ii

Abstract
Phenological shifts and species interactions: Disentangling the
role of timing and synchrony
by

Nicholas Layne Rasmussen
Though the timing of phenological events (e.g., migration, reproduction, metamorphosis)
varies among years for most species, we have a poor understanding of how this
interannual variation affect species interactions. However, determining the consequences
is critical for understanding the dynamics of communities. Here, I use experiments with
pond communities to determine how phenological shifts affect intra- and interspecific
interactions and whether these effects scale up to alter demographic rates, community
structure, and ecosystem functioning. Specifically, I manipulated the mean hatching time
(i.e., time of arrival to the habitat) for one species relative to another and/or the amount of
variation in arrival time by individuals of a species around a mean date (i.e., degree of
synchrony). First, I manipulated differences in mean arrival time for two species that
interact as intraguild predators and found that the changes in relative size mediated by
shifts in arrival time determined whether or not they could coexist. Second, I manipulated
mean arrival time of one species relative to a predator and a competitor to determine how
phenological shifts affected predator-prey and competitive interactions. I found that shifts
in the arrival time of a single species can affect the outcome of both interaction types
strongly enough to alter community structure and ecosystem functioning. Third, I
manipulated variation in the synchrony of arrival of a species to determine the
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consequences for intraspecific competition and found that variation in synchrony altered
several important demographic rates of the species. Finally, I used a factorial
manipulation of the mean and synchrony of arrival by a prey species in the presence of a
predator to determine how this variation affected predator-prey interactions. I found that
prey survival declining with later arrival and lower arrival synchrony. Taken together,
these results demonstrate that phenological shifts can have strong effects on intra- and
interspecific interactions. These effects of phenological shifts on species interactions can
ripple through several levels of ecological organization, including ecosystem functioning.
This work represents an important and novel contribution to our understanding of
seasonal communities and how anthropogenic climate change will affect them.
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Chapter 1

Linking phenological shifts to species
interactions through size-mediated
priority effects

Inter-annual variation in seasonal weather patterns causes shifts in the relative timing of
phenological events of species within communities, but we currently lack a mechanistic
understanding of how these phenological shifts affect species interactions. Identifying
these mechanisms is critical to predicting how inter-annual variation affects populations
and communities. Species’ phenologies, particularly the timing of offspring arrival, play
an important role in the annual cycles of community assembly. We hypothesize that shifts
in relative arrival of offspring can alter interspecific interactions through a mechanism
called size-mediated priority effects (SMPE), in which individuals that arrive earlier can
grow to achieve a body size advantage over those that arrive later. In this study, we used
an experimental approach to isolate and quantify the importance of SMPE for species
interactions. Specifically, we simulated shifts in relative arrival of the nymphs of two
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dragonfly species to determine the consequences for their interactions as intraguild
predators. We found that shifts in relative arrival altered not only predation strength but
also the nature of predator-prey interactions. When arrival differences were great, SMPE
allowed the early arriver to prey intensely upon the late arriver, causing exclusion of the
late arriver from nearly all habitats. As arrival differences decreased, the early arriver’s
size advantage also decreased. When arrival differences were smallest, there was mutual
predation, and the two species coexisted in similar abundances across habitats.
Importantly, we also found a nonlinear scaling relationship between shifts in relative
arrival and predation strength. Specifically, small shifts in relative arrival caused large
changes in predation strength while subsequent changes had relatively minor effects.
These results demonstrate that SMPE can alter not only the outcome of interactions but
also the demographic rates of species and the structure of communities. Elucidating the
mechanisms that link phenological shifts to species interactions is crucial for
understanding the dynamics of seasonal communities as well as for predicting the effects
of climate change on these communities.
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1.1. Introduction
Seasonal weather patterns play a key role in the timing of life-history events, or
phenologies, of many species (Tottrup et al. 2008; Inouye 2008). Within a community,
these phenological events determine when species “arrive” in the habitat each year
relative to one another (e.g., via migration, emergence from dormancy, and birth). The
relative timing of arrival determines when and at what ontogenetic stages species interact
(Both et al. 2009; Yang & Rudolf 2010). Species within communities, however, often
differ in their responses to weather cues (Saenz et al. 2006; Miller-Rushing & Primack
2008). Consequently, inter-annual variation in seasonal weather patterns can
differentially affect phenologies of species, thereby altering the amount of time between
arrival events of species and even arrival order. Despite increasing evidence indicating
that relative shifts in phenologies of interacting species are ubiquitous in nature
(Parmesan 2007; Tylianakis et al. 2008), we do not have a good understanding of how
these relative shifts affect species interactions (Yang & Rudolf 2010). Determining
consequences for species interactions is critical to understanding and predicting how
environmental variation affects demographic rates of populations and structure of
communities (Forrest & Miller-Rushing 2010; Yang & Rudolf 2010).
To address this problem, it is useful to consider the consequences of phenological
timing in the framework of community assembly. Many aspects of the annual cycles of
community development that occur in seasonal habitats represent bouts of
(re)colonization (e.g., seeds germinating, birds returning to nesting habitat, insects
emerging from diapause, frogs laying eggs). When organisms colonize a habitat, they
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encounter and interact with organisms that arrive both before and after them. This can
result in priority effects, whereby early arrivers affect the survival, growth, and fitness of
late arrivers (Connell & Slatyer 1977), and the strength of these priority effects can vary
among years as relative arrival times shift. As differences in arrival become larger, early
arrivers have more time to 1) increase in population density (Robinson & Dickerson
1987; Olito & Fukami 2009), 2) alter environmental conditions (e.g., via resource
monopolization, Hernandez & Chalcraft 2012), and/or 3) change their individual traits
(e.g., increase in body size and/or aggressiveness, Geange & Stier 2009; Rudolf & Singh
2013) prior to the appearance of late arrivers. This often results in negative consequences
for late arrivers, even when arrival differences are quite small (Alford & Wilbur 1985;
Munday 2004). Priority effects are widespread and have been observed in a diversity of
communities including, but not limited to, insects (Shorrocks & Bingley 1994; Padeffke
& Suhling 2003), plants (Kardol, Souza & Classen 2013), fungi (Dickie et al. 2012),
amphibians (Alford & Wilbur 1985; Hernandez & Chalcraft 2012), fishes (Munday 2004;
Geange & Stier 2009), and sessile marine invertebrates (Dean & Hurd 1980). While
priority effects are increasingly recognized as a major factor structuring natural
communities (Chase 2003; Fukami 2010), few studies have attempted to isolate the
different types of priority effects to determine their importance (Hernandez & Chalcraft
2012).
Here, we focus on the importance of “size-mediated priority effects” (SMPE) as a
mechanism to explain how phenological shifts affect species interactions. SMPE occur
when earlier-arriving organisms have time to grow and achieve a body size that affords
them an advantage in interactions with later-arriving organisms. In the annual cycles of
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offspring colonization, SMPE are likely important because variation among years in
relative arrival of species causes variation in the relative body size at which they interact
(Sutherland & Karlson 1977; Geange & Stier 2009). Relative size, in turn, can alter percapita interaction strength, or the effect of one individual on an individual of another
species (reviewed by Werner & Gilliam 1984; Schwinning & Weiner 1998; Yang &
Rudolf 2010). Relative size also can change over ontogeny due to the interplay between
relative arrival, relative growth rates, and interaction feedbacks (Yang & Rudolf 2010;
Miller & Rudolf 2011), which causes interactions to be dynamic and their outcomes to be
difficult to predict a priori.
We hypothesize that phenological shifts could alter interactions in diverse ways
via SMPE, including changes to the strength, symmetry, and even the nature of
interactions (e.g., competition vs. predation). If two generalists that compete for a shared
resource arrive at approximately the same time (and size), interactions could be
symmetric. However, as disparity in arrival increases, the early arriver has more time to
grow before colonization by the late arriver, and the body size disparity increases. As a
result, interactions could become more asymmetric, oftentimes favoring the larger, older
organism. In the case of predatory organisms, increasing arrival disparity could even
change the interaction type from competition to predation, with the larger, older organism
eating the smaller, younger one. If there are also differences in relative growth rates,
interactions could become more complex. For example, if the late arriver has relatively
higher growth rates, it can exceed the early arriver in size over time, especially if arrival
differences are small. This could switch which species is competitively dominant or
reverse the direction of predator-prey interactions (i.e. prey becomes predator and vice
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versa).
In this study, we took an experimental approach to determine the importance of
SMPE as a mechanism driving the effects of phenological shifts on species interactions.
We used simple pond communities dominated by the nymphs of two dragonfly species,
which interact as intraguild predators. First, we used a mesocosm experiment that
manipulated shifts in relative arrival of the dragonflies in a way that isolated SMPE from
other types of priority effects. This experiment also spanned the entire period in which
these dragonflies interacted as nymphs, so we could determine the full effect of SMPE on
demographic rates and community structure at this life stage. Then, we used a
combination of growth models and results from a laboratory experiment to link the
observed effects of phenological shifts in the mesocosm experiment to changes in sizedependent interactions over ontogeny. We found that SMPE altered predation strength,
which scaled up to affect dragonfly demographic rates and community structure.

1.2. Methods
STUDY ORGANISMS

The aquatic nymphs of dragonflies serve as an ideal system for understanding
how interactions between species change with shifts in relative arrival. Dragonflies
exhibit intra- and interspecific variation in reproductive phenology (Morin 1984;
Wissinger 1988; Corbet 1999), and their aquatic nymphs increase in body size by several
orders of magnitude during ontogeny (Benke et al. 1999; NLR, unpublished data).
Consequently, nymph communities are highly size-structured, and interactions consist of
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a combination of competition and predation (i.e., intraguild predation; Polis, Myers &
Holt 1989; Johnson 1991; Wissinger 1992). Also, previous work has indicated that
priority effects can alter interactions between the nymphs of dragonfly species ( Fincke
1999; Padeffke & Suhling 2003). In this study, we used the nymphs of two libellulid
dragonflies, Tramea carolina (Carolina Saddlebags) and Pantala flavescens (Wandering
Glider), hereafter referred to simply as Tramea and Pantala, respectively. The annual
timing of reproduction for these two species in eastern Texas overlaps significantly, but
Tramea adults typically begin ovipositing earlier in the season (late spring to late
summer) compared to those of Pantala (early summer to early fall) (NLR, personal
observation). Therefore, nymphs of Tramea generally establish before those of Pantala
in the semi-permanent and permanent lentic habitats in which they commonly co-occur.
Nymphs of these two species are very similar in size at hatching and in the final instar
(NLR, unpublished data). However, previous work suggests that nymphs of Pantala
exhibit higher growth rates than those of Tramea (Suhling et al. 2004), and thus these
species exhibit different development times. This means that if the disparity in arrival
between Tramea and Pantala nymphs is small, it is possible for Pantala nymphs to
“catch up to” or even exceed the earlier-arriving Tramea nymphs in body size.
MESOCOSM EXPERIMENT: IMPORTANCE OF SIZE-MEDIATED PRIORITY EFFECTS

The goal of this experiment was to determine how shifts in relative arrival affect
communities. Specifically, we wanted to determine whether SMPE are an important
mechanism underlying how phenological shifts affect dragonfly demographic rates and
community structure. Manipulating relative arrival directly would not result in a clear
answer to our question because the effects of SMPE would be confounded by the other
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types of priority effects that can operate concomitantly (Hernandez & Chalcraft 2012).
For example, as arrival differences become larger, the early arriver has more time not
only to grow larger but also to modify the habitat (e.g., reduce food quantity and/or
quality). To isolate SMPE, we used four experimental treatments that manipulated
relative differences in initial size as a surrogate for differences in arrival. Experimental
units received Tramea nymphs belonging to one of four sequential instars, which we
labeled Very Small, Small, Medium, and Large (described in Table 1-1), or received no
Tramea nymphs (control). Newly-hatched Pantala nymphs were exposed to these five
types of initial conditions, which represented increasingly earlier arrival of Tramea
relative to Pantala. Treatments were replicated six times in a randomized complete block
design.
The experiment was conducted in an open field at the Rice University South
Campus (RUSC) research site in Houston, Texas. We arranged 30 cylindrical plastic
wading pools (diameter = 100 cm, depth = 19 cm) in six spatial blocks with the five pools
within each block arranged into a circle. This configuration increased the likelihood that
the number of eggs laid by female Pantala would be similar across pools within a block
(see introduction of Pantala below). On August 20, 2010, we filled pools with water
(depth = 11 cm, volume = 86 L) and immediately fitted them with lids made of 60%
shade cloth to prevent unwanted colonization. To establish natural prey communities, we
added primary consumers (zooplankton and water boatmen insects [Trichocorixa calva])
from local ponds. Each pool received three concentrated aliquots of zooplankton (August
20: 780 mL, September 4: 800 mL, September 8: 700 mL), and one introduction of water
boatmen (September 10: 20 adults). We made multiple subsequent additions of both
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zooplankton (September 18 and 29, October 9: 800 mL per pool per date) and water
boatmen (September 19 and 29: 40 per pool per date, October 9: 100 per pool, November
6: 50 per pool) during the course of the experiment because the lids excluded organisms
that would otherwise contribute to the prey community through natural colonization.
These measures prevented prey depletion that would artificially increase intraguild
predation. We also added ~30 g dry mass of oak leaf litter for habitat structure and
nutrients. This experimental setup has been successfully used for decades to answer a
diversity of ecological questions and has been particularly useful for understanding
community assembly processes (e.g., Wilbur 1997; Resetarits & Binckley 2009; Rudolf
& Rasmussen 2013).
Introduction of Pantala nymphs to our experimental pools was accomplished by
allowing natural oviposition by Pantala females. We controlled timing of oviposition by
only removing lids from pools for three days (August 29 – September 1). Pools remained
covered for the remainder of the experiment. There was no evidence that other predatory
insects colonized during this three-day period or that Pantala successfully oviposited
outside of this period. On September 9, we surveyed hatchlings using standardized
scoops with fine mesh aquarium nets. We found that six of 30 pools had somewhat low
densities relative to other pools within their respective blocks, so we added additional
nymphs to these pools from several extra pools that had been set up specifically for this
purpose. Later on this same day, we repeated our standardized surveys in those six pools
to confirm that we had increased densities to levels comparable to other pools within their
respective blocks. Although differences in hatchling density among spatial blocks
existed, ultimately there were no differences among treatments (mean ± standard
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deviation [SD]: 164 ± 76 nymphs per pool, χ24, 20 = 2.01, p < 0.7340).
We collected all Tramea nymphs from a pond at the Sam Houston State
University Center for Biological Field Studies (SHSU CBFS; 5 km northeast of
Huntsville, TX) on September 4. We used only recently-molted individuals in the
experiment to assure that all nymphs within a given instar were at the same point in
development. The experiment was initiated on September 11 with the introduction of
Tramea nymphs to the appropriate treatments. For all treatments that received Tramea,
we added seven nymphs to each pool (81.40 nymphs / m3), which is representative of
natural densities during this time of year (N = 4 ponds, mean ± SD: 195.87 nymphs / m3 ±
218.03, range: 12-560 nymphs / m3). We chose to control for initial density (instead of
biomass) because 1) we were interested in the per capita effect (not per unit biomass
effect), and 2) we anticipated that survival of Tramea during the experiment would
generally be high (which it was, see results) and that Tramea nymphs in the Very Small
treatment would catch up in size to those in the Large treatment over the course of the
experiment (early instar nymphs grow faster than later instar nymphs). Consequently,
over the duration of the experiment, density and biomass would be relatively similar
across treatments. Had we instead controlled for initial Tramea biomass, both biomass
and density would have strongly diverged among treatments over the course of the
experiment (e.g., much higher values for both in the Very Small treatment relative to the
Large treatment).
We checked pools daily to collect adult dragonflies as they emerged. By
November 17, nearly all surviving Pantala nymphs in pools containing Tramea had
either emerged as adults or were in the final instar, so we emptied the pools and
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preserved all remaining nymphs in 70% ethanol. To determine the treatment effects on
dragonfly survival, growth, and biomass, we counted survivors (nymphs and adults),
measured nymph size (i.e., head width), and then dried and weighed all survivors
(nymphs and adults). We also collected and counted all remaining water boatmen to
determine if treatment effects on dragonflies were strong enough to alter prey abundance.
RESOLVING SHIFTS IN TEMPORAL DYNAMICS OF SIZE-DEPENDENT SPECIES INTERACTIONS

To better understand the mechanisms underlying the patterns in survival that we
observed in the mesocosm experiment, we used a combination of growth modeling and
results from a laboratory experiment. Specifically, we wanted to know how interactions
changed over ontogeny and how those changes differed among relative arrival scenarios.
The growth models estimated changes in relative size over ontogeny in the mesocosm
experiment, and the laboratory experiment determined how interactions changed with
relative size.
Laboratory experiment
In October 2012, we collected nymphs of these two species from the same
localities used in the mesocosm experiment (Pantala: RUSC - October 23, 24, and 26;
Tramea: SHSU CBS - October 25) and in all instars available at this time (Pantala: 8
instars, head width [HW] range = 1.21 – 5.74 mm; Tramea: 6 instars, HW range = 2.57 –
6.37 mm). Head width was used as a measure of size because the head capsule is a rigid
structure unaffected by growth within instars and because it correlates strongly with
labium size, which determines the size of prey a nymph can overpower (Wissinger 1989,
1992). The experiment was conducted in an environmentally-controlled room (21°C, 14 h
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light: 10 h dark) using an array of square polypropylene containers (12 cm × 12 cm × 6
cm) filled with pond water. To provide traction for dragonflies, we added just enough
pre-rinsed sand to cover the container bottoms. We used white sheets of paper to create
visual barriers between containers. We added to each container one nymph of each
species in all possible instar combinations (8 Pantala instars × 6 Tramea instars = 48
combinations), which resulted in a wide range of head width ratios (Tramea / Pantala:
0.45-5.28). We replicated each size combination as much as possible, but ultimately
replication depended upon availability of nymphs for particular sizes (average: 3
replicates, range: 1 – 9 replicates, 137 experimental units total). The experiment was
started at 13:00 on October 26 and ran for 72 h. We recorded whether predation had
occurred in each container at six times during the experiment.
Growth models
Because these dragonfly species differ in growth rates, relative size ratios can
shift during ontogeny. This, combined with differences in relative arrival, can alter
species interactions in complex ways. Therefore, we developed growth curves for both
species in each of the four treatments of the mesocosm experiment in which they cooccurred to compare changes in relative size over time among treatments. Data from a
comparable experiment (NLR, unpublished data) indicated that logarithmic functions
perform well to describe growth of these species, so we used functions of this form for
this experiment. In the logarithmic equations where size = m * ln(time) + b, we used m
(hereafter called the growth rate coefficient) to make comparisons between species and
across treatments. For Tramea, all survivors were still nymphs, so we developed
minimum, average, and maximum growth curves based on changes over time in head

13
width. For Pantala, survivors were a mix of nymphs and adults, but all pools with
survivors had at least one adult emerge. Therefore, we developed maximum growth
curves based on minimum time to the adult stage. For Pantala, the maximum growth
curve is the most biologically-interesting because it indicates when/if during ontogeny
the direction of predation begins to switch from Tramea eating Pantala to vice versa. We
combined the size-based mortality results from the laboratory experiment with the
estimates of changes in relative size derived from these growth models to determine the
probability of mortality for each species at key time points during the mesocosm
experiment and to determine when/if the direction of predation began to switch. For more
details on growth models, see Appendix S1.
STATISTICAL ANALYSIS

Mesocosm experiment
We used logistic regression to determine how initial Tramea size affected the
proportion of pools that exhibited recruitment of at least one Pantala nymph into the
adult population. To evaluate the model, we conducted a likelihood ratio test comparing
the full model to the intercept-only model, and we conducted a le Cessie - van
Houwelingen - Copas - Hosmer unweighted sum of squares test for global goodness of fit
(Hosmer et al. 1997). For the goodness of fit test, p > 0.05 indicates a failure to reject the
null hypothesis that the model provides a good fit to the data.
We used regression to test for effects of initial Tramea size on Pantala survival,
Pantala total biomass, Tramea survival, and water boatmen survival. For each regression
analysis, we initially included a quadratic predictor term to determine if the relationship
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between the predictor and response was curvilinear. If the quadratic term was not
significant in a given analysis, it was excluded from the final analysis. If it was
significant, we conducted the Mitchell-Olds & Shaw (MOS) test to determine whether
there was evidence of a hump-shaped or U-shaped relationship (Mitchell-Olds & Shaw
1987). For all of these models, we also initially included as a predictor the estimated
density of Pantala hatchlings at the start of the experiment. However, this predictor was
not significant in any cases and was therefore excluded from the final models. To create
the Pantala total biomass response variable, we added together for each pool the dry
mass of nymphs and the estimated final instar nymph dry mass of adults. We developed
these estimates for adults using empirically-derived relationships between final instar
nymph and adult dry masses. This formulation of the response variable is less likely to
exhibit treatment bias compared to simply adding together the dry mass of nymphs and
adults. This is because dragonflies lose a significant amount of mass during the
transformation from nymph to adult, and the proportion of Pantala survivors that
emerged as adults varied among the treatments. We did not analyze Tramea total biomass
because this response was confounded with the experimental treatments.
Laboratory experiment
We used logistic regression to determine how relative size affected survival for
each dragonfly species after 72 hours of interaction. In these analyses, the predictor
variable was the ratio of head widths for interacting pairs. Initially, we also included as a
covariate the absolute head width of one species when looking at survival of the other, in
case the size ratio at which the predation switch occurred was dependent upon absolute
size. However, this covariate was not significant in either model and consequently was
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not included in the final models. Model evaluation methods were the same as those used
for the mesocosm experiment. In some experimental units, one or both nymphs molted
before a predation event, so we used the effective size ratios instead of the original ratios.
We excluded three experimental units from analyses because Tramea nymphs died of
causes unrelated to predation (i.e., no signs of injury).
General
All analyses were performed using the R statistical computing environment (R
Development Core Team 2013). We used the ‘rms’ package for logistic regression
(Harrell 2013), and the ‘vegan’ package for the MOS test (Oksanen et al. 2013). When
block effects were not significant, block degrees of freedom were pooled with the error
term degrees of freedom for the final analysis (Zuur, Ieno & Walker 2009). Assumptions
of normality of residuals and homogeneity of variances were satisfied for all analyses.

1.3. Results
MESOCOSM EXPERIMENT: IMPORTANCE OF SIZE-MEDIATED PRIORITY EFFECTS

Late arriver recruitment success
Across the 24 pools in which Tramea co-occurred with Pantala, only 15 (63%)
had Pantala survivors. Logistic regression revealed that an increase in initial Tramea size
caused the proportion of pools producing at least one adult Pantala to decline from 97%
to 14% (Fig. 1.1A; intercept: 9.46 ± 3.60 standard error [SE], p < 0.0086, slope: -3.24 ±
1.25 SE, p < 0.0094; overall model evaluation: χ2 = 12.17, d.f. = 1, p < 0.0005; goodnessof-fit test:

= 0.5271, d.f. = 1, p = 0.5981).
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Late arriver survival
Regression indicated that Pantala survival declined nonlinearly with increasing
initial Tramea size (Fig. 1.1B; survivors = -10.23 * size [mm] + 1.65 * size [mm]2 +
15.65; adjusted R2 = 0.48, F2, 21 = 16.88, p < 0.0001). Survival in the Very Small
treatment was 3.1×, 5.5×, and 22.0× greater than that in Small, Medium, and Large
treatments, respectively. Though the relationship was curvilinear, the MOS test indicated
that it was not U-shaped.
Late arriver total biomass
Pantala total dry biomass declined linearly with increasing initial Tramea size
(biomass [mg] = -118.74 * size [mm] + 407.04; adjusted R2 = 0.57, F1, 21 = 31.52, p <
0.0001). For the Control, Very Small, Small, Medium, and Large treatments, total dry
biomass was 249.0 mg ± 83.5 SD, 215.6 mg ± 66.9 SD, 94.7 mg ± 73.0 SD, 50.8 mg ±
59.8 SD, and 13.2 mg ± 32.3 SD, respectively.
Early arriver survival
Regression indicated that Tramea survival increased nonlinearly with increasing
initial Tramea size and was greatest in the Medium treatment (Fig. 1.1B; survivors =
13.70 * size [mm] – 2.39 * size [mm]2 – 14.02; adjusted R2 = 0.33, F2, 21 = 6.68, p <
0.0057). Survival was 45%, 69%, 81%, and 67% in Very Small, Small, Medium, and
Large treatments, respectively. Though the relationship was curvilinear, the MOS test
indicated that it was not hump-shaped.
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Prey survival
Regression indicated no effect of initial Tramea size on water boatmen survival
(adjusted R2 = 0.05, F1, 28 = 2.66, p < 0.1139; 9.47 per pool ± 4.96 SD). This is possibly
due to the fact that, although the final composition of the dragonfly community differed
among treatments, the final total number of dragonflies did not (5.90 per pool ± 1.65 SD;
χ24, 25 = 2.44, p < 0.6555). Water boatmen survival simply declined linearly with
increasing final dragonfly abundance (water boatmen = -1.99 [dragonflies] + 21.21;
adjusted R2 = 0.42, F1, 28 = 21.71, p < 0.0001).
LABORATORY EXPERIMENT: CHANGES IN INTERACTIONS WITH RELATIVE SIZE

Predation occurred in 107 of 134 experimental units (80%, 45 Tramea and 62
Pantala eaten). Generally, the larger nymph became a predator of the smaller one,
regardless of species, even when size differences were quite small (Fig. 1.2). Based on
head width ratios (Tramea / Pantala), interactions between species fit into five distinct
categories: 1) ratio = 0.45-0.86: Tramea always eaten; 2) ratio = 0.90-1.17: if either
eaten, then it was Tramea; 3) ratio = 1.18: no predation; 4) ratio = 1.20-2.02: if either
eaten, then it was Pantala; and 5) ratio = 2.13-5.28: Pantala always eaten. Logistic
regression models indicated that, for both species, the predicted probability of mortality
increased with head width ratio values (i.e., as size of the focal species decreases relative
to the other species; Table 1-2). This increase in probability of mortality occurred rapidly
around a head width ratio of 1.0. However, Tramea must be larger in head width to eat
Pantala than vice versa. For example, probability of mortality for Pantala becomes 0.5
when the size ratio is 1.60, but mortality probability for Tramea become 0.5 when the
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ratio is 1.05.
GROWTH MODELS: TEMPORAL DYNAMICS OF SIZE-DEPENDENT SPECIES INTERACTIONS

At the beginning of the mesocosm experiment, Pantala nymphs were highly
vulnerable to predation from Tramea across all treatments (Tramea HW / Pantala HW ≥
4.0, Pr[mortality] for Pantala = 0.9999, based on laboratory experiment results).
However, the maximum growth rate of Pantala exceeded that of Tramea in the Very
Small, Small, Medium, and Large treatments by 1.6× (Pantala growth rate coefficient
[mp] = 3.54, Tramea growth rate coefficient [mt] = 2.24), 1.4× (mp = 3.20, mt = 2.23),
1.7× (mp = 3.28, mt = 1.97), and 2.1× (mp = 3.01, mt = 1.46), respectively. Consequently,
the fastest-growing Pantala nymphs achieved sizes that rivaled or exceeded those of
Tramea nymphs over ontogeny, and the time required for Pantala to catch up to Tramea
decreased with initial size differences (Fig. 1.3). Growth models estimated that the
fastest-growing Pantala nymphs became large enough to consume the slowest-growing
Tramea nymphs by 4, 10, 17, and 32 days after hatching in the Very Small, Small,
Medium, and Large treatments, respectively (i.e., smallest Tramea HW / largest Pantala
HW ≤ 1.17, based on laboratory experiment results), indicating initiation of a switch in
predation direction. Therefore, the duration of ontogeny over which predation was
restricted to Tramea consuming Pantala diminished from 30 days in the Large treatment
to 15, 8, and 2 days in the Medium, Small, and Very Small treatments, respectively (Fig.
1.3). By the time they emerged as adults, the fastest-growing Pantala nymphs in all
treatments were at a size immune to predation from Tramea and were capable of eating
even the largest of Tramea nymphs (Pr[mortality] for Tramea: Very Small = 0.92, Small
= 0.68, Medium = 0.66, and Large = 0.34, based on laboratory experiment results).
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1.4. Discussion
Relative shifts in phenological timing of interacting species are ubiquitous in
seasonal habitats, but we are just beginning to understand how these shifts influence
species interactions. In this study of intraguild predators, we show that shifts in arrival by
one species relative to another can have strong effects on species interactions via sizemediated priority effects (SMPE). These effects on interaction strength determined not
only the relative abundances of dragonfly species within habitats but also whether the
dragonflies could coexist. Importantly, we also found a nonlinear scaling relationship
between shifts in relative arrival and interaction strength because small shifts in relative
arrival caused large changes in interaction strength while subsequent changes had
relatively minor effects. Thus, even small phenological shifts can determine the success
or failure of species to colonize and persist in a community. These results highlight the
importance of SMPE as a mechanism linking phenological shifts to species interactions
and the dynamics of natural communities.
SIZE-MEDIATED PRIORITY EFFECTS AND COMMUNITY DYNAMICS

Size-mediated priority effects have been implicated as a driving force in
determining the outcome of species interactions, but surprisingly little experimental work
has rigorously evaluated their role. Presently, our knowledge of these priority effects is
largely derived from two types of studies: 1) those that manipulate relative arrival in
experiments that span the development of the study organisms (e.g., Alford & Wilbur
1985; Hodge, Arthur & Mitchell 1996; Boone, Scott & Niewiarowski 2002) and 2) those
that manipulate relative size of study organisms in experiments that span a small fraction
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of development time (e.g., Hurd 1988; Fincke 1999; von May, Reider & Summers 2009).
The former cannot readily disentangle SMPE from other types of priority effects, and the
latter does not provide information about the dynamics of relative body size, and thus
species interactions, that occur over ontogeny. To isolate and quantify SMPE under
different scenarios of phenological shifts, we took an integrative approach that involved a
mesocosm experiment, laboratory experiment, and growth modeling. We found that,
when differences in arrival between species were relatively large (i.e., Large treatment),
the early arriver maintained a size advantage long enough to eliminate the late arriver
from nearly all habitats through predation. However, when arrival differences were small
(i.e., Very Small treatment), the faster growth rates of the late arriver allowed at least
some individuals to achieve a size refuge from predation and even gain a size advantage.
Consequently, in this scenario, there was mutual predation (i.e, large Tramea ate small
Pantala and large Pantala ate small Tramea), which ultimately allowed the two species
to coexist in similar abundances. Taken together, this integrative approach demonstrated
that SMPE can strongly affect interactions between growing predators, even when all
other types of priority effects are excluded and when the range of phenological shifts is
quite small (i.e., five-day vs. 12-day arrival difference). Importantly, these results also
indicate that species interactions are not fixed, as is typically assumed, but instead are
dynamic and can vary among years with changes in relative arrival phenologies.
FUNCTIONAL RELATIONSHIP OF PHENOLOGICAL SHIFTS AND INTERACTION STRENGTH

While there is increasing evidence that phenological shifts have the potential to
alter species interactions, the way in which per-capita interaction strength scales with
phenological shifts is largely unknown. If this relationship is linear, we can simply use
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the magnitude of these shifts to determine the magnitude of change in interactions.
However, if it is nonlinear, we will need to develop a mechanistic framework to
understand this scaling relationship. Based on studies of competition that have examined
interaction strength over a range of relative arrival times, it appears that this relationship
can be nonlinear (Shorrocks & Bingley 1994; Hodge et al. 1996). Nonlinearity can arise
from a variety of nonexclusive (and interacting) mechanisms including positive feedback
loops, nonlinear scaling of per-capita interaction strength with species’ size ratios, and
changes in interaction type (e.g., from competition to predation). In competition, larger
early arrivers can dominate resources, which promotes their own growth while reducing
growth of late arrivers, and this can lead to a positive feedback between size and growth
rates. Because most studies have focused upon competition, it is difficult to know if this
nonlinearity prevails for other types of interactions.
In our study of intraguild predators, we had treatments representing four levels of
phenological shifts, and we observed a nonlinear relationship between these shifts and
per-capita interaction strength, as measured by survival. Small changes in relative arrival
(i.e., Very Small vs. Small treatments, 2-day relative shift) led to a dramatic decline
(68%) in survival of the late arriver, while further increasing differences in relative
arrival had relatively minor consequences (i.e., Small vs. Medium treatments, additional
2-day shift, 14% further decline, Fig. 1.1B). While this nonlinearity could be due, in part,
to mean survival of the late arriver leveling off as it approached zero, we think that the
change to interactions that occurred between the Very Small and Small treatments was
more important in generating this nonlinear relationship. This conclusion is further
supported by the nonlinear scaling relationship also observed for mean survival of the
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early arriver, which never approached zero (Fig. 1.1B). The small arrival differences
represented by the Very Small treatment likely allowed many individuals of the fastergrowing late arriver to “outgrow” the early arriver to become the dominant predator,
while all greater arrival differences resulted in the late arriver suffering intense predation
from the early arriver. Whether the interactions involve competition, predation, or both, it
is unlikely that the phenological shift-species interaction relationship will be linear given
that the majority of interactions occur among growing individuals.
CONCLUSIONS

The timing of phenologies naturally varies among years with seasonal weather
patterns, which could affect the outcome of species interactions. Theory suggests that
such context-dependent outcomes of species interactions can alter long-term persistence
of species and thus community structure because different years favor different species
(Chesson & Warner 1981; Polis et al. 1989). In support of this, our results indicate that
the relative timing of phenological events can change the outcome of interactions
between species strongly enough to alter demographic rates of species and community
structure. When differences in relative arrival were great, SMPE allowed the early arriver
to gain the advantage and exclude the late arriver, but when arrival differences were
small (and SMPE were weak), the two species coexisted in similar abundances. If the
difference in relative phenological timing, and thus the outcome of interactions, varies
more or less randomly among years, species could exhibit long-term coexistence.
However, anthropogenic climate change is causing directional shifts in species’
phenologies (Parmesan 2007; Tylianakis et al. 2008), which could consistently place
certain species at a disadvantage across years. This could lead to the exclusion of these
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species from the community over the long term. While this study provides important
novel insight into how phenological shifts affect species interactions, there is still much
work to be done to develop a predictive framework for understanding the long-term
consequences of phenological shifts for natural communities. In the development of this
framework, it is clear that empirical studies that carefully isolate and quantify
mechanisms are crucial (Forrest & Miller-Rushing 2010; Miller-Rushing et al. 2010).
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1.7. Tables
Table 1-1. Size classes of Tramea carolina nymphs used to create treatments in the
mesocosm experiment. Relative size = initial difference in head width between the
two species (Tramea / Pantala).

Size class

Estimated age
(days)
Head width (mm)
Relative size
Body length (mm)
Dry mass (mg)

Very
Small

Small

Medium

Large

7

9

11

14

1.85
3.2×
3.8
0.75

2.34
4.0×
4.6
1.56

2.90
5.0×
6.1
3.05

3.47
6.0×
7.1
5.39
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Table 1-2. Results of a regression showing the quadratic relationship between
initial size of Tramea carolina naiads and survival of Pantala flavescens and itself as
well as on Pantala total biomass.

β

SE β

Wald
Z

d.f.

p-value

Pantala survival
Constant
-8.36 1.51 -5.540
1
< 0.0001
Size Ratio (T / P)
5.23 0.95 5.480
1
< 0.0001
2
Overall model evaluation: χ = 130.017, d.f. = 1, p < 0.0001
Goodness-of-fit test:
1. 7 , d.f. 1, p
.1505
Tramea survival
Constant
-13.89 3.27 -4.247
1
< 0.0001
Size Ratio (P / T)
14.28 3.36 4.248
1
< 0.0001
Overall model evaluation: χ2 = 126.8024, d.f. = 1, p < 0.0001
Goodness-of-fit test:
. 1 , d.f. 1, p
.
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1.8. Figures

A

B

Figure 1.1. Response to differences in initial size of Tramea carolina nymphs for a)
the proportion of pools with at least one survivor of Pantala flavescens, and b) the
number of survivors per pool for Pantala and Tramea. The number of survivors is out
of an estimated average of 164 Pantala nymphs that colonized pools and seven Tramea
nymphs initially added (see ‘Methods’ for details). Thick lines are model predictions, and
thin dashed lines are the corresponding 95% confidence intervals. The control treatment
did not contain any Tramea nymphs and is only included in plots for comparison. The
mean for Pantala survival in the control treatment is represented by the black diamond.
When necessary, points were jittered to increase visibility of the six replicates per
treatment.
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Figure 1.2. Predation outcomes for pairings of nymphs of Tramea carolina and
Pantala flavescens in the laboratory experiment. Dark gray indicates that Tramea
ate Pantala, white indicates that Pantala ate Tramea, and light gray indicates that
neither species was eaten. Each point represents one to eight replicates. The dotted
line denotes a head width ratio of 1.00 and the dashed line denotes the head width
ratio at which the direction of predation switched (1.18).
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A

B

C

D

Figure 1.3. Growth curves for nymphs of Pantala flavescens and Tramea carolina in
four treatments that manipulated initial Tramea nymph size: A) Large, B) Medium,
C) Small, and D) Very Small. Growth trajectories of both species were described
using logarithmic functions (see ‘Methods’ for details). In all plots, days 1, 12, and 14
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represent the estimated hatching date for Large Tramea, hatching date for Pantala,
and start of the experiment, respectively. The gray shaded regions indicate the
estimated temporal windows during which Tramea could prey upon Pantala and
was invulnerable to predation from Pantala. End points of Pantala growth curves
are the dates on which the fastest-growing nymphs became adults, while end points
for Tramea curves represent the end of the experiment (day 81, none emerged as
adults in any treatment).
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Chapter 2

Consequence of shifts in arrival for
competition and predation

Climate change is shifting the timing of phenological events of species in habitats
worldwide. However, the magnitude and direction of these shifts varies among species,
which is altering the stage at which species interact. We do not have a good
understanding of how these shifts in the timing of interactions affects the outcome of
those interactions, but determining the consequences for interactions is critical for
predicting the effects of climate change on natural communities. In this study, we
conducted an experiment to determine how variation in phenological timing of one
species affects its interactions with a predator and a competitor. Specifically, we
manipulate the arrival time of hatchling tadpoles of a focal species relative to an earlyarriving salamander predator and a later-arriving competitor tadpole species. We found
that survival of the focal species increased with later arrival in the absence of the
competitor and predator, but the opposite was true when the predator was present. Also,
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phenological shifts can affect species interactions strongly enough to determine whether
the two tadpole species could persist within the habitat, thus altering community
structure, and these changes to community structure scaled up to affect one of three
ecosystem-level processes measured. The effects at all ecological levels were generally
dependent upon the complexity of the communities (i.e., which combination of
amphibians were present), which emphasizes the importance of studying the effects of
phenological shifts in a food web context. These results clearly demonstrate that
phenological shifts can have effects that extend far beyond those on the species
exhibiting the shift.
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2.1. Introduction
In habitats worldwide, species are shifting the timing of their seasonal life-history
events, or phenologies, because of anthropogenic climate change (Walther et al. 2002,
Parmesan 2006, Intergovernmental Panel on Climate Change 2007). Importantly, it has
become clear that species vary not only in the magnitude but also in the direction of
phenological shifts (Both et al. 2009, Guo et al. 2009, Todd et al. 2010). While many
species are shifting their phenologies earlier relative to the historical past, some species
are shifting their phenologies later, and others still have shown no appreciable change in
timing. This is altering the ontogenetic stage at which species interact (Memmott et al.
2007, Miller-Rushing et al. 2010). Despite mounting evidence of shifts in the timing of
interactions, we still do not have a good understanding of how these shifts affect the
outcome of species interactions (Yang and Rudolf 2010). Determining the effects on
species interactions is critical for predicting how climate change will affect demographic
rates, community structure, and ecosystem functioning (Yang and Rudolf 2010, MillerRushing et al. 2010).
To understand how shifts in phenology affect the outcome of species interactions,
it can be useful to think about them in the context of community assembly processes.
Phenological timing oftentimes determines when during the year species “arrive” within
communities (e.g., via migration, birth, emergence from dormancy), and differences in
arrival timing among species determine the stage at which they interact. As differences in
arrival become larger, early arrivers have more time to 1) increase in population density
(Robinson and Dickerson 1987, Olito and Fukami 2009), 2) alter environmental
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conditions ( Hernandez and Chalcraft 2012), and/or 3) change their individual traits (
Geange and Stier 2009, Rudolf and Singh 2013) prior to the appearance of late arrivers.
This often results in negative consequences for late arrivers, even when arrival
differences are quite small (Alford and Wilbur 1985, Munday 2004). Several of these
types of priority effect likely occur concomitantly to affect the outcome of species
interactions
Competition and predation are the best-studied types of species interactions and
therefore serve as good starting place to demonstrate how shifts in phenological timing
can affect the outcome of interactions. For competition, priority effects likely manifest
primarily through one or both of the following mechanisms: 1) early arrivers gain a body
size advantage, which generally confers superior per-capita competitive abilities relative
to smaller/later arrivers, and 2) monopolizing food resources. In the case of predation,
increasing arrival disparity increases the body size difference between species. As the
predator becomes older/larger, it can consume more prey per unit time and can eat a
larger range of prey sizes. This means that prey spend more time in a size that is
vulnerable to predation before achieving a size refuge. Species interactions to do not
occur in isolated pairs in natural communities, which means there can be effects of
predator-prey interactions on competitive interactions and vice versa. If, for example, the
timing of predator-prey interactions affects the abundance of the prey, then this could
affect the intensity of competition that another species experiences that shares a food
resource with the prey. Therefore, the consequences of phenological shifts could ripple
through a community, even by altering just one or a few species interactions. However,
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few studies have manipulated the timing of interactions in communities with both
predation and competition to determine the community-level effects.
If shifts in relative phenological timing affect the strength of species interactions,
this can alter community structure via changes in the relative abundances of species and
biodiversity. In Chapter 1, the amount of time between arrival events for two species that
interact as intraguild predator determined whether they could coexist (small arrival
differences = coexistence, large arrival differences = exclusion of late arriver). Changes
to community structure could scale up to alter ecosystem-level processes, such as rates of
nutrient cycling and productivity, particularly if the species lost are those that have
disproportionately large effects on the ecosystem such as keystone predators and
ecosystem engineers. Recent work on priority effects has demonstrated that the sequence
of species arrival can affect ecosystem-level factors, such as decomposition rates, as well
as nitrogen and carbon cycling (Fukami et al. 2010, Dickie et al. 2012). Given that
phenological shifts are a likely source of priority effects in the annual cycles of
community assembly, it is possible that these shifts could alter ecosystem functioning.
In this study, we took an experimental approach to determine how variation in the
timing of one species affects its interactions with a predator and a competitor as well as
whether these effects on interactions scale up to affect community structure and
ecosystem functioning. Specifically, we manipulate the arrival time of hatchling tadpoles
of a focal species relative to an early-arriving salamander predator, and a later-arriving
competitor tadpole species. With this experiment, we asked three main questions: Do
shifts in phenology of the focal species relative to the others affect 1) the abundances of
species, 2) community structure, and/or 3) ecosystem functioning? We found that
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phenological shifts can affect species interactions strongly enough to alter not only the
relative abundances of species but also whether two of the species could persist within
the habitat, thus altering community structure, and these changes to community structure
could even scale up to affect ecosystem-level processes. These results clearly
demonstrate that phenological shifts can have important effects at several levels of
ecological organization and that the outcome requires an understanding of a species
embedded in its natural ecological context.

2.2. Methods
STUDY SPECIES

The three amphibian species used in this experiment commonly co-occur in
fishless, permanent ponds in eastern Texas (NLR, unpublished data). In these ponds,
larvae of Ambystoma talpoideum (Mole Salamander), arrive in early to mid-winter and
feed on zooplankton, macroinvertebrates, and other amphibian larvae. Tadpoles of Rana
sphenocephala (Southern Leopard Frog) generally arrive in late winter to early spring
and compete for algal food resources with tadpoles of Rana clamitans (Green Frog),
which arrive in late spring to mid-summer (NLR, unpublished data). Hereafter, A.
talpoideum, R. sphenocephala, and R. clamitans will be referred to as the predator, focal
species, and competitor, respectively. R. sphenocephala is called the focal species
because its arrival phenology was manipulated relative to that of the other two species
(see details below). The amount of time between arrival events of these species can vary
substantially among years. This is likely due to inter-annual variation in environmental
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conditions and differential phenological responses to these year-specific conditions by the
three species. The onset of predator reproduction occurs during the coldest months of the
year with heavy, sustained rains (Semlitsch 1985). The focal species breeds following
rain events, with little effect of temperature (Doody and Young 1995). The competitor
breeds when temperatures become warm but are independent of rainfall (Saenz et al.
2006). In particular, the focal species can exhibit a great deal of variation in reproductive
timing. Though the highest level of reproductive activity occurs late winter to early
spring, this species has been recorded calling at most times of the year following rains
(Wiest 1982). Consequently, this species can experience a broad range of abiotic and
biotic conditions during its larval period.
Both field observations (Walters 1975) and mesocosm experiments (Morin 1983)
indicate that predation by ambystomatid salamander larvae is important in structuring
amphibian larval communities. Salamanders are gape-limited predators, meaning they are
restricted in the size of prey they consume by the size of their mouths (Caldwell et al.
1980, Urban 2008). When arrival differences between salamanders and tadpoles are
small, salamanders might not be large enough to eat tadpoles at all, but as arrival of
tadpoles occurs increasingly later relative to salamanders, salamanders are larger and can
consume increasingly more tadpoles. Therefore, variation in arrival phenology between
predator and prey can have important consequences for the strength of their interaction.
The two tadpole species compete for benthic algae as their food source, but they
exhibit important differences in their traits. The focal species occurs in habitats ranging
from temporary pools to permanent fishless ponds, while the competitor occurs in
permanent ponds, with and without fish. The focal species can complete development in
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ephemeral habitats because it exhibits high activity levels and fast growth rates (Ryan
and Winne 2001). These traits make the focal species superior at competing for food with
the competitor tadpole species. Also, the focal species arrives in the habitat before the
competitor, which affords it a size advantage in interactions with the competitor. It has
been demonstrated that, all else equal, larger tadpoles are superior per-capita competitors
(Werner 1994). However, the competitor performs well in the presence of salamander
predators because it is has low activity levels and primarily hides in leaf litter (Werner
and McPeek 1994). Taken together, this means that the focal species generally has
advantage over the competitor but the strength of these advantages depend upon relative
arrival time and whether predators are present.
EXPERIMENTAL DESIGN

During 2010, we conducted an outdoor mesocosm experiment to determine how
shifts in arrival phenology of one species relative to a predator and competitor affect
demographic rates, community structure, and/or ecosystem functioning. We used
cylindrical, polyethylene cattle watering tanks (1,136 L) as the mesocosms. This was a
full factorial experiment (2 × 4 × 2 = 16 treatments) that manipulated the
presence/absence of the predator, arrival time of the focal species, and presence/absence
of the competitor. Amphibian larvae were introduced to mesocosms in a sequence that
preserved their natural arrival order and in densities representative of those found in
natural ponds (Morin 1983, Semlitsch 1987, Werner 1994). Small larvae of the predator
were added (seven / mesocosm or 0.007 individuals per L) or not on day 1 (April 1, 2010,
~40 days old). Newly-hatched tadpoles of the focal species were added (100 / mesocosm
or 0.1 individuals per L) or not on day 1 (“early”), on day 1 (“medium”), or on day 2
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(“late”). Newly-hatched tadpoles of the competitor were added (142 / mesocosm or 0.142
individuals per L) or not on day 41. These treatments allowed us to determine how arrival
time of the focal species affected performance of the focal species as well as that of the
competitor and predator. Treatments without the focal species served as controls that we
could compare with the treatments with the different arrival times of the focal species to
determine the consequences for performance of the predator and competitor. Each of
these 16 treatments was replicated four times in a randomized complete block design (16
× 4 = 64 mesocosms, see below for details of experimental array).
EXPERIMENTAL SET UP

The experiment was conducted in an open field at the south campus research site
of Rice University in Houston, Texas. We used 64 mesocosms, which were arranged in a
square array and divided into four spatial blocks. Between February 2 and 18, mesocosms
were filled with ~1,000 L of tap water treated to remove chlorine and chloramines. All
mesocosms within a spatial block were filled on the same day. Once filled, mesocosms
were immediately covered with lids composed of 60% shade cloth, which excluded
unwanted colonists and would later retain experimental organisms. To recreate simple
pond habitats, we added to each mesocosm, ~750 g dry mass of oak leaf litter (February
21) as nutrient source and to increase habitat structural complexity, and ~900 mL of a
well-mixed suspension of zooplankton, phytoplankton, and periphyton collected from
several local, fishless ponds (February 28) carefully screened to remove non-target
organisms (e.g., predatory insects, tadpoles). We also added to each mesocosm a 750-mL
aliquot of amphipods and isopods (March 1) as additional prey for the predators and to
fulfill the role of decomposers. Two of these samples were preserved and later quantified.
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Based on these samples, we determined that we had added to each mesocosm 34.5
amphipods ± 4.5 SD and 99.5 isopods ± 8.5 SD.
All amphibians were collected from ponds either in the Angelina National Forest
or the Davy Crockett National Forest in Texas. Predators were collected as ~40-day old
larvae from one pond on March 27. We know the approximate age of larvae because this
pond was regularly visited during the time period when eggs were laid and hatching.
There was some size variation in the larvae we collected, so we carefully divided them
into seven size categories and added one randomly-selected individual from each size
category to each of the 32 mesocosms that required predators. We measured the snout-tovent length of all the predators from a randomly-selected subset of eight mesocosms, and
performed an ANOVA to confirm that no significant differences in average size existed
among the mesocosms (17.88 mm +/- 1.38 SD, F7,48 = 0.3255, p = 0.9386). A total of
thirty egg masses of the focal species were collected from four ponds on three dates
(February 9 and 10 and March 10). Each mass was divided into three roughly equal
sections. Eggs were maintained in an environmental chamber at 10°C until approximately
one week prior to the time the resulting tadpoles were added to the mesocosms, at which
time they were hatched at18°C. Eggs of the competitor were collected from three ponds
on two dates (May 5 and 7) and hatched at 22°C.
AMPHIBIAN SURVEYS

We conducted dipnetting surveys of the predator and the focal species during the
community assembly phase of the experiment (i.e., period starting with predator arrival
and ending with competitor arrival; experiment days 1-41). We used these surveys to
monitor abundances and average body sizes, which we hypothesized would be important
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in determining the outcome of species interactions. Specifically, we measured the size of
the predators around the time of each of the four tadpole colonization events (i.e., three
arrival times for the focal species and arrival of the competitor) to determine how
differences in relative arrival time between predator and prey affect relative size, which
can affect interaction strength (i.e., larger predators can consume more prey). We
determined abundances and sizes of focal tadpoles around the time that the competitor
arrived to compare the intensity of competition that the competitor faced with
increasingly later arrival relative to the focal species.
For the predator, these surveys served an additional purpose. Salamander densities
decrease over time in natural communities primarily through predator-induced mortality.
However, salamanders in our experiment exhibited perfect survival, likely due primarily
to the exclusion from our mesocosms of snakes, wading birds, and other predators of
salamander larvae. Thus, to avoid unnatural high predator densities (and thus unnaturally
high prey mortality), we gradually removed salamanders to mimic the mortality that
occurs in nature. Of the original seven salamanders, we removed three individuals from
each mesocosm on each of two dates: April 27 [experiment day 27] and May 10
[experiment day 40]. On each date, we took care to remove the smallest, largest, and
middle-size individuals in order to best preserve the mean size present in the mesocosms.
The last salamanders were removed on May 21 [experiment day 51] because most had
begun to either metamorphose or develop into paedomorphs (i.e., sexually mature adults
that retain larval traits and remain aquatic).
Mesocosms were checked every other day to collect metamorphs of the focal
species and the competitor until the experiment was ended. Metamorphosis was defined
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as emergence of the first front limb. The experiment was ended on December 10 [day
254], when it became clear that the remaining tadpoles were going to overwinter rather
than metamorphose. All remaining tadpoles were collected and preserved in 10%
buffered formalin for later identification and tabulation.
ECOSYSTEM-LEVEL RESPONSES

To determine the effects of variation in community composition and assembly on
ecosystem functioning, we measured decomposition rates, net primary productivity
(NPP), and respiration rates (R). We quantified the decomposition of leaf litter, which is
one of the primary sources of decaying organic material in ponds. In each mesocosm we
submerged two mesh bags (mesh size: 3.5mm2) filled with oven-dried oak leaves (60°C
for 3 days, 6 g per bag). Bags were added on April 30 and removed on June 12. We
selected this start date because it occurred shortly after all introductions of the focal
species had been completed (i.e., hatchling for the late arrival treatment were added on
April 25), and this end date was selected because it occurred around the time that the first
metamorphs of the focal species began to emerge. After we recollected bags from
mesocosms, we carefully rinsed them to remove debris, algae, and invertebrates. For each
mesocosm, we combined the remaining contents of the two bags, dried it (60°C for 3
days), and weighed it. Then we calculated the decomposition constant (k) from the
exponential decay curve model, Mt = M0 * exp (-k * t), where M0 indicates the initial
mass (12 g), Mt the final mass, and t the duration of decomposition (43 days). We
estimated NPP and R using diurnal oxygen cycles (Wetzel and Likens 2000, Downing
and Leibold 2002). We measured dissolved oxygen (DO) with a DO probe (Professional
Plus, YSI) at three times during a 24-hour period: sunrise (t0), sunset (t1), and the
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following sunrise (t2). NPP is given by the increase in DO from t0 to t1 and R by the
decrease in DO from t1 to t2. We took five sets of these measurements during the
experiment: April 14-15, April 25-26, May 22-23, September 28-29, and November 9-10.
The first three sets of measurements were collected around the time of tadpole
introductions to determine how conditions varied across arrival times, and the last two
measurements were taken near or at the end of the experiment to determine if the
variation in community composition or assembly affected these ecosystem-level
processes.
STATISTICAL ANALYSES

We analyzed all responses using generalized linear mixed models (GLMM), all of
which were performed using the R statistical computing environment (R Development
Core Team 2013).We did not analyze survival of the predator because it was 100%
across all treatments, and we did not analyze final size of the predators because the
predator thinning we employed over time likely removed any effects of the experimental
treatments. For abundance and average size of focal tadpoles at the time of the competitor
arrival, we included focal species arrival time, predator presence/absence, and their
interaction as fixed effects and spatial block as a random effect. For abundance, we used
a binomial error structures with proportion data and for average size, we used a Gaussian
error structure. For proportion of survivors of the focal species at the end of the
experiment, we included focal species arrival time, predator presence/absence, competitor
presence/absence, and their two- and three-way interactions as fixed effects and block as
a random effect. For proportion of survivors of the competitor at the end of the
experiment, we included focal species arrival time (including no arrival), predator
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presence/absence, and their interaction as fixed effects and block as random effect. For
each of these two analyses, we detected overdispersion, and therefore corrected the
standard errors using a quasi-model (i.e., “quasibinomial”; multiplies standard errors by
square root of dispersion parameter; Zuur 2009). Survival included metamorphs as well
as tadpoles collected at the end of the experiment because, with our mesocosms, we were
simulating small permanent ponds, and in these habitats, surviving tadpoles would
metamorphose the following spring. To analyze decomposition rates, we conducted an
analysis including focal species arrival time (including no arrival), predator
presence/absence, competitor presence/absence, and their two- and three-way interactions
as fixed effects and block as a random effect. For NPP and R, we conducted separate
analyses including focal species arrival time (including no arrival), predator
presence/absence, competitor presence/absence, and their two- and three-way interactions
as fixed effects and block as well as mesocosm nested within time as random effects.
When block effects were not significant, block degrees of freedom were pooled
with the error term degrees of freedom for the final analysis (Zuur et al. 2009). To test for
significance of block effects, we compared the model containing no random term, except
for the ordinary residuals, to the model with the random intercept (i.e., spatial block). As
long as restricted maximum likelihood is used to generate the estimators for the variance
terms, these two models can be compared using AIC. Also, non-significant interaction
terms were removed from the final analyses. We generated analysis of deviance tables
using the ‘car’ package.
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2.3. Results
PREDATOR SURVEYS

Predators increased in mean snout-to-vent length (SVL) over the duration that the
focal species and the competitor arrived to the habitat (Fig. 2.1). However, increases in
SVL decelerated over time. Specifically, predators were 17.88 mm ± 1.38 SD in SVL
when the focal species arrived early (i.e., 40 days after the predator). Predator size
increased by 67% between the early and medium arrival times of the focal species
(difference of 12 days), 11% between the medium and late arrival times of the focal
species (difference of 12 days), and 9% between the late arrival of the focal species and
arrival of the competitor (difference of 16 days).
FOCAL SPECIES SURVEYS

The abundance and size of the focal tadpoles encountered by hatchlings of the
competitor depended upon the extent of differences between them in arrival time and the
presence/absence of the predator (Fig. 2.2; abundance: focal arrival time × predator: χ2 =
163.25, d.f. = 1, p < 0.0001; size: focal arrival time × predator: F1,32 = 4.61, p < 0.039).
When predators were absent and the focal species arrival was early, medium, and late, the
competitor encountered many large tadpoles, few large tadpoles, and many small
tadpoles, respectively. When predators were present and the focal species arrival was
early, medium, and late, the competitor encountered many large tadpoles, very few large
tadpoles, and no tadpoles, respectively.
FOCAL SPECIES SURVIVAL

Overall, survival of the focal species at the end of the experiment was low (8%)
but depended on competitor presence/absence as well as the interaction between predator
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presence/absence and focal species arrival time (Fig. 2.3, Table 2-1). Focal species
survival was reduced by 31% when the competitor was present. In the absence of
predators, focal species survival increased with later arrival, regardless of competitor
presence (early = 7%, medium = 12%, late = 16%). However, in the presence of
predators, the opposite occurred. Specifically, when the focal species arrived early, it
survived as well as it did in the absence of predators (13%), but if it arrived later, it was
excluded or nearly excluded (i.e., < 5 survivors) from all habitats.
COMPETITOR SURVIVAL

Survival of the competitor at the end of the experiment was 18% overall and
depended on the interaction of predator presence/absence and focal species arrival time
(Fig. 2.4, Table 2-1). In the absence of the predator, the effects of the focal species were
highly dependent upon its arrival time relative to the competitor. Specifically, when
differences in arrival were large (i.e., early focal species arrival), the competitor was
excluded from three of four habitats, and nearly excluded from the fourth (1% survival).
However, when differences in arrival were smaller, the competitor survived about as well
as it did in the absence of the focal species. When the predator was present, survival of
the competitor was generally low (12%) relative to its survival in the absence of the
predator (23%), but the predator moderated the effects of arrival time of the focal species
on survival of the competitor. In particular, when differences in arrival were large, the
competitor exhibited low survival but persisted in three of four habitats. As differences in
arrival between tadpole species became smaller, survival of the competitor gradually
increased to levels comparable to those when only the predator was present.
DECOMPOSITION RATES
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Decomposition rates depended upon the three-way interaction between arrival
time of the focal species, presence/absence of the competitor, and presence/absence of the
predator (Fig. 2.5, Table 2-1). This interaction occurred because decomposition rates
were high when the focal species was early and the competitor was present, compared to
any other arrival time in the presence of the competitor and any other combination of the
predator and competitor when the focal species was early. Also, decomposition rates
were low when the focal species was late and the competitor was present, relative to
when the focal species was late and both the predator and competitor were present.
NPP AND R

There were no effects of experimental treatments on either NPP or R, but both
changed significantly over time (Fig. 2.6, Table 2-1). Specifically, these responses
exhibited a hump-shaped pattern over the course of the growing season. NPP was at 0.34
mg O2 / L on day 14 of the experiment (April 14), and increased by 3.6×, 5.1×, 6.1× and
2.8× on days 25, 52, 181, and 223, respectively. Similarly, R started at 0.45 mg O2 / L on
day 14 and increased by 2.0×, 4.1×, 4.0×, and 2.0× on days 25, 52, 181, and 223,
respectively. It is likely that both NPP and R achieved their peak levels between days 52
and 181.

2.4. Discussion
Climate change is causing shifts in phenological timing of species worldwide, and
the magnitude and direction of these shifts varies among species within communities
(Visser and Both 2005, Parmesan 2006, Todd et al. 2010). Therefore, it is critical to
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determine how phenological shifts affect the outcome of species interactions and whether
these effects scale up to alter community structure and/or ecosystem functioning (Yang
and Rudolf 2010, Miller-Rushing et al. 2010). In this study, we show clear evidence that
relative shifts in phenological timing can have strong effects on the outcome of
competition and predation. For both interaction types, these effects manifested largely
through priority effect, in which species that arrive early can gain an advantage over
those that arrive later. Also, for the focal species, patterns of survival switched from
gradually increasing with later arrival when present alone to dramatically decreasing with
later arrival in the presence of predators. These effects of phenological shifts on
demographic rates were strong enough that they determined whether or not the species
could coexist, and thus altered community structure. Furthermore, these effects could
scale up to alter ecosystem decomposition rates. The effects at all ecological levels were
generally dependent upon the complexity of the communities (i.e., which combination of
amphibians were present), which emphasizes the importance of studying the effects of
phenological shifts in a food web context. Our results clearly indicate that shifts in
phenological timing by only a subset of species can have significant effects that resonate
through multiple levels of ecological organization and affect ecosystem functioning.

CONSEQUENCES OF SHIFTS IN ARRIVAL TIMING FOR THE FOCAL SPECIES

Arrival time of the focal species affected its survival, even in habitats without
other amphibian species. In these habitats, survival was lowest when the focal species
arrived early and increased with later arrival (Fig. 2.3). This effect was most likely due to
increasing time since pond filling. All mesocosms were filled at least six weeks prior to
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initiation of the experiment, which provided ample time for establishment of algal food
resources. However, later arrival of the focal species still could have resulted in more
release of nutrients from leaf litter and a greater standing crop of algae. Also, average
water temperature increased with later focal species arrival (early = 20.0°C ± 0.40 SD,
medium = 21.7°C ± 0.24 SD, late = 22.8°C ± 0.17 SD), which could further fuel nutrient
release and algal growth. Similarly, Alford and Wilbur found that some tadpole species
performed better when they arrived later, in the absence of competitors (Alford and
Wilbur 1985, Wilbur and Alford 1985). These results suggest that environmental
conditions can improve with later arrival as long as early-arriving competitors and
predators are absent.
Surveys of focal tadpoles around the time of the competitor arrival (May 10 or
day 40) suggested that there could have been intrinsic differences in survival among
cohorts of the focal species used on different arrival dates. Specifically, the intermediatearriving cohort exhibited low survival relative to the other two arrival times in the
absence of the predator (Fig. 2.2). It is unclear what could have caused this, but it is
unlikely that conditions in the mesocosms reduced survival to this extent. It seems more
likely that this cohort of tadpoles was not as vigorous as those used in the other cohorts,
even though they were derived from the same egg clutches as those used in the other two
cohorts and in similar proportions. It is likely that survival for this cohort would still have
been intermediate to the early- and late-arriving cohort, though it is difficult to say if
survival would have been closer to one or the other arrival dates.

CONSEQUENCES OF SHIFTS IN ARRIVAL TIMING FOR PREDATOR-PREY INTERACTIONS
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Arrival time of the focal species has strong effects on its demographic rates when
in the presence of the predator. Specifically, when this species arrived shortly after the
predator, survival of the focal species was relatively high. However, when it arrived two
or four weeks later (i.e., medium and late arrival times), it was excluded from most
habitats. The survey data indicated that salamanders grew substantially between the early
and intermediate arrival times of the focal species (Fig. 2.1). Therefore, it is likely that
the predators overcame a size threshold in which it was able to easily consume large
numbers of tadpoles, while at the early introduction time, they could not. Importantly,
this pattern of survival is the opposite of that observed when the focal species was alone.
If the predator was present, it did not matter much whether the competitor was also
present for survival of the focal species, likely because most of the mortality of the focal
species occurred long before the competitor arrived. These results clearly demonstrate
that arrival time of prey has strong implications for interactions with predators, and more
generally, that the structure of the community (e.g., presence vs. absence of predators)
can completely reverse the outcome of phenological shifts.

SHIFTS IN THE TIMING OF COMPETITION

Arrival time of the focal species had strong effects on the outcome of competition
between it and the later-arriving competitor. When the focal species arrived early, it
excluded, or nearly excluded, the competitor from all habitats, even in the presence of the
predator. However, as the focal species arrived later (i.e., as differences in arrival
diminished), these effects quickly diminished (less so when predators were present). In
fact, the competitor generally survived about as well when in the presence of
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intermediate- and late-arriving focal tadpoles as it did in the absence of focal tadpoles.
These results can be explained largely by the differences in abundance and body size of
the focal species when the competitor arrived (Fig. 2.2). When the focal species was
early, the competitor encountered abundant, large-bodied focal tadpoles that had likely
consumed nearly all of the standing crop of algae. In laboratory experiments, we have
observed the focal species to eat living tadpoles that are significantly smaller than
themselves, especially if the smaller tadpoles are sedentary, like those of the competitor
(Rudolf and Singh 2013). The low resource availability in these habitats would increase
the likelihood of focal tadpoles to opportunistically prey on the competitor and
simultaneously prevent the competitor from acquiring enough resources to achieve a size
refuge from this predation.
Survival of the competitor was much higher when the focal species had arrived at
the intermediate or late times (i.e., 28 and 16 days before the competitor, respectively).
With intermediate arrival of the focal species, the competitor encountered focal tadpoles
that were as large as those in the early arrival treatments, but they were less abundant.
Therefore, even if these large focal tadpoles could eat the competitor, the presumed
higher resource levels of these habitats likely reduced the chances that the focal species
would attempt predation and also allowed the competitor to grow to achieve a size
refuge. With late arrival of the focal species, the competitor encountered focal tadpoles
that were nearly as abundant as those in the early arrival treatments but were much
smaller. Consequently, these focal tadpoles were not large enough to eat the competitor
and algal food resources are unlikely to have been depleted. These results indicate that

58
phenological shifts can completely alter the interaction strength between species and
could drive competitive exclusion.
Though the focal species had a clear advantage over the competitor because of its
earlier arrival, there was still an effect of the competitor on survival of the focal species.
This is likely because, in many cases, they overlapped in the habitat for over six months,
competing for the same food resources. The competitor can likely tolerate low food levels
better than the focal species because of its low activity levels and slow growth rates. Even
if it is the inferior competitor, tadpoles of the competitor species were still accumulating
resources in their tissues over time and thus making them inaccessible to the focal
species. This removal of resources likely occurred at a faster rate than release of new
nutrients from the oak leaf litter, which decomposes very slowly. These results indicate
that recruitment of offspring for a species could vary among years, depending upon how
it responds to year-specific conditions in its phenological timing relative to its
competitors, even if those competitors arrive after them.

CONSEQUENCES OF SHIFTS IN THE TIMING OF SPECIES INTERACTIONS FOR COMMUNITY
STRUCTURE

We found clear evidence that shifts in relative arrival time can alter species
interactions strongly enough to determine whether species can coexist. If differences in
arrival between the predator and the focal species were small, the two species coexisted.
However, if arrival differences were larger the predator excluded the focal species from
most habitats. Similarly, when differences in arrival between the focal species and the
competitor were small or intermediate, the two species coexisted, but if arrival
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differences were large, the focal species excluded the competitor from nearly all habitats.
These results provide valuable insight to how climate change-mediated phenological
shifts are affecting and will continue to affect interactions among species that continue to
overlap in time. It is also important to note that climate change is, in some cases, shifting
phenologies of some species far outside of those historically reported. For example, Todd
et al. (2010) found that several amphibian species have shifted their breeding phenology
by 23.5 to 37.2 days per decade for the past three decades, which means they are
breeding in a different season than they did in the recent past. Phenological shifts of this
magnitude could result in species that have coevolved interactions to miss one another in
time completely. It is difficult to predict how this could affect community structure, but
some species will likely be lost, while others will develop interactions with species or
stage of species with which they historical did not encounter.
If seasonal weather patterns vary more or less randomly among years, then even
species that are quite ecologically similar could co-exist, with each experiencing yearspecific advantages and disadvantages. However, climate change is altering seasonal
weather patterns in habitats worldwide. These directional shifts in weather patterns could
consistently favor some species while disfavoring others, which could result in the loss of
these disfavored species and degrade biodiversity in seasonal habitats. For example, if the
focal species always arrived significantly earlier than the competitor (i.e., 40 days or
more earlier), this could eventually lead to extinction of the competitor, or at least impose
strong selection pressure to shift arrival time to an earlier date. As these species are lost,
further degradation of diversity is likely to ensue because the species in a community that
depend upon those that were lost will also disappear, even if they were tracking climate
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change with their phenologies. It is unclear to what extent migration of species can offset
this diversity loss.

CONSEQUENCES OF SHIFTS IN THE TIMING OF SPECIES INTERACTIONS FOR ECOSYSTEM
FUNCTIONING

This study demonstrates that phenological shifts can have effects at the ecosystem
level, though ecosystem responses may vary in their susceptibility. We found that arrival
time of the focal species affected decomposition rates and that this effect as depended
upon the other members of the community with which the focal species interacted. It is
difficult to determine the precise underlying mechanisms of this effect because it is likely
due to a variety of indirect interactions and trophic cascades.
Though we observed changes in NPP and R over the course of the growing
season, there were no differences due to any of the experimental treatments. This is
somewhat surprising given that shifts in arrival time of the focal species had dramatic
effects on the abundance of species and even community structure. There are, however,
many factors that contribute to changes in the oxygen concentrations from which these
metrics are derived, and perhaps there are compartments of these communities that
compensated for the changes we observed in the amphibian populations (e.g., bacteria,
zooplankton, periphyton). Alternatively, our ability to detect treatment effects could have
been hindered by the invasion of mesocosms by filamentous algae. This form of algae
became established and even filled nearly the entire volume of some mesocosms for
portions of the experiment duration. These algal mats seemed to colonize randomly and
appeared and disappeared from different mesocosms at different times. The effects of the
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filamentous algae easily could have swamped any of the treatment effects in a given
mesocosm. Therefore, it is difficult to know if our lack of effects on NPP and R was due
to artifacts of the experiment or a true lack of an effect.
CONCLUSIONS

Determining how climate change is and will continue to affect communities is
central to ecology. Increasingly, observational data suggests that climate change is
altering the phenologies of species worldwide, but we have little idea of how these shifts
translate into effects on communities. Elucidating the mechanisms by which phenological
shifts affect communities requires experiments to determine how shifts affect species
interactions (Yang and Rudolf 2010, Miller-Rushing et al. 2010, Wilczek et al. 2010). In
this study, we have used an experimental approach to determine how phenological shifts
by one species affect interactions with other community members. We found that shifts
altered species interactions largely by altering the stage at which species interacted. Also,
the consequences of phenological timing can strongly depend upon food web structure
(e.g., whether predators are present or absent). Importantly, we found that phenological
shifts can have effects that extend far beyond those on the species exhibiting the shift,
including effects on community structure and ecosystem functioning.
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2.7. Tables
Table 2-1. Population- and ecosystem-level responses to experimental
manipulations of amphibian community composition and assembly. The predator
treatment manipulated the presence/absence of an early-arriving salamander
(Ambystoma talpoideum), the competitor treatment manipulated the
presence/absence of a late-arriving competitor tadpole (Rana clamitans), and the
focal treatment manipulated arrival time of the focal tadpole species (R.
sphenocephala) relative to the predator and competitor.

Response

Test Statistic

P

Population-level responses
Focal species survival
Competitor
Focal arrival time
Predator
Focal arrival time × Predator

χ2
χ2
χ2
χ2

= 5.89
= 11.05
= 5.21
= 68.05

0.0153
0.0040
0.0225
< 0.0001

Competitor species survival
Focal arrival time
Predator
Focal arrival time × Predator

χ2
χ2
χ2

= 64.48
= 12.42
= 10.90

< 0.0001
0.0004
0.0123

Ecosystem-level responses
Decomposition rate
Competitor

F1,48

=

1.04

0.3140

Focal arrival time

F3,48

=

0.50

0.6813

Predator

F1,48

=

0.35

0.5591

Competitor × Focal arrival time

F3,48

=

7.58

0.0003

Focal arrival time × Predator

F1,48

=

0.17

0.9159

Competitor × Predator

F1,48

=

0.60

0.4412

Competitor × Focal arrival time ×

F3,48

=

5.83

0.0018

68
Predator
Net primary productivity
Competitor
Focal arrival time
Predator
Time
Respiration rate
Competitor
Focal arrival time
Predator
Time

χ2
χ
χ2
2

χ2
χ2
χ
χ2
χ2
2

= 0.01
= 2.02
= 0.78
= 20.34

0.9318
0.5681
0.3765
< 0.0001

= 0.009
= 3.849
= 0.55
= 15.18

0.9261
0.2783
0.4582
< 0.0001
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2.8. Figures

Figure 2.1. Mean snout-to-vent length of the salamander predator (Ambystoma
talpoideum) at the three different arrival times of tadpoles. Focal tadpole species
(Rana sphenocephala; E = early [40 days after salamander hatching], M = medium [52
days after salamander hatching], L = late [64 days after salamander hatching]).
Competitor tadpole species (R. clamitans; [80 days after salamander hatching]).
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Figure 2.2. Estimates of A) abundance and B) mean body size of tadpoles of the focal
species (Rana sphenocephala) at the time of arrival for the competitor tadpole species (R.
clamitans). This was 40, 28, and 16 days after arrival of the early, medium, and late
cohorts of the focal species, respectively. Estimates were based on 20 person-minutes of
dipnet surveys.
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Figure 2.3. Number of survivors of the focal tadpole species (Rana sphenocephala) at
the end of the experiment (includes tadpoles and metamorphs). Each group of bars
represents different combinations of presence/absence of the early-arriving salamander
predator (Ambystoma talpoideum) and late-arriving tadpole competitor (R. clamitans),
and each bar within a group represents arrival time of the focal tadpole species between
arrival times of the predator and competitor.
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Figure 2.4. Number of survivors of the competitor tadpole species (Rana clamitans) at
the end of the experiment in the presence or absence of a salamander predator
(Ambystoma talpoideum) and different arrival times of the focal tadpoles species (R.
sphenocephala). Survivors include both tadpoles and metamorphs.
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Figure 2.5. Differences in decomposition rate (k) of leaf litter due to variation in
community composition and assembly history. Each group of bars represents different
combinations of presence/absence of the early-arriving salamander predator (Ambystoma
talpoideum) and late-arriving tadpole competitor (Rana clamitans), and each bar within a
group represents arrival time of the focal tadpole species (R. sphenocephala) relative to
the predator and competitor.
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Figure 2.6. Changes in ecosystem net primary productivity (NPP) and respiration
(R) over the duration of the experiment.
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Chapter 3

Changes in phenological
synchronization within populations
alter demographic rates

Environmental conditions in most habitats fluctuate over the course of a
year, and organisms use these changes as cue to time their seasonal life-history
events, or phenologies. These phenological events exhibit a temporal distribution,
the shape of which is determined by the degree of synchronization in phenology by
the individuals that comprise a population. Phenological synchronization can vary
considerably among years due to interannual variation in seasonal weather patterns
and differential responses by individuals within a population to these weather
patterns. Though it is becoming increasingly apparent that interannual variation in
phenologies is widespread in natural communities, we still have a poor
understanding of how it affects the demographic rates of species. In this study, we
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take an experimental approach to determine the consequences of variation in the
synchrony of offspring birth for subsequent offspring performance and determine
whether these effects are density dependent. We found that hatching synchrony
affected all three demographic rates evaluated at metamorphosis, and these effects
were density dependent. At low densities, high synchrony resulted in high survival,
low mass, and similar development times relative to low synchrony, while at high
densities, high synchrony resulted in similar survival, low mass, and long
development times relative to low synchrony. Ultimately, the level of hatching
synchrony that maximizes recruitment of juveniles into the adult population will
depend upon the relative importance of these demographic rates. This study
demonstrates that variation in the shape of a phenological distribution can have
important consequences for demographic rates but the specific outcome may
depend on other factors such as density.
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3.1. Introduction
Environmental conditions in most habitats fluctuate over the course of a
year. Consequently, organisms living in these habitats use these changes to optimize
the timing of their seasonal life-history events, or phenologies (e.g., emergence from
dormancy, reproduction, migration). Phenological events exhibit a temporal
distribution (Miller-Rushing et al. 2010), the shape of which is determined by the
degree of synchronization in phenology by the individuals that comprise a
population (Fig. 3.1). Phenological synchronization can vary considerably among
years due to interannual variation in seasonal weather patterns and differential
responses by individuals within a population to these weather patterns (e.g., Fig.
3.1A vs. 3.1B; Blair 1960, Ogutu et al. 2010). Though it is becoming increasingly
apparent that interannual variation in phenologies is widespread in natural
communities (Parmesan 2007, Tylianakis et al. 2008), we still have a poor
understanding of how it affects the demographic rates of populations (MillerRushing et al. 2010).
Intraspecific variation in phenological timing exists for a variety of reasons. If
the temporal window of favorable environmental conditions for a given event
contracts or expands from one year to the next (e.g., short vs. long wet season), this
could force individuals to cluster their phenologies in time (leading to high
synchrony) or allow individuals to spread out temporally (low synchrony),
respectively (Domínguez and Dirzo 1995). Second, individuals can vary in their
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ability to sense and/or track year-specific changes in environmental conditions to
optimize phenological timing (Wilczek et al. 2010). Finally, differences among
individuals in life-stage and/or body condition can affect phenological timing. For
example, young individuals may breed earlier (perch: Gillet and Dubois 2007) or
later in the season relative to older individuals (sea birds: Coulson and White 1961,
Drost 1961). These determinants of phenological synchrony are not mutually
exclusive and likely operate in concert to determine the shape of a phenological
distribution for a given year.
Variation in the degree of phenological synchrony could affect populations in
a variety of ways. Synchrony could affect demographic rates by altering intraspecific
interactions. For instance, the degree of synchrony of offspring production
determines the number of offspring that co-occur in time (increases with higher
synchrony) as well as the amount of body size variation of offspring (decreases with
higher synchrony). These factors can have important consequences for the strength
and type of intraspecific competition (Hopper et al. 1996). When the synchrony of
offspring production is high, the offspring are generally quite similar in size when
competition is initiated, which likely results in symmetric competitive ability (i.e.,
scramble competition). However, when offspring production occurs
asynchronously, this results in variation in age/size among offspring, which could
result in asymmetric competition (i.e., contest competition), favoring the
larger/older individuals. However, the importance of synchrony in offspring
production is likely density dependent, with variation in synchrony having stronger
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effects on demographic rates at higher densities because competition is more
intense at these higher densities. Therefore, synchrony and density likely interact to
affect survival and other demographic rates, such as development rates and body
size, through effects on competition.
In addition to altering demographic rates, it is also important to consider
how phenological synchrony at one stage carries over to influence that of
subsequent life-stages. For example, while it is possible that the level of
synchronization of offspring birth could be simply perpetuated to subsequent
phenological events of the cohort (Augspurger 1981), this may not always be the
case. Synchronization could increase if individuals born at the tails of the
distribution suffer higher mortality (Hopper et al. 1996). Conversely, if synchrony is
very high, then synchronization of the subsequent phenological event could
decrease due to genetic differences among individuals in development rates.
Ultimately, the nature of this inter-stage change in phenological synchrony likely
depends upon the ecological context, such as the intensity of competition, but to our
knowledge, this has not been examined.
In this study, we take an experimental approach to understand how variation
in the synchrony of reproduction affects the demographic rates of a population and
whether these effects are density dependent. Specifically, we manipulate the
synchrony of arrival and initial density of hatchling tadpoles to their temporary pool
natal habitat to answer the following three questions: 1) how does variation in
synchrony of offspring arrival affect demographic rates, 2) are the effects density-
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dependent, and 3) how does the synchrony of one phenological event (i.e., hatching)
affect the synchrony of subsequent phenological events (i.e., metamorphosis)? We
hypothesized that arrival synchrony would not matter at low densities when
competition for food resources was weak but would become increasingly important
at high densities. We also hypothesized that metamorphosis synchrony would be
similar to patterns in tadpole arrival synchrony at low densities but increasingly
deviate from this synchrony pattern at high densities. We found that arrival
synchrony altered the number of survivors, average development time, and average
metamorph size, all of which have important consequences for population
dynamics, but that these effects were density dependent. We also found that
synchrony of offspring arrival affected the synchrony of metamorphosis and this too
was density dependent. High synchrony arrival resulted in lower metamorphosis
synchrony while low synchrony resulted in higher metamorphosis synchrony, but
for all synchrony levels metamorphosis because increasingly asynchronous at
higher densities. These results indicate that the phenological synchronization can
have important consequences for demographic rates but these effects are context
dependent.

3.2. Methods
STUDY ORGANISMS

In this study, we used the Coastal-Plain Toad (Bufo nebulifer), which is very
common throughout much of the Gulf Coastal Plain, including eastern Texas
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(Lannoo 2005). While B. nebulifer will oviposit in a variety of lentic habitats, it
primarily breeds in ephemeral pools, which contain few predators (Blair 1960,
Saenz et al. 2006 , NLR personal observation). Breeding generally occurs April to
August, but the amount and duration of reproductive activity varies among years
with environmental conditions (Blair 1960 , NLR personal observation). Specifically,
oviposition typically occurs on evenings when temperatures exceed 21°C and rain
exceeding 2.5 cm has fallen within the previous few days (Blair 1960). Females do
not necessarily reproduce every year, and when they do, they generally expend their
entire reproductive effort in one body of water on one night per year (Blair 1960).
Consequently, if suitable conditions for reproduction only exist during a single
evening, then oviposition and subsequent tadpole colonization can be highly
synchronized. If, however, suitable conditions persist for longer periods, oviposition
can occur over multiple evenings (up to about a week), which spreads out tadpole
colonization (i.e., low synchrony of tadpole arrival). Arrival patterns of tadpoles in
these habitats are particularly important because resources are limited, and the
habitats themselves only persist for a limited time before becoming degraded and
ultimately disappearing. These features of the habitat, combined with a potentially
high number of eggs deposited per pool (~20,000 eggs per clutch; Blair 1960),
create an intensely competitive environment. Therefore, a cohort arriving even one
day earlier than others can have a significant advantage. Specifically, early-arriving
tadpoles can gain a body size advantage and monopolize food resources prior to
colonization by later-arriving ones. This promotes growth of the early arrivers while
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reducing that of late arrivers, and this can lead to a positive feedback between size
and growth rates. This effect of colonization timing on the symmetry of competitive
ability among cohorts could have important implications for the number of tadpoles
that survive to metamorphosis as well as the trait of those survivors (e.g., body size).
In the long term, phenological synchrony could affect population dynamics by
altering the number and quality of individuals recruiting into the adult population
each year.
EXPERIMENTAL DESIGN AND SETUP

To create the arrival synchrony treatments, we manipulated the amount of
variation in tadpole arrival around a mean arrival date (June 28, 2011). In the High,
Medium, and Low synchrony treatments, variation in tadpole arrival was ± 0, 2, and
3 days around the mean arrival date, respectively (see Table 3-1). These synchrony
manipulations captured most of the variation in hatching synchrony that we have
observed in natural populations of this species (i.e., hatching duration of one day to
one week). To determine if the consequences of synchrony were density dependent,
we crossed these three levels of arrival synchrony with five treatments
manipulating total density from 60-180 tadpoles (i.e., 1×, 1.25×, 1.5×, 2×, 3×).
On the night of 22 June 2011, we collected several amplectic pairs of B.
nebulifer from temporary pools in Houston, TX and allowed them to lay eggs in the
laboratory. The string of eggs produced by each pair was subdivided into short
sections (~100 eggs) and approximately equal quantities of eggs from each string
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were put into five groups. Eggs from these five groups were incubated at different
temperatures along a thermal gradient spanning those naturally encountered by
eggs (20-30°C) to manipulate hatching time (Ballinger and McKinney 1966). All eggs
developed normally to hatching at these temperatures, and other studies have
shown normal survival or growth using this type of manipulation (Alford and
Wilbur 1985, Alford 1989, Lawler and Morin 1993). This manipulated development
rates and thus hatching dates. Therefore, all tadpoles added on each of the five
different introduction dates used to manipulate arrival synchrony were at the same
point in development (Gosner stage 25) at arrival and exhibited the same genetic
composition.
The experiment was conducted in an open field in Houston, TX using an array
of 45 cylindrical plastic wading pools (diameter = 100 cm, depth = 19 cm) within
which we created simple communities similar to those found in natural fishless
pools used by this species. We filled pools with water on June 20, 2011 and
immediately fitted them with lids made of 60% shade cloth to prevent unwanted
colonization. On June 22, we added 1 L of concentrated phytoplankton and
zooplankton from local fishless ponds. On June 24, we added to each pool 700 mL
wet mass of Utricularia and 37 g air dried mass of leaf litter for habitat structure and
nutrients.
Pools were monitored daily and metamorphosing individuals were collected
as they emerged. This stage was denoted as the emergence of at least one front
limb. These individuals were maintained in the laboratory until metamorphosis
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was complete (i.e., their tails were completely absorbed). After this point,
individuals were patted dry with a cotton cloth and weighed. After weighing, all
individuals were released at the location where the mating adults were captured.
The experiment was ended on August 16, seven weeks after the mean arrival date,
which is the maximum amount of time that most of the local pools used by this
species would retain water (NLR, personal observation).
We used four response variables to determine the consequences of our
experimental treatments on populations of B. nebulifer metamorphs: per-capita
survival probability (number of metamorphs / initial number of hatchlings), mean
metamorph biomass (total wet mass of metamorphs / number of metamorphs),
mean time to metamorphosis (total days of development summed across
metamorphs / number of metamorphs), and inter-stage change in phenological
synchrony (ΔCV = coefficient of variation for time to metamorphosis [CVf] minus
coefficient of variation for hatching [CVi]). For proportion of survivors, we did not
include individuals that were still tadpoles at the end of the experiment because
they would have desiccated when the habitat dried, and thus would not be
survivors. For mean time to metamorphosis, the duration of development for each
individual was calculated as the difference between its date of metamorphosis and
the mean hatching date because it was not possible to determine which
metamorphs were derived from which cohort of hatchlings, and thus specific
hatching date cannot be assigned to metamorphs. For the inter-stage change in
phenological synchrony, positive, negative, and zero values indicate an increase,
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decrease, and no change in phenological variation, respectively. As the synchrony
treatments were set up, CVi in the low, medium, and high synchrony treatments was
0.62, 0.41, and 0.0, respectively. Therefore, the high synchrony treatments can only
exhibit no change or an increase in variation. Medium and low synchrony
treatments, however, can increase, decrease, or show no change. For amphibians,
size at metamorphosis is generally correlated with postmetamorph survival, size at
reproductive maturity, and/or date of first reproduction (Smith 1987, Semlitsch et
al. 1988, Berven 1990, Goater 1994, Morey and Reznick 2001). Time to
metamorphosis generally is negatively correlated with postmetamorph survival
(Berven 1990) and size at maturity (Semlitsch et al. 1988). All responses were
measured after seven weeks (i.e., maximum pool duration). We found that this
provided a conservative estimate of the effects of the experimental treatments
because analysis of responses after shorter durations resulted in increasingly
greater differences between the high synchrony treatment and the other synchrony
treatments.
STATISTICAL ANALYSIS

All analyses were performed with the R statistical computing environment (R
Development Core Team 2013). Using the ‘lme4’ package, we ran generalized linear
mixed models to analyze the effects of variation in arrival synchrony (categorical
predictor with three levels) and density (treated as a continuous predictor) for the
proportion of tadpoles surviving to metamorphosis, average biomass at
metamorphosis, average duration of development, and change in the amount of
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variation in phenology from one life stage to another (i.e., hatching to
metamorphosis). Unless otherwise noted, spatial block was the only random effect.
For proportion of survivors, we used a binomial error structure and included an
observation-level random effect to account for overdispersion (Zuur et al. 2013). To
analyze the other three responses, we used a Gaussian error structure. Plots of each
of these latter three responses versus density suggested a nonlinear relationship, so
we included a quadratic term for density in the full models for all three of analyses.
This inclusion of the quadratic term is supported by previous studies that have
determined that biomass at metamorphosis and development time exponentially
decreases and increases, respectively, with increasing initial density (Wilbur 1997).
For all four analyses, we evaluated significance of fixed effects and their interactions
by generating analysis of variance/deviance tests with the ‘car’ package, and
removed non-significant terms from final models (i.e., p > 0.05). When block effects
were not significant, block degrees of freedom were pooled with error term degrees
of freedom (Zuur et al. 2009).

3.3. Results
PER-CAPITA SURVIVAL PROBABILITY

The per-capita survival probability was driven by the interaction of arrival
synchrony and initial density (Fig. 3.2A, Table 3-2). Probability of survival declined
as density increased for all synchrony treatments, but the relationship for the high
synchrony treatment differed from that of the medium and low synchrony
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treatments. Specifically, at low densities, the probability of survival in the high
synchrony treatment was 20% and 19% higher than in the medium and low
synchrony treatments, respectively. However, survival probability in all synchrony
treatments converged at high densities.
AVERAGE METAMORPH BIOMASS

Metamorph wet mass spanned a large range, from 20.6 mg (synchrony =
high, density = 180 tadpoles) to 163.8 mg (synchrony = low, density = 75 tadpoles).
Average wet mass of metamorphs was driven by the interaction of synchrony and
density (Fig. 3.2B, Table 3-2). Mass declined nonlinearly with density, but the shape
of this relationship differed among synchrony treatments. Specifically, mass was
lowest for the high synchrony treatment across all densities and exhibited a concave
shape. Medium and low synchrony treatments exhibited similar masses at the
lowest and highest densities but diverged at intermediate densities, owing to
differences in the shape of the density-dependent relationship (i.e., medium
synchrony = concave, low synchrony = convex).
AVERAGE TIME TO METAMORPHOSIS

Development time was determined by the interaction of synchrony and
density (Fig. 3.2C, Table 3-2). At low densities, time to metamorphosis was similar
across synchrony treatments, but the synchrony treatments differed in their
density-dependent relationship and diverged at high densities. Time to
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metamorphosis increased nonlinearly with density, while it decreased nonlinearly
for medium and low synchrony treatments.
INTER-STAGE CHANGE IN PHENOLOGICAL SYNCHRONY

The change in variation of phenological timing (ΔCV or CVf –CVi) between
hatching (CVi) and metamorphosis (CVf) depended upon both synchrony and
density but not their interaction (Fig. 3.2D, Table 3-2). Though the synchrony
treatments exhibited a similar nonlinear increase in ΔCV with density, each
exhibited a different intercept. The high synchrony treatment showed a positive
ΔCV across all densities (i.e., increase in phenological variation between hatching
and metamorphosis). The medium synchrony treatment showed a ΔCV of about
zero at low densities but a positive ΔCV at high densities. In the low synchrony
treatment, ΔCV was negative at low densities (i.e., decrease in phenological variation
between hatching and metamorphosis) but converged on zero at high densities.

3.4. Discussion
Though interannual variation in phenological synchrony is widespread, we
know little about the consequences for the demographic rates of species. Using an
empirical system, we found that the arrival synchrony of offspring can alter
demographic rates of B. nebulifer. We also found that the degree of synchronization
in metamorphosis depended upon that of hatching, with metamorphosis synchrony
decreasing and increasing with high and low hatching synchrony, respectively. For
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all demographic rates and the inter-stage change in phenological synchrony, the
specific effect of this phenological variation depended upon the initial density of
tadpoles, likely through effects on the outcome of intraspecific competition. These
results indicate that the recruitment of offspring from a habitat can vary among
years with variation in seasonal weather patterns, which determine the synchrony
and, to some extent, the density of offspring arrival.
ARRIVAL SYNCHRONY AND SHIFT IN COMPETITION SYMMETRY

Though it was not possible to assign metamorphs to specific cohorts of
hatchlings, the observed patterns are consistent with our expectations based on
priority effects and size-structured competition. When arrival synchrony was high,
survival was likely high initially because all tadpoles arrived at the same time and
size, meaning that it was difficult for any tadpole to gain an advantage over the
others (i.e., competition was symmetric). Consequently, the large number of
tadpoles all grew at a slow rate due to intense competition for resources, especially
at high densities. Then mortality likely occurred primarily toward the end of
development as competition achieved critically high levels. The nutrients extracted
from dead individuals likely supplied the resources needed by survivors to
metamorphose, which would explain why survival was high in the high synchrony
treatments relative to the other two at low density. It was difficult for any
individuals to achieve an advantage, so there were many stunted tadpoles. However,
as synchrony shifted to lower levels, early-arriving individuals have first access to
the best food resources and simultaneously achieve a body size advantage.
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Consequently, tadpoles from cohorts that arrived later suffer from low resource
availability and competition from large conspecifics of the first cohort (i.e., highly
asymmetric competition). It is likely that mortality in these two later-arriving
cohorts was high and occurred early in development, allowing those from the first
cohort to metamorphose at a large size and after a relatively short development
time.
IMPLICATIONS OF SYNCHRONIZATION OF ONE STAGE FOR SYNCHRONIZATION OF
SUBSEQUENT STAGES

The timing of a given phenological event has implications not only for the
success of that particular event but could also affect the timing of subsequent
events. For example, the timing of plant flowering has implications for not only the
success of pollination but also the timing of subsequent seed maturation. The timing
of seed production has implications for losses to seed predators, which alters plant
fitness. Therefore, it is important to understand the cascade of effects due to
phenological timing. Once phenology has been initiated, it can be difficult for an
organism to adjust it. Birds with a nest full of eggs generally cannot significantly
change the hatching timing of those eggs, even if the date of hatching will miss the
peak of insect abundance. In our experiment, we anticipated that the synchrony of
metamorphosis would be lower than the synchrony of hatching for the high
synchrony treatment (it can only remain the same or decrease). However, it was not
clear a priori how synchrony of metamorphosis would change for the medium and
low synchrony treatments. In addition, we expected that increasing density would
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decrease the synchrony of metamorphosis because intense competition would
magnify any differences among individuals related to development rates (e.g.,
activity levels, foraging efficiency). At low densities, the high synchrony treatment
showed lower metamorphosis synchrony as expected, but interestingly medium and
low synchrony treatments exhibited no change and an increase in synchrony at
metamorphosis, respectively. For all treatments, however, synchrony of
metamorphosis decreased with density as expected.
The patterns we observed in the inter-stage change in phenological
synchrony could have been due to the synchrony-mediated differences in tadpole
competition. When hatching synchrony was low, this likely resulted in large
variation in age/size of tadpoles. If those that arrived early in this treatment gained
a significant advantage, they could have outcompeted those that arrived later. If this
asymmetry in competitive ability was strong enough it could have resulted in
mortality of the late-arriving tadpoles. If those that survived to achieve
metamorphosis belonged to only a subset of the arrival dates, this could explain the
increase in synchronization between hatching and metamorphosis in the low
synchrony treatments. For toads, in particular, the synchrony of metamorphosis
seems to have important fitness consequences. Toads frequently exhibit high levels
of metamorphosis synchrony in nature, which is hypothesized to be an antipredator defense. High metamorph synchrony means that each individual has a
lower likelihood of being eaten, and the predators can become swamped, reducing
the proportion of the population that is consumed during this vulnerable life-stage.
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Therefore, our results indicate that the effectiveness of synchrony-mediated antipredator strategies may depend upon the timing of reproduction by adults and the
number of adults that breed in a given habitat.
IMPORTANCE OF SYNCHRONY-MEDIATED DEMOGRAPHIC RATES FOR POPULATION
DYNAMICS

The effects of arrival synchrony of tadpoles on the subsequent life-stage (i.e.,
post metamorphosis) could have important consequences for recruitment of new
individuals into the population of reproducing adults. Arrival synchrony and initial
density interacted to affect survival and mass at metamorphosis as well as
development time. Therefore, the implications for arrival synchrony for
metamorphs are context dependent. At low densities, high arrival synchrony lead to
high survival, low mass, and similar development time relative to low arrival
synchrony, while at high densities, high arrival synchrony lead to similar survival,
low mass, and slow development relative to low synchrony (Fig. 3.2). The
combination of metamorph traits that maximizes adult recruitment ultimately
depends upon the relative importance of those traits. Previous work with bufonids
has shown mixed consequences for traits at metamorphosis. Some studies suggest
that development time and/or size at metamorphosis are either unimportant for
subsequent survival and growth (B. woodhousii: Boone 2005) or the effects dissipate
within a couple months (B. terrestris: Beck and Congdon 1999). If only the number
of individuals surviving to metamorphosis matters for B. nebulifer, then at low
densities, high tadpole arrival synchrony will result in the highest adult recruitment,
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and at high densities, arrival synchrony might not matter. Other studies have
demonstrated that metamorph size can have lasting effects (i.e., more than six
months later; B. bufo: Goater 1994, B. marinus: Cabrera-Guzman et al. 2013). If, in
addition to survival, size at metamorphosis is important for adult recruitment, then
it is difficult to know at low densities whether high or low synchrony exhibit better
outcomes (Fig. 3.2; high synchrony: higher survival but lower mass; low synchrony:
lower survival but higher mass). At high densities, however, low synchrony would
exhibit higher adult recruitment because mass is high relative to high synchrony
and survival is the same across synchrony levels. If large metamorphs maintain
their size advantage, then they can achieve sexual maturity faster, have higher
reproductive fitness (large males are more successful and large females carry more
eggs). Less is known about the consequences of development time for subsequent
survival and growth, but in bufonids, it has been shown either to be unimportant for
post-metamorphic survival and growth (B. terrestris, Beck and Congdon 1999) or
has only been evaluated shortly after metamorphosis (B. terrestris, five days post
metamorphosis, Beck and Congdon 2000). Effects of traits at metamorphosis similar
to those just described for toads have been observed in a variety of taxa including
other amphibians and invertebrates. Therefore, if phenological variation has similar
effects on demographic rates in these other taxa, then this variation could be an
important factor influencing population dynamics for species in many communities.
CONCLUSIONS
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Phenological events vary substantially among years with changes in
environmental conditions, and increasing evidence indicates that climate change is
altering species phenologies worldwide. Thus, understanding the consequences of
phenological variation is important for understanding the dynamics of natural
population and how they will be affected on the long-term by climate change.
However, recent studies have largely focused on changes in mean timing of
phenological events and little attention has been paid to changes in the temporal
distribution of phenological events and how it affects natural populations and
communities. The results of our study demonstrate that variation in the shape of a
phenological distribution can have important consequences for demographic rates,
but the specific outcome likely depend on other factors such as density. These
results emphasize the need to integrate temporal distribution of phenological
events to predict the dynamics of populations. Future studies are needed that
examine how the distribution phenological events vary among species,
environments, how they are affected by climate change, and they interact with shifts
in the mean of phenologies.
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3.7. Tables
Table 3-1. Experimental treatments manipulating the synchrony of colonization of
habitats by hatchling Bufo nebulifer tadpoles. Shown are the numbers introduced on
each day specifically for the lowest density treatments. The other four density
treatments use the same patterns of introduction but numbers were multiplied by
1.25×, 1.5×, 2×, and 3×.

Synchrony
High
Medium
Low

1
20

2
20
-

3
-

Introduction Day
4
60
20
20

5
-

6
20
-

7
20
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Table 3-2. Effects of arrival synchrony and initial density on individual- and
population-level responses of Bufo nebulifer.

Response

Test Statistic

P

Survival
Density

χ2

=

75.53

< 0.0001

Synchrony

χ2

=

16.36

0.0003

2

=

7.01

0.0300

F2,36

=

63.54

< 0.0001

F2,36

= 121.25

< 0.0001

F4,36

=

3.88

0.0101

F2,36

=

4.48

0.0183

F2,36

=

3.59

0.0378

F4,36

=

5.57

0.0013

Density + Density2

F2,40

=

13.65

< 0.0001

Synchrony

F2,40

=

58.06

< 0.0001

Density × Synchrony

χ

Average Biomass
Density + Density2
Synchrony
(Density + Density2) ×
Synchrony
Average Development Time
Density + Density2
Synchrony
(Density + Density2) ×
Synchrony
Change in Phenological
Synchrony
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3.8. Figures

Figure 3.1. Phenological distributions exhibiting A) low, B) medium, and C) high
synchronization. The vertical line represents the mean, which does not differ
among distributions.
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Figure 3.2. Responses of cohorts of Bufo nebulifer offspringto experimental
manipulations of tadpole hatching synchrony and density. a) per-capita survival
probability, b) average metamorph biomass, c) average larval development time,
and d) change in coefficient of variation (CV) between egg hatching phenology (CVi)
and metamorphosis phenology (CVf). Lines were generated from model fitting and
color bands are 95% confidence intervals around those lines. Points and error bars
are the means and standard errors, respectively, for the raw data (three replicates
per treatment combination).
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Chapter 4

Consequences of shifts in the mean
and variation in prey phenology for
predator-prey interactions

Most habitats exhibit seasonal changes in environmental conditions. These
seasonal patterns can vary among years, which can alter the timing of the seasonal lifehistory events, or phenologies, of species. Co-occurring species oftentimes differ in their
phenological response to year-specific conditions, which could alter the stage at which
species interact. However, we do not have a good understanding of how these changes in
phenology affect the outcome of interactions. In this study, we determined how variation
in two aspects of the phenological distribution of a prey species affects the outcome of
predator-prey interactions. Specifically, we used a factorial design to manipulate the
mean and the amount of variation around the mean (i.e., degree of synchrony) of tadpole
hatching in the presence of a dragonfly nymph predator. We found that the effects of
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mean and synchrony of hatching on prey survival were additive, with survival declining
with later hatching and lower hatching synchrony. Importantly, we found that although
little work has examined the consequences of phenological synchrony, the prey
experienced stronger effects on its survival from variation in synchrony than from
variation in mean arrival time. As survival declined, this generally led to faster growth
rates for surviving tadpoles. Therefore, prey phenological variation can affect the number
of offspring that survive to recruit into the adult population and time at which this occurs,
both of which have implications for prey demographic rates. Despite these effects on the
prey, there were no effects on survival or growth of the predator, indicating that prey
phenological timing has stronger implications for prey than predators. If these results are
general, it indicates that we can understand the effects of multiple types of phenological
variation by summing their individual effects, but additional studies are needed to
confirm this. Determining the consequences of phenological variation for species
interactions is important for understanding seasonal communities as well as how these
communities will be affected by climate change.
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4.1. Introduction
Most habitats exhibit seasonal changes in environmental conditions (e.g.,
temperature, precipitation patterns, snow cover). Organisms living in these habitats use
seasonal changes as cues to optimize the timing of their life-history events, or
phenologies (e.g., emergence from dormancy, reproduction, metamorphosis). However,
seasonal weather patterns vary among years, and many organisms track this variation by
adjusting their phenological timing (Cleland et al. 2007; Todd et al. 2010). Different
species use different cues to time their phenologies (e.g., temperature vs. precipitation),
so year-specific phenological responses can vary significantly among species within a
community (Forrest, Inouye & Thomson 2010; Ovaskainen et al. 2013). Therefore, interannual variation in weather can alter the timing of species interactions (i.e. when and at
what stage species interact), but we still do not have a good understanding of how this
variation in timing affects the outcome of interactions (Yang & Rudolf 2010).
Determining consequences for species interactions is critical not only for understanding
the natural dynamics of seasonal communities but also for understanding the effects of
anthropogenic climate change on these communities (Miller-Rushing et al. 2010;
Sutherland et al. 2013).
Phenological events exhibit a temporal distribution (Fig. 4.1), the attributes of
which are determined by the phenological timing of all the individuals that comprise a
population (Sparks et al. 2005; Miller-Rushing et al. 2010). Perhaps the most frequentlyconsidered attribute is the mean, which can shift earlier or later as individuals in a
population track shifts among years in the timing of optimal environmental conditions
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(e.g., Fig. 4.1A vs. 4.1B; Sparks et al. 2005; Both et al. 2009; Todd et al. 2010). Chapter
1 demonstrated that shifts in the relative arrival time of two species that interact as
intraguild predators determined whether they could co-exist (small arrival differences =
coexistence, large arrival differences = exclusion of late arriver). Similarly, in Chapter 2,
we demonstrated that arrival time of a focal species relative to an earlier-arriving predator
and a later-arriving competitor determined whether the focal species and competitor
could persist in the habitat. In both studies, shifts in the timing of interactions altered the
relative size of interacting species, which played an important role in driving the outcome
of the interactions. Despite these recent advances, there remains much we do not
understand about how changes in the attributes of phenological distributions affect
species interactions.
The amount of variation in phenological timing around the mean, or the degree of
phenological synchrony, is an attribute of the phenological distribution that has received
much less attention than the mean (e.g., Fig. 4.1A vs. Fig. 4.1C). Yet, it could have
substantial consequences for species interactions, and potentially interact with shifts in
the mean. Phenological synchrony can vary for many reasons, but perhaps the simplest
source of this variation is differences among years in the duration of optimal conditions
(e.g., favorable temperatures, high food resource levels). If the duration is short during a
given year, individuals must be highly synchronized in their phenological timing or risk
missing the timing of optimal conditions for that year. However, if this duration is long,
synchrony may be lower because individuals have more choice in the timing of their
phenological event. Chapter 3 demonstrated that variation in the synchrony of offspring
birth can have important implications for demographic rates. This is likely because
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synchrony of birth affects size structure of the offspring cohort, which determines the
symmetry of competition among individuals within the cohort. Similarly, Hopper et al.
(1996) demonstrated that variation in hatching timing within cohorts of dragonfly
nymphs strongly affected the intensity of cannibalism, and thus survival, due to effects on
population size structure. While these studies clearly demonstrate the importance of
phenological synchrony for intraspecific interactions, species generally do not exist in
isolation. Therefore, it is necessary to determine how variation in phenological synchrony
affects interactions with other species.
Most work to date on the consequences of phenological synchrony for
interspecific interactions has focused on predator-prey interactions, with particular
emphasis on how synchronization of offspring production affects subsequent offspring
survival. These studies have demonstrated that prey offspring produced at the tails of the
temporal distribution (i.e., non-peak times) generally exhibit higher mortality due to
predation than those produced close to the mean (i.e., peak time; Parsons 1975;
Augspurger 1981; O’Donoghue & Boutin 199 ). It has often been suggested that this is
due to limitations imposed by prey handling time on predators (Parsons 1975;
O’Donoghue & Boutin 199 ). Offspring are generally the most vulnerable life-stage to
predators, but when many prey offspring develop through this vulnerable life-stage at
once (e.g. when they are highly synchronized), predators are limited in how many prey
they can consume before offspring achieve an invulnerable life-stage (i.e., predator
satiation or swamping). Consequently, a high proportion of offspring would survive to
recruit into the adult population. However, when vulnerable offspring are spread out in
time (i.e. low synchrony) predators can capture and consume a high proportion of them,
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resulting in low recruitment. These studies are primarily observational in nature, and
while they have provided valuable insight into how synchrony affects offspring survival,
we ultimately need experiments to confirm the mechanisms by which this differential
survival occurs (Miller-Rushing et al. 2010; Wilczek et al. 2010). Furthermore, variation
in the mean and synchrony of a phenological distribution might interact to affect species
interactions. These two attributes can vary among years, either individually or in concert
(e.g. due to shifts in the timing and duration of optimal environmental conditions) (Fig.
4.1) (Blair 1960; Sparks et al. 2005; Ogutu et al. 2010). For interspecific interactions,
these changes to phenological distributions determine the extent of temporal overlap of
particular life-stages of species, which could affect the strength of their interactions
(Yang & Rudolf 2010; Miller-Rushing et al. 2010), but this remains to be tested.
In this study, we took an experimental approach to determine how variation in the
mean and synchrony in phenological timing of a prey species affects predator-prey
interactions. Specifically, we manipulated the mean hatching time and the degree of
hatching synchrony for tadpole prey to determine how the independent and combined
effects of variation in these two phenological attributes alter the strength of interactions
with a dragonfly nymph predator. Based on the general assumption of predation rate
increasing with relative differences in body size, we hypothesized that 1) predation rates
would increase as mean arrival of prey shift later relative to the predator, 2) higher arrival
synchrony of prey would increase prey survival via predator swamping, but 3) the benefit
of synchrony would decline (or even disappear) with later arrival time of the prey,
leading to an interaction between mean arrival and arrival synchrony. We also
hypothesized that if prey arrival phenology altered prey survival, then this would alter
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prey development rates by changing density-dependent competition (i.e., fewer survivors
results in faster growth). In addition, we hypothesize that the effects of variation in prey
arrival synchrony will be weaker for predators than prey. Specifically, we anticipate that
there will be no effect on predator survival because dragonflies are voracious predators of
tadpoles (McCoy et al. 2011, 2012; Asquith & Vonesh 2012), can survive long periods
with little or no food (Lawton, Thompson & Thompson 1980; Wissinger 1988), and can
switch to alternative prey (e.g., zooplankton, insects). If however, variation in prey
phenology causes substantial differences in the number of prey eaten, there could be
effects on predator growth rates (i.e., more prey eaten results in faster predator growth).

4.2. Methods
STUDY SYSTEM

We studied predator-prey interactions between nymphs of Tramea carolina
(Carolina Saddlebags dragonfly) and tadpoles of Hyla cinerea (Green Tree Frog),
hereafter referred to simply as Tramea and Hyla, respectively. These two species
commonly co-occur in permanent ponds within and around mats of floating vegetation
(NLR, unpublished data, Garton & Brandon 1975; Wissinger & Mcgrady 1993).
Dragonflies are voracious predators of tadpoles, but the strength of interactions, as
measured by the number of tadpoles eaten, depends upon the size of a dragonfly relative
to the size of tadpoles because dragonflies are gape-limited predators (i.e., larger
dragonflies can eat more tadpoles; McCoy et al. 2011; Asquith & Vonesh 2012). Both
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dragonfly nymphs and tadpoles grow rapidly, so the timing of hatching of individuals of
one species relative to those of the other largely determines their relative size. The timing
of their interactions varies among years (NLR, unpublished data). This is likely because
seasonal weather patterns vary among years, and these two species use different suites of
abiotic cues to time their reproduction. For dragonfly species, presumably including
Tramea, timing of reproduction is largely determined by the timing of emergence of
adults from aquatic habitats, which is induced by a combination of photoperiod and
temperature (Corbet 1999; Hassall et al. 2007; Richter et al. 2008). Timing of Hyla
reproduction is determined by a combination of temperature and precipitation, occurring
when night temperatures exceed 20°C and around the time of rain events (Garton &
Brandon 1975; Gunzburger 2006). The synchrony of Hyla tadpole arrival is determined
by the duration and continuity of optimal conditions of temperature and precipitation.
This means that in some years synchrony is high (i.e., short temporal window) and in
other years, low (i.e., long temporal window). In eastern Texas, newly-hatched Tramea
nymphs and Hyla tadpoles appear in ponds between mid-spring and late summer,
depending on the timing of these optimal conditions for each species (NLR, unpublished
data), and Tramea generally arrives before Hyla. Because of the effects of mean arrival
and arrival synchrony of Hyla on relative size of predator and prey, arrival phenology
likely has important consequences for the strength of predator-prey interactions.
Ultimately, tadpole arrival phenology could determine whether tadpoles survive to
achieve metamorphosis or dragonflies eliminate them from the habitat.
EXPERIMENTAL DESIGN
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The goal of this experiment was to determine the consequences of variation in
mean arrival and arrival synchrony by prey for predator-prey interactions and to
determine whether the effects of variation in these two aspects of phenology are nonadditive. Therefore, we used a full factorial design manipulating mean arrival time and
arrival synchrony of tadpoles. We used three size classes (i.e., instars) of Tramea nymphs
to simulate differences in mean arrival of tadpoles relative to dragonflies (see Table 4-1).
Larger nymphs represent greater differences in mean arrival between predator and prey
because nymphs increase in size with age. The smallest Tramea nymph size class used
represented the minimum predator size that could consume newly-hatched Hyla tadpoles.
Each experimental unit received three nymphs belonging to one of these three instarsWe
crossed these three mean arrival treatments with three arrival synchrony treatments. We
manipulated the amount of variation in tadpole arrival around a mean arrival date (June
24, 2012). In the High, Medium, and Low synchrony treatments, variation in tadpole
arrival was ± 0, 2, and 4 days around the mean arrival date, respectively (see Table 4-2).
We added 180 tadpoles to each experimental unit. In Low and Medium synchrony
treatments the number of tadpoles was split evenly between arrival dates. These nine
treatments (3 mean arrival × 3 arrival synchrony) were each replicated six times in a
randomized complete block design.
We did not include predator-free treatments because our focus was on
understanding how phenological variation affects predator-prey interactions, not
intraspecific prey competition. The only purpose of predator-free treatments in this
experiment would be to determine if there was differential survival among the five
cohorts of tadpoles used to create the synchrony treatments (e.g., due to genetic
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composition or egg incubation conditions, see below for details). In the medium and low
synchrony treatments, it would not be possible to differentiate tadpoles from different
cohorts once mixed in the mesocosms. As an alternative to these predator-free treatments,
we conducted a supplementary laboratory experiment to test for differences in survival
among cohorts. From each of the five tadpole cohorts, we haphazardously selected 20
hatchling tadpoles. Five tadpoles were placed into each of four square polypropylene
containers (12 cm × 12 cm × 6 cm) filled with pond water. These were kept in an
environmentally-controlled room (24°C, 14 h light : 10 h dark). We fed tadpoles
powdered alfalfa pellets ad libitum daily and performed partial water changes every three
days. Tadpole survival for each cohort was tabulated daily for 16 days following their
addition to the mesocosm experiment, which nearly matched the duration of the
mesocosm experiment (20 days). We found no differences in survival among the five
tadpole cohorts (mean ± standard deviation [SD] = 4.75 tadpoles ± 0.55; χ2 = 6.9135, p <
0.1405).Though conditions in the laboratory differed in some respects from those in the
outdoor mesocosm experiment, these results suggest that there were not strong
differences among the cohorts in their likelihood of survival.
EXPERIMENT SETUP

Study organisms were collected from local field sites. We collected Tramea
nymphs from a pond in the Davy Crockett National Forest using dipnets on June 18,
2012, and we collected Hyla eggs from amplectic pairs of adults breeding at a pond at the
Sam Houston State University Center for Biological Field Studies (SHSU CBFS; 5 km
northeast of Huntsville, TX). Hyla eggs were collected on three different evenings
following rain events (June 14, 15, and 20) and from at least ten pairs of adults on each
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evening. To have hatchling tadpoles (Gosner stage 25) available on the five dates needed
to create the three synchrony treatments, we manipulated egg incubation temperatures
(within the temperature range encountered by eggs in natural ponds). To minimize the
risk of genetic composition of tadpoles confounding experimental treatments,
introduction dates generally included eggs collected on two different dates (introductions
1-3: eggs from June 14 and 15, introduction 4: eggs from June 15 and 20). As an
exception, the final introduction included eggs from only one date (June 20), but eggs
were still from ten different clutches.
The experiment was conducted in an open field in Houston, TX. We used an array
of 54 cylindrical plastic cattle watering tanks as mesocosms (volume = 360 L), and this
array was configured into a grid of six spatial blocks (3 × 3 = 9 mesocosms per block).
Within these mesocosms, we created simple communities similar to those found in
natural ponds. We filled mesocosms with water on June 15, 2012 and immediately fitted
them with lids made of 60% shade cloth to prevent unwanted colonization. On June 16,
we added to each mesocosm 650 mL of concentrated phytoplankton and zooplankton
from local ponds and ~75 g air dried mass of leaf litter for habitat structure and nutrients.
On June 21, we added 3 g dry mass of alfalfa pellets per mesocosm for additional
nutrients. We added artificial vegetation composed of bunches of plastic deer fencing
mesh weighted down with rocks, which occupied 30% of the water volume. Tramea
nymphs were observed foraging in this artificial vegetation throughout the experiment in
much the same way they do in natural mats of vegetation.
We initiated the experimental treatments on June 20 by adding all the dragonflies,
and later the same day, the first introduction of tadpoles for the low synchrony treatment.
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The experiment was ended on July 10 (20 days after initiation) when the first tadpole in
the experiment achieved metamorphosis (defined as the emergence of the first forelimb,
Gosner stage 42). All remaining dragonfly nymphs and tadpoles were collected and
preserved in 10% buffered formalin. Preserved specimens were later counted to
determine the proportion of survivors and measured to determine mean size (dragonflies:
head width [HW], tadpoles: snout-to-vent length [SVL]) and, in the case of tadpoles, size
variation as measured by coefficient of variation (CV, SD / mean).
STATISTICAL ANALYSIS

For all analyses, we initially included tadpole mean arrival, tadpole arrival
synchrony, and their interaction as fixed effects and spatial block as a random effect. We
analyzed survival responses with generalized linear mixed models. For Hyla and Tramea
survival, we used a negative binomial error structure on count data (because of
overdispersion) and a binomial error structure on proportion data, respectively. We
analyzed final mean size of Hyla and Tramea with linear mixed models. When block
effects were not significant, block degrees of freedom were pooled with the error term
degrees of freedom for the final analysis (Zuur, Ieno & Walker 2009a). Non-significant
interaction terms were removed from final models (Zuur, Ieno & Walker 2009b). All
analyses were performed using the R statistical computing environment (R Development
Core Team 2013).
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4.3. Results
PREY SURVIVAL

Overall, Hyla survival was low (10% or 18.4 survivors ± 13.4 SD). Survival was
driven by the additive effects of mean arrival and arrival synchrony of Hyla (Fig. 4.2A,
Table 4-3). Survival declined as Hyla arrived later (early to medium: 41%, medium to
late: 7%, early to late: 45%) and with lower synchrony (high to medium: 33%, medium to
low: 43%, high to low: 62%).
PREY MEAN SIZE

Mean Hyla snout-to-vent length (SVL) was determined by Hyla arrival synchrony
only (Fig. 4.2B, Table 4-3). As Hyla arrived with lower synchrony, mean SVL increased.
With high arrival synchrony, Hyla SVL was 8.80 ± 1.24 SD, which was 84% and 76% of
that for medium and low arrival synchrony, respectively. Hyla mean size was inversely
related to Hyla survival (r52 = -0.62, p < 0.0001).
PREDATOR SURVIVAL

Overall, survival of Tramea nymphs was high (75.3% or 2.26 survivors ± 0.76
SD) and only depended upon mean arrival of Hyla (Fig. 4.2C, Table 4-3). When mean
Hyla arrival was late (i.e., initial Tramea size was large), there were 1.72 ± 0.67 SD
survivors, which was 67% and 69% of that for early and medium Hyla arrival treatments,
respectively.
PREDATOR MEAN SIZE
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There was no effect of either mean arrival or arrival synchrony of Hyla on mean
dragonfly head width (Table 4-3; 7.32 mm ± 0.51 SD). Of the 122 surviving dragonflies,
85% were in the final nymph instar, and the remaining individuals were in the
penultimate instar.

4.4. Discussion
Attributes of a phenological distribