Holt RD (1989) The ecology and evolution of
intraguild predation: potential competitors that eat each other.
Annu Rev Ecol Syst 20:297-330

R Core Team (2016) R: a language and environment for statistical com-
puting, 3.3.0 edn. R Foundation for Statistical Computing, Vienna

Rafferty NE, Ives AR (2011) Effects of experimental shifts in flowering
phenology on plant-pollinator interactions. Ecol Lett 14:69-74

Rafferty NE, Caradonna PJ, Burkle LA, Iler AM, Bronstein JL (2013)
Phenological overlap of interacting species in a changing climate:
an assessment of available approaches. Ecol Evol 3:3183-3193

Rasband WS (1997) ImageJ, US National Institutes of Health.
Bethesda, Maryland

Rasmussen NL, Rudolf VHW (2015) Phenological synchronization
drives demographic rates of populations. Ecology 96:1754—-1760

Rasmussen NL, Rudolf VHW (2016) Individual and combined effects
of two types of phenological shifts on predator-prey interactions.
Ecology 97:3414-3421

Rasmussen NL, Van Allen BG, Rudolf VHW (2014) Linking pheno-
logical shifts to species interactions through size-mediated prior-
ity effects. J] Anim Ecol 83:1206-1215

Reed TE, Gienapp P, Visser ME (2015) Density dependence and micro-
evolution interactively determine effects of phenology mismatch
on population dynamics. Oikos 124:81-91

Revilla T, Encinas-Viso F, Loreau M (2014) (A bit) Earlier or later is
always better: phenological shifts in consumer—resource interac-
tions. Theor Ecol 7:149-162

Rowland FE, Rawlings MB, Semlitsch RD (2017) Joint effects of
resources and amphibians on pond ecosystems. Oecologia
183:237-247

Scott DE (1994) The effect of larval density on adult demographic traits
in Ambystoma opacum. Ecology 75:1383-1396

@ Springer

Semlitsch RD, Anderson TL (2016) Structure and dynamics of Spot-
ted Salamander (Ambystoma maculatum) populations in Missouri.
Herpetologica 72:81-89

Semlitsch RD, Scott DE, Pechmann JH (1988) Time and size at meta-
morphosis related to adult fitness in Ambystoma talpoideum. Ecol-
ogy 69:184-192

Semlitsch RD, Anderson TL, Osbourn MS, Ousterhout BH (2014)
Structure and dynamics of ringed salamander (Ambystoma annu-
latum) populations in Missouri. Herpetologica 70:14-22

Shorrocks B, Bingley M (1994) Priority effects and species coexist-
ence: experiments with fungal-breeding Drosophila. J Anim Ecol
63:799-806

Sredl MJ, Collins JP (1991) The effect of ontogeny on interspecific
interactions in larval amphibians. Ecology 72:2232-2239

Stier A, Geange SW, Hanson KM, Bolker B (2013) Predator density
and timing of arrival affect reef fish community assembly. Ecol-
ogy 94:1057-1068

Stoks R, Block MD, McPeek MA (2006) Physiological costs of com-
pensatory growth in a damselfly. Ecology 87:1566-1574

Todd BD, Scott DE, Pechmann JH, Gibbons JW (2011) Climate change
correlates with rapid delays and advancements in reproductive
timing in an amphibian community. Proc R Soc Lond Ser B: Biol
Sci 278:2191-2197

Urban MC (2013) Evolution mediates the effects of apex preda-
tion on aquatic food webs. Proc R Soc Lond Ser B: Biol Sci
280:20130859

Urban MC, Tewksbury JJ, Sheldon KS (2012) On a collision course:
competition and dispersal differences create no-analogue com-
munities and cause extinctions during climate change. Proc R Soc
Lond Ser B: Biol Sci 279:272-280

Van Buskirk J, Smith DC (1991) Density-dependent population regula-
tion in a salamander. Ecology 72:1747-1756

Van Buskirk J, Yurewicz KL (1998) Effects of predators on prey
growth rate: relative contributions of thinning and reduced activ-
ity. Oikos 82:20-28

Visser ME, Both C (2005) Shifts in phenology due to climate change:
the need for a yardstick. Proc R Soc Lond Ser B: Biol Sci
272:2561-2569

Walls SC (1995) Differential vulnerability to predation and refuge use
in competing larval salamanders. Oecologia 101:86-93

Wilbur HM (1972) Competition, predation, and the structure of the
Ambystoma-Rana sylvatica community. Ecology 53:3-21

Wilbur HM, Alford RA (1985) Priority effects in experimental pond
communities: responses of Hyla to Bufo and Rana. Ecology
66:1106-1114

Wissinger SA (1989) Seasonal variation in the intensity of competition
and predation among dragonfly larvae. Ecology 70:1017-1027

Yang LH, Rudolf VH (2010) Phenology, ontogeny and the effects of
climate change on the timing of species interactions. Ecol Lett
13:1-10



	Variation in phenology and density differentially affects predator–prey interactions between salamanders
	Abstract 
	Introduction
	Methods
	Study system
	Experimental setup
	Phenology–density experiment
	Priority Effects experiment
	Community sampling
	Analyses


	Results
	Phenology–Density
	Priority effects

	Discussion
	Phenology and density
	Priority effects
	Community effects

	Conclusions
	Acknowledgements 
	References




