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Abstract. Climate change–induced phenological shifts are ubiquitous and have the poten-
tial to disrupt natural communities by changing the timing of species interactions. Shifts in first
and/or mean phenological date are well documented, but recent studies indicate that shifts in
synchrony (individual variation around these metrics) can be just as common. However, we
know little about how both types of phenological shifts interact to affect species interactions
and communities. Here, we experimentally manipulated the hatching phenologies of two com-
peting species of larval amphibians to address this conceptual gap. Specifically, we manipulated
the relative mean hatching time (early, same, or late relative to competitor) and population syn-
chrony (high, medium, or low levels of variation around the mean) in a full 3 9 3 factorial
design to measure independent and interactive effects of phenological mean and population
phenological synchrony on competitive outcomes. Our results indicate that phenological syn-
chrony within a population strongly influences intraspecific competition by changing the den-
sity of individuals and relative strength of early- vs. late-arriving individuals. Individuals from
high-synchrony populations competed symmetrically, whereas individuals from low-synchrony
populations competed asymmetrically. At the community scale, shifts in population phenologi-
cal synchrony interact with shifts in phenological mean to affect key demographic rates (sur-
vival, biomass export, per capita mass, and emergence timing) strongly. Furthermore, changes
in mean timing of species interactions altered phenological synchrony within a population at
the next life stage, and phenological synchrony at one life stage altered the mean timing of the
next life stage. Thus, shifts in phenological synchrony within populations cannot only alter
species interactions, but species interactions in turn can also drive shifts in phenology.
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INTRODUCTION

Phenologies, the seasonal timing of life-history events,
play an important role in driving the dynamics of natural
systems because they determine when an individual enters
an environment, and in turn, the individual’s stage and
size when interacting with other members of the commu-
nity (Yang and Rudolf 2010, Thackeray et al. 2016).
Phenological shifts in spring life-history events are a com-
mon response to climate change across diverse taxa, and
it is a major goal to understand how these temporal shifts
will impact species interactions in natural communities
(Parmesan and Yohe 2003, Root et al. 2003, Menzel et al.
2006). To address this issue, previous research has pre-
dominantly focused on measuring shifts in the first or
mean occurrence of a phenological event in natural popu-
lations. These studies have consistently found that, across
varied taxa, the timing of first and mean spring life-

history events advance in time to match the earlier onset
of spring due to climate change (Parmesan 2007, Taylor
2008, Vitasse et al. 2018). Because different species vary
in the magnitude of phenological response, interacting
species frequently become mismatched in time, which can
change interaction strength and disrupt natural commu-
nities (Renner and Zohner 2018, Rudolf 2018, Rudolf
and McCrory 2018). However, individuals within a spe-
cies vary in their timing, creating a distribution of phe-
nologies for a given life-history event at the population
level (hereafter phenological synchrony; Miller-Rushing
et al. 2010, Rasmussen and Rudolf 2015). Importantly,
the shape of this phenological distribution can change
among years and is closely tied to changing weather pat-
terns, including climate change (Wolkovich et al. 2014,
Carter et al. 2018). As a result, shifts in a population’s
phenological synchrony can occur with equal or greater
frequency relative to shifts in first or mean phenological
events (CaraDonna et al. 2014, Carter et al. 2018), but
the consequences of shifts in synchrony for species inter-
actions and regulation of communities remain poorly
understood.
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The importance of phenological synchrony for the reg-
ulation of natural populations becomes apparent when
we consider how synchrony affects both the density of
interacting individuals and per capita interaction
strength. Increasing the synchrony of a phenological event
within a population increases the average density of inter-
acting individuals (Loe et al. 2005, Koenig et al. 2015).
Although this numerical effect should increase intraspeci-
fic competition, phenological synchrony can also alter
how much per-capita effects vary among individuals, that
is, competitive symmetry (Rudolf and Rasmussen 2013,
Rasmussen and Rudolf 2015). Offspring that hatch at the
same time will have similar sizes and thus have similar
(symmetric) competitive abilities, whereas offspring that
hatch earlier are typically competitively dominant over
smaller conspecifics that hatch later (Rudolf and Singh
2013, Rasmussen et al. 2014). Therefore, a low-synchrony
population should result in a low-density population
where individuals compete asymmetrically, whereas a
high-synchrony population should result in a high-density
population where individuals compete symmetrically
(Henson and Cushing 1996).
The picture is further complicated when we consider

the role of population phenological synchrony in a com-
munity context. Research on priority effects provides a

strong foundation for understanding how relative mean
phenological events affect species interactions (Tilman
1988, Fukami 2010), but little is known about the role of
synchrony, or how these two aspects of phenology might
interact (Fig. 1, Rasmussen and Rudolf 2016). Consider-
ing two competing species, at least three major outcomes
are possible. First, there may be no effect of synchrony.
Effects of population synchrony may be overwhelmed by
stronger effects of relative mean arrival (i.e., an early
arriver benefits from priority access to the resource). In
this case, mean phenological events of populations are
sufficient to predict outcomes, meaning synchrony can
be ignored and outcomes across any column in Fig. 1
would be identical. Second, mean and synchrony may
have additive effects. Previous work has shown higher
survival for high-synchrony populations relative to low-
synchrony populations (Rasmussen and Rudolf 2015). If
the effects of mean and synchrony are additive, we would
then expect to see higher survival of high-synchrony
populations across a range of relative arrival times (e.g.,
survival of the orange population would increase mov-
ing down columns and across rows to the left in Fig. 1).
Finally, synchrony and mean might have interactive

effects on competitive outcomes. Phenological syn-
chrony affects the proportion of individuals experiencing
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FIG. 1. Conceptual illustration of potential phenological shifts between two interacting species. For simplicity, we have desig-
nated a secondary species (represented in teal, Rana in our experiment) and adjusted the phenology of the focal species (represented
in orange, Hyla in our experiment) relative to it. Columns show differences in phenological mean between the two species and rows
show differences in phenological synchrony of the focal species. With concomitant shifts in phenological mean and synchrony, it is
difficult to intuit net effects on population demography and species interactions.
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different conditions (compare top and bottom rows of
Fig. 1). In a high-synchrony population, all individuals
experience the same conditions, which could be good
(e.g., early arrival relative to competitor as shown in
Fig. 1, or alternatively, favorable environmental condi-
tions) or bad (e.g., late arrival relative to competitor, or
harsh environmental conditions). Alternatively, low-syn-
chrony populations spread individuals across good and
bad conditions, akin to bet hedging (Wilbur et al. 2006,
Tarazona et al. 2017, Rocha et al. 2018, Shima et al.
2018). Therefore, differences in synchrony could strongly
affect the outcome of shifts in mean phenology—a high-
synchrony population might be more sensitive to shifts
in phenological mean because all individuals shift to
experience a new condition, whereas low synchrony
might be more robust to shifts in phenological mean.
Because the interplay between phenological mean and
phenological synchrony is difficult to intuit, we need
empirical data to give expectations for how these con-
comitant types of shifts are likely to affect natural sys-
tems.
The interaction between relative mean difference in

phenologies and population phenological synchrony
also has the potential to carry over to affect syn-
chrony for subsequent phenological events. In the
absence of interspecific competition, per capita differ-
ences among individuals in low synchrony populations
should result in higher survival of the earliest individ-
uals if competition is strong (Rasmussen et al. 2014),
potentially skewing the distribution of the next pheno-
logical stage to be clustered around an early event.
However, if competition is low, or if individuals are
not plastic in their development rates, a population’s
synchrony may be maintained from one phenological
stage to the next. By altering the density and/or size
differences among individuals within a population,
shifts in mean phenologies of an interspecific competi-
tor can therefore also modify the intraspecific drivers
that increase or decrease phenological synchrony in a
focal population. If true, this would imply that shifts
in timing of interspecific interactions could be an
important but overlooked driver of variation in pheno-
logical synchrony of later life-history events, but this
remains to be tested.
Here, we evaluate the effects of phenological shifts

in a community context. Specifically, we use a meso-
cosm experiment to examine how different metrics
(mean and synchrony) of phenology affect the out-
come of competition between two competing amphib-
ian species. Specifically, we altered the order of arrival
(i.e., mean hatching date) between the two species and
the phenological synchrony of one of the two species.
This system allowed us to ask: (1) What are the inde-
pendent and interactive effects of phenological mean
and phenological synchrony on population demogra-
phy and competitive interactions? (2) Does a popula-
tion’s phenological synchrony change across
phenological stages?

METHODS

Study system

We studied the gray tree frog (Hyla versicolor or Dryo-
phytes versicolor, hereafter Hyla) and its competitor the
Southern Leopard frog (Rana sphenocephala or Litho-
bates sphenocephalus, hereafter Rana) to determine
effects of mean and synchrony of hatching phenology on
the performance of Hyla. We chose Hyla as the focal
species because it develops more quickly, enabling us to
capture the full period of its emergence and therefore
track phenological synchrony across phenological stages.
The two species are an ideal system for several reasons.
First, they commonly co-occur throughout the south-
eastern United States and are resource competitors, both
in larval and adult stages (Alford and Wilbur 1985). Sec-
ond, both species show significant variation in the dura-
tion and seasonal timing of breeding (Carter et al.
2018), so we expect larval offspring to overlap at differ-
ent times based on year-specific weather conditions.
Third, we are able to delay egg hatching in both species,
allowing us to manipulate phenology experimentally.
Finally, amphibians exhibit a strong but highly variable
phenological response relative to other taxa (Parmesan
2006, Todd et al. 2010) and are declining globally (Bury
1999, Stuart et al. 2004), suggesting they should be a
high priority for examining consequences of phenologi-
cal shifts.

Experimental system and design

Egg clutches of Hyla and Rana were collected from
Davy Crockett National Forest on 30 March 2018. Ini-
tially, all clutches were maintained at 15°C to slow devel-
opment. Then, 1–2 d prior to introduction to the
experiment, batches of eggs were moved to warmer con-
ditions (25°C) to induce hatching. This allowed us to
introduce tadpole hatchlings of the same size (Gosner
stage 25; ~2.1 mm snout-to-vent length (SVL) for Hyla
and ~4.4 mm SVL for Rana) on different days. These
temperatures are well within the range both species
would experience in ephemeral ponds in nature, and
developmental assays have shown few negative side
effects on performance for tadpoles reared at these tem-
peratures (Moore 1939, Rudolf and Singh 2013, Ras-
mussen and Rudolf 2016). The experiment was a full 3
(phenological synchrony) 9 3 (phenological mean) fac-
torial design. In addition, we had single-species controls
manipulating synchrony only, which allowed us to sepa-
rate the intraspecific effects of synchrony from the com-
petitive effects of arrival order. To create our
phenological synchrony treatments, we manipulated the
variation in hatching date for Hyla around a mean
hatching date, 15 April 2018. For high-synchrony treat-
ments, all 45 Hyla individuals hatched on 15 April. For
medium-synchrony treatments, hatching occurred on
3 d from 12 April–18 April. For low-synchrony
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treatments, hatching occurred on 5 d from 9 April 9–21
April. For medium- and low-synchrony treatments, the
45 Hyla individuals were equally divided among the
three and five introductions, respectively. To create
the phenological mean treatments, we manipulated
the hatching date of Rana to occur early (9 April), at the
same time (15 April), or late (21 April) relative to the
mean hatching date of Hyla. All Rana individuals for a
given treatment hatched on a single day (conceptual
schematic of treatments in Fig. 1 and detailed schedule
in Appendix S1: Fig. S1). Control (i.e., no interspecific
competition) populations lacked Rana. For both species,
a subset of individuals was photographed and measured
before each introduction, which confirmed that individ-
ual body sizes (for a given species) were the same across
all introductions (Appendix S1: Fig. S2). There were six
replicates per competition treatment and two replicates
of control populations, for a total of 60 experimental
units.
After eggs hatched in lab, they were added to 360-L

cattle tank mesocosms that closely imitate the small
ephemeral ponds in which these tadpoles develop in nat-
ure. Each mesocosm contained 45 Hyla individuals and
30 Rana individuals. Mesocosms were kept in ambient
conditions in an open field in Houston, Texas. One week
prior to the first tadpole additions (2 April), we filled
mesocosms with dechlorinated water and immediately
covered each mesocosm with 60% shade cloth to prevent
external colonization. Five days prior to the first tadpole
introductions (4 April), we added 400 mL concentrated
phytoplankton and zooplankton inoculate and 4 L of
dried leaf litter collected from margins of local ponds.
These additions are aimed to recreate key aspects of nat-
ural pond conditions, providing food and habitat struc-
ture for the developing tadpoles. After tadpole
hatchlings were added (9 April–21 April), mesocosms
were monitored daily to collect newly emerged Hyla
froglets (hereafter, metamorphs). Because Rana develop-
ment time is much slower, their emergence was not cap-
tured. Metamorphs were weighed in the lab and then
released. The experiment ended 14 September 2018, at
which point emergence rate had declined substantially to
very low levels (only 1–2 metamorphs collected across
all 60 mesocosms each day), so we were confident
we captured the full emergence period for Hyla
(Appendix S1: Fig. S3). At the conclusion of the experi-
ment (18 September–20 September), mesocosms were
emptied and all remaining tadpoles (mostly Rana) were
removed. Tadpoles removed were photographed, mea-
sured (head width and SVL), and released. At this point,
22 Hyla (out of 2,700 initially added) and 283 Rana (out
of 1,620 initially added) were collected from the meso-
cosms. For Hyla, these remaining individuals were
equally distributed across all treatments (v211 = 16.19,
P = 0.13). We recorded the number of remaining Rana
individuals in each mesocosm, but because Rana face
high mortality when emerging, we suspect these

measurements are misleading and do not consider them
in our analysis (Appendix S1: Fig. S4, S5).
We used five response variables to quantify the effect

of phenological mean and synchrony on key demo-
graphic rates of Hyla: (1) proportional survival (number
of metamorphs collected divided by 45 hatchlings ini-
tially added), (2) total biomass export (cumulative mass
of all metamorphs emerged from a mesocosm), (3) mean
per capita mass (the individual masses of all meta-
morphs from a mesocosm), (4) mean emergence date
(the date of emergence for each individual from a meso-
cosm), and (5) standard deviation of emergence date.
Together, these five variables give us a picture of per cap-
ita and numeric consequences of phenological mean and
synchrony on Hyla populations. The 22 Hyla tadpoles
collected at the end of the experiment were not included
in these analyses because the mass values of tadpoles
and metamorphs are not comparable and these individu-
als did not have an emergence date. Lacking reliable esti-
mates for four of the five response variables, we chose to
omit Hyla tadpoles collected at the end of the experi-
ment from all analyses.

Statistical analyses

All analyses were performed in the R statistical com-
puting environment (R Development Core Team 2017).
We ran linear and generalized linear mixed models using
the “lme4” package (Bates et al. 2015) to analyze the
independent and interactive effects of variation inHyla’s
mean hatching date relative to that of the competitor
Rana (categorical predictor with three levels: early, same,
late) and phenological synchrony (categorical predictor
with three levels: high, medium, low) on the five
response variables detailed above. All response variables
were scaled relative to the appropriate single-species con-
trols by subtraction. For example, considering survival,
we subtracted the proportion survival for low-synchrony
control from the proportion survival for each low-syn-
chrony treatment (early, same, and late relative to Rana).
This approach allowed us to partition the effects of phe-
nological synchrony between population and community
scales (i.e., intraspecific vs. interspecific competition).
For all response variables except per capita mass, this
scaling method did not change the qualitative pattern of
the results (e.g., compare Fig. 3 and Appendix S1:
Fig. S6). In the case of per capita mass, we take special
care to interpret the results. All models were tested with
multiple error structures and selected based on fit with
the data, which was normal error structure for all vari-
ables. For the standard deviation of emergence-time
model, assumption of equal variances across treatments
was not met, so this model was reformulated in the
“nlme” package to account for unequal variance in phe-
nological synchrony (Pinheiro et al. 2018). For all mod-
els, we included spatial block as a random effect and
analyzed significance of fixed effects and their
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interactions with analysis-of-variance tests with the
“car” package (Fox and Weisberg 2011).

RESULTS

Controls—intraspecific competition

Control populations of Hyla (lacking interspecific
competitor Rana) tested the effects of phenological syn-
chrony on five key demographic response variables:
proportion survival, biomass export, mean per capita
mass, mean time to emergence, and standard deviation
of time to emergence. For these populations, propor-
tion survival of Hyla was lowest in low-synchrony pop-
ulations (58 � 3%), highest in medium-synchrony
populations (69 � 3%), and intermediate in high-syn-
chrony populations (62 � 22%; Fig. 2A). Hyla total
biomass export (i.e., cumulative mass of all Hyla indi-
viduals that survived to emergence within a mesocosm)
was similar across synchrony treatments (ranging
from 5,035 � 1,678 mg at high synchrony to
6,127 � 775 mg at low synchrony; Fig. 2B). Mean per
capita Hyla body mass decreased as hatching became
more synchronized—individuals from low-synchrony
populations were 237 � 54 mg, whereas those from
high-synchrony populations were 177 � 42 mg
(Fig. 2C). Time to emergence increased as hatching
became more synchronized—individuals from low-syn-
chrony populations took on average 33 � 10 d to
emerge, and individuals from high-synchrony popula-
tions took 56 � 24 d to emerge (Fig. 2D). Synchrony
of timing at hatching was not maintained in the next
phenological stage (measured as the standard deviation
of individuals’ time to emergence). In fact, synchrony
at hatching was reversed at the emergence stage. Popu-
lations that hatched highly synchronized had more
variation in emergence (standard deviation of emer-
gence 15.1 � 5.6 d), whereas populations that hatched
with low synchrony emerged more highly synchronized
(standard deviation of emergence 10.3 � 0.8 d; Fig. 3,
Fig. 2E).

Experimental treatments—interspecific competition

Survival.—The strength of interspecific competition
(i.e., Hyla survival relative to competitor-free control)
was driven by mean hatching date relative to competi-
tor, and the interaction between mean and synchrony,
but not by synchrony independently (Fig. 4A; mean:
v22, 51 = 30.4, P < 0.0001, synchrony: v22, 51 = 3.15,
P = 0.21, mean * synchrony: v24, 51 = 11.7, P = 0.02).
Thus, the effect of mean hatching time on Hyla sur-
vival depended on Hyla synchrony. For low- and med-
ium-synchrony populations, Hyla survival declined as
they hatched later relative to Rana, as expected (for
low-synchrony populations, survival was 56 � 6%
when arriving early, 49 � 7% when arriving at the

FIG. 3. Box plot showing emergence timing of individual
Hyla tadpoles for different manipulations of mean and syn-
chrony in hatching timing.

FIG. 2. Responses of populations of Hyla to experimental manipulations of hatching synchrony. These plots show control
treatments, without interspecific competition. (A) Proportion of tadpoles that survived to emergence, (B) total biomass export
(i.e., cumulative mass of all tadpoles that survived to emergence), (C) average per capita mass of all metamorphs, (D) average num-
ber of days from mean hatching time to emergence, (E) standard deviation in time to emergence for all individuals. Points represent
means � 1 standard error (from two replicates).
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same time, and 41 � 16% when arriving late; for med-
ium-synchrony treatments, survival was 75 � 7% when
arriving early, 58 � 13% when arriving at the same
time and 37 � 17% when arriving late). However,
high-synchrony populations followed a different pat-
tern—survival was lowest when Hyla and Rana had
the same mean hatching date (33 � 16%) and higher
when either species hatched first (59 � 17% when Hyla
arrived first, 43 � 18% when Rana arrived first). Syn-
chrony had the strongest effect when competitors
hatched at the same time, with the proportion of sur-
vival ranging from 33 � 16% at high synchrony to
58 � 13% at medium synchrony. In contrast, syn-
chrony had very little impact on survival when Hyla
hatched late relative to Rana. In these cases, survival
was equally low across the three synchrony levels,
ranging from 37 � 17% at medium synchrony to
43 � 18% at high synchrony, suggesting that strong
competition made synchrony less important. Com-
pared with competitor-free controls, Hyla survival was
equal when they hatched before Rana (survival of all

synchrony treatment populations within 6% of the
appropriate single population controls), but survival
was always lower than that of controls when Hyla
hatched at the same time as or after Rana (survival 9–
29% lower than controls for same arrival and 17–32%
lower for late arrival). This suggests that interspecific
competition between Hyla and Rana is negligible when
Hyla hatches first.

Biomass export.—The competitive effect (i.e., Hyla bio-
mass relative to competitor-free controls) depended only
on mean hatching time relative to competitor, but not on
phenological synchrony or the interaction between them
(Fig. 4B; mean: v22, 51 = 21.6, P < 0.0001, synchrony:
v22, 51 = 4.14, P = 0.13, mean * synchrony: v24, 51 = 6.4,
P = 0.17). The effect of mean hatching on biomass clo-
sely matched that on survival, with a decline in biomass
as Hyla hatches later relative to Rana for low- and med-
ium-synchrony populations, but resulted in a U-shaped
relationship for high- synchrony populations. However,
although mean and synchrony had synergistic effects on

FIG. 4. Responses of populations of Hyla to experimental manipulations of mean and synchrony of hatching timing. All points
are scaled by subtraction relative to the control value for a particular synchrony treatment and variable (control baseline repre-
sented by dashed black line). (A) Proportion of Hyla tadpoles that survived to emergence, (B) total biomass export (i.e., cumulative
mass of all Hyla tadpoles that survived to emergence), (C) average per capita mass of all Hyla metamorphs, (D) average number of
days from mean hatching time to emergence, (E) standard deviation in time to emergence for all Hyla individuals. Points represent
means � 1 standard error (from six replicates).
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proportion survival, no significant interaction was
detected for biomass. Similar to survival, biomass for
mesocosms with competition closely matched single-spe-
cies control values when Hyla hatched before Rana, but
were much lower when the species hatched at the same
time or when Hyla hatched after Rana, indicating that
Hyla largely escaped competition with Rana when it
hatched early.

Per capita mass.—The competitive effect (i.e., average
Hyla mass relative to competitor-free controls)
depended on both mean hatching date and hatching syn-
chrony, but not on the interaction between them
(Fig. 4C; mean: v22, 51 = 7.85, P = 0.02, synchrony: v22,
51 = 120, P < 0.0001, mean * synchrony: v24, 51 = 2.42,
P = 0.66). The effect of mean was the same across syn-
chrony levels: individual Hyla that hatched at the same
time as competitor Rana were smaller on average than
those that hatched before or after their competitor (186–
197 mg for early hatching, 178–186 mg for the same
hatching time, 195–209 mg for late hatching). The com-
petitive effect of synchrony on Hyla body mass was
large. Individuals from low-synchrony Hyla populations
experiencing interspecific competition were much smal-
ler than individuals from low-synchrony Hyla popula-
tions without interspecific competition. On the other
hand, individuals from high-synchrony Hyla popula-
tions with interspecific competition were slightly larger
than individuals from high-synchrony Hyla populations
without interspecific competition.

Emergence phenology (mean, variance, and distribution).—
The competitive effect (i.e., average Hyla emergence
time relative to competitive free controls) depended sig-
nificantly on mean hatching relative to that of the com-
petitor Rana, with Hyla taking longer to develop when
they hatch later than Rana. Hatching synchrony inde-
pendently did not have a significant effect on time to
emergence, but did interact with mean (Fig. 4D; mean:
v22, 51 = 101, P < 0.0001, synchrony: v22, 51 = 0.84,
P = 0.66, mean * synchrony: v24, 51 = 10.1, P = 0.038).
Emergence times for the three synchrony levels for any
given hatching order were similar; however, the shape of
mean relationship was different for each synchrony:
high synchrony was concave down, medium synchrony
was linear, and low synchrony was concave up. Taken
together, this indicates that hatching synchrony mediates
the effect of mean hatching. For high-synchrony popula-
tions, there is a cost in development time for arriving at
the same time (91 � 28 d) vs. early (59 � 25 d), but no
additional cost if late (99 � 22 d). On the other hand,
for low-synchrony populations, hatching earlier or at
the same time as competitor results in the same develop-
ment time (46 � 22 d for early, 54 � 25 d for same),
but there is a cost when hatching late (84 � 34 d).
Standard deviation of emergence time depended on

mean hatching relative to Rana, hatching synchrony,
and the interaction between synchrony and mean

(Fig. 4E; mean: v22, 51 = 9.34, P = 0.0094, synchrony:
v22, 51 = 12.4, P = 0.0020, mean * synchrony: v24,
51 = 18.6, P = 0.00096). For medium- and high-syn-
chrony populations, standard deviation of emergence
was hump-shaped: highest when hatching coincided
with interspecific competitor Rana, and lower when
either species hatched first. For Hyla populations that
hatched with low synchrony, standard deviation of
emergence increased as Hyla hatched later relative to
Rana. Across all treatments, synchrony of emergence
was much lower than synchrony in hatching. Although
hatching spanned at most a 13-d window, the average
duration of the emergence period was 98 � 27 d.
Commonly, emergence distributions had a bimodal
shape, indicating two distinct cohorts of Hyla meta-
morphs arising from one cohort of Hyla hatchlings
(Appendix S1: Fig. S7).

DISCUSSION

Climate change drives phenological shifts across taxa,
and it is critical that we understand how this temporal
restructuring affects species interactions and, in turn,
natural communities (Parmesan and Yohe 2003, Miller-
Rushing et al. 2010, Yang and Rudolf 2010). Shifts
in first and mean phenological dates are well docu-
mented, and recent work has shown that shifts in syn-
chrony (individual variation around these metrics) can
be just as common (CaraDonna et al. 2014, Carter et al.
2018). However, we know little about how both types of
phenological shifts interact to affect species interactions
and natural communities. Using an empirical system, we
found that shifts in phenological synchrony could have
similar or even stronger effects than shifts in mean phe-
nologies. Furthermore, effects of these two aspects of
phenology were often synergistic. Therefore, making
meaningful predictions about how phenological shifts
will disrupt species interactions necessitates broaden-
ing our view of phenology to include phenological
synchrony.

Effects of phenological synchrony on intraspecific
competition

The outcomes of intraspecific competition depend on
the abundance of individuals and their per capita com-
position (Werner and Gilliam 1984). Phenological syn-
chrony can affect both because it affects the density and
size structure of a population at any given point in time
(Rasmussen and Rudolf 2015). We expect low-synchrony
populations to have low density and much variation
between individuals in size and thus competitive ability.
This should lead to asymmetric competition where rela-
tively few individuals can monopolize a limiting
resource. High- synchrony populations should have
higher densities and little variation in body size among
individuals, leading to symmetric competition where
resources are divided more evenly amongst competitively
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equal individuals (Henson and Cushing 1996, Ras-
mussen and Rudolf 2015). Our results support these
expectations. Compared with high-synchrony popula-
tions, populations that hatched with low synchrony had
lower survival, but surviving individuals were larger and
developed quickly.

Effects of phenological shifts on interspecific competition

Phenologies play a key role in shaping interspecific
interactions because they define when and for how long
species are present in their environment and able to
interact with other members of the community (Ander-
son et al. 2015, Kharoub et al. 2018, Renner and Zoh-
ner 2018). Considering resource competitors, it is well
known that order of arrival can strongly affect the inter-
action via size-mediated priority effects (Sutherland and
Karlson 1977, Rasmussen et al. 2014, Rudolf 2018). In
contrast, virtually nothing is known about if or how phe-
nological synchrony within populations can change this
relationship. In the simplest case, population synchrony
could be unimportant. Alternatively, population syn-
chrony could interact additively or synergistically with
differences in species’ mean phenologies. It is difficult to
intuit which case is most likely, and only one study has
tested the outcomes of these concomitant shifts (Ras-
mussen and Rudolf 2016). Mean hatching time affected
all five attributes of Hyla we measured in our study.
Although this emphasizes the importance of shifts in the
mean timing of phenologies for species interactions, the
effects of population synchrony were often just as
strong, and for three of these attributes, population syn-
chrony modified the effect of changes in mean arrival
time (and vice versa). Only for one response were effects
of mean and synchrony additive.
These interactive effects of population synchrony and

differences in mean phenology between species likely
arise because changing population synchrony alters
competitive asymmetry within populations (intraspecific
effects) and how individuals experience interspecific
competition. As expected with size-mediated priority
effects (Yang and Rudolf 2010, Rasmussen et al. 2014),
survival generally decreased as Hyla arrived later relative
to its competitor. However, the rate of decline differed
based on synchrony: compared with medium- and high-
synchrony populations, low-synchrony populations did
slightly worse in the best scenarios (early arrival) but
slightly better in the worst scenarios (late arrival). This
makes intuitive sense, because individuals in high-
synchrony populations all experienced either favorable
conditions (reduced interspecific competition with rela-
tive early arrival) or unfavorable conditions (increased
interspecific competition with relative late arrival). In
contrast, in low-synchrony populations, only early-
hatching individuals would experience reduced inter-
specific competition with late arrival of the interspecific
competitor. However, early arrival of the interspecific
competitor should reduce competitive asymmetry within

a low-synchrony population by reducing the growth rate
and survival of early-hatching individuals (Morin 1986,
Gimnig et al. 2002, Couret et al. 2014). This would reduce
the negative effect of early hatchlings on later-hatching
conspecifics and could thereby at least partially compen-
sate for the negative effect of interspecific competition.
This mechanism is consistent with the concurrent

changes in total biomass. Qualitatively, biomass fol-
lowed a very similar pattern to survival, but unlike sur-
vival, there was no significant interaction between mean
and synchrony treatments for biomass. Even though we
did not detect a significant effect of synchrony on bio-
mass, this is likely because effects of population syn-
chrony on individual mass and survival counteracted
each other. At the population scale, compensatory
dynamics between survival and individual mass led to
relatively uniform biomass across population synchrony
treatments. In a community context, compensatory
dynamics (i.e., when survival was low, individuals tended
to be larger) buffered biomass across different ecological
contexts, thereby reducing differences between syn-
chrony treatments. These complex interactions between
species’ mean phenologies and phenological synchrony
within populations indicate that predicting the outcomes
of mean phenological shifts on species interactions
requires consideration of distribution of phenologies
within populations.
Overall, the results indicate maintenance of low phe-

nological synchrony within populations as a bet-hedging
strategy. Bet-hedging life-history strategies increase fit-
ness in unpredictable environments (Tarazona et al.
2017, Rocha et al. 2018, Shima et al. 2018), and our
results show individual variation in hatching could buf-
fer survival across good and bad conditions. By “putting
all their eggs in one basket,” highly synchronized popu-
lations run a great risk of mistiming because all individu-
als are affected. In good scenarios, survival was highest,
but when populations arrived at the same time or late
relative to their competitor, all individuals faced strong
competition and survival was low. Similarly, when highly
synchronized populations mistime events (e.g., migra-
tory birds arriving before their food, alpine flowers
blooming before a snowfall, insect swarms emerging
before spring green up), fitness costs are high (Both
et al. 2006, Inouye 2008, Mayor et al. 2017).

The relationships of phenologies across life stages

Organisms go through a series of life-history stages
during a year, but we rarely pay attention to whether
and how the phenological patterns are preserved or
change across life-history events and what the underly-
ing mechanisms are. In our study, we found that pheno-
logical patterns were not preserved across stages
(hatching vs. emergence), but instead changed: differ-
ences in intra- and interspecific competition caused by
differences in hatching phenology carried over to affect
the phenology of the next ontogenetic stage, emergence.
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In cases without interspecific competition, we saw a
complete reversal of synchrony from hatching to emer-
gence: populations that hatched with low synchrony
emerged with high synchrony and vice versa. We attri-
bute this to strong size-mediated priority effects, which
gave early-arriving individuals an advantage in low-
synchrony populations, generated a bias in survival, and
led to synchronous and early-emergence phenology.
High hatching synchrony shifted to low-emergence syn-
chrony because high intraspecific competition prolonged
the interaction period and slowed individuals’ growth.
Adding interspecific competition complicated this by
modifying the drivers—density and per capita differ-
ences in size—that caused these shifts. When the inter-
specific competitor arrived early, density/competition
was higher and the advantage of early arrival was
reduced. In general, interspecific competition increased
mean and variation in emergence phenology, but the
magnitude of these changes depended on initial phenol-
ogy conditions (i.e., at hatching). Together, this provides
clear experimental evidence that not only can phenologi-
cal shifts affect species interactions, but species interac-
tions can in turn drive phenological shifts.
This feedback between species interactions and phe-

nology is likely to be seen in systems where competition
is high and organisms’ development rates are plastic.
Because strong competition drove phenological shifts
across ontogeny, we only expect it to happen when
resources are limited to some extent. Further, it requires
individuals to be plastic in their development rates. Con-
sistent with many species that utilize ephemeral habitats,
emergence timing was highly plastic (ranging from 22 to
152 d), which strengthened the advantage of early indi-
viduals (Newman 1992, Blanckenhorn 1998, Denver
et al. 1998). In more stable environments, development
times are generally less flexible or even fixed, and in
these cases, we would not expect phenological shifts
across ontogeny to be as strong (DeWitt et al. 1998). It
would be possible to test whether competition drives
phenological shifts in other natural populations without
conducting manipulative experiments by measuring the
phenological synchrony of natural populations at differ-
ent phenological stages. It remains largely unknown
what mechanisms determine phenology (either mean or
synchrony) across ontogenetic stages and years. Data on
phenological synchrony across ontogenetic stages could
help determine these mechanisms and therefore predict
which species are likely to shift.

CONCLUSIONS

Phenological shifts are a well-documented response to
climate change, and it is time to start linking these pat-
terns to expected impacts in natural communities. We
show that this requires expanding our typical treatment
of phenology to include not just first or mean events,
but also variation around these metrics within popula-
tions. Changes in phenological synchrony within

populations are just as likely to alter ecological interac-
tions as changes in phenological mean, and the effects
are likely to be synergistic. Importantly, our study also
reveals a feedback loop between phenology and ecologi-
cal interactions: Shifts in phenology can alter the mecha-
nisms driving the outcome of interactions, but the same
changes in mechanisms and outcome of interactions can
in turn alter phenological patterns in the next life stage.
Together, this highlights the need to integrate multiple
aspects of phenological patterns with species interac-
tions to understand and predict the effect of phenologi-
cal shifts on natural communities.
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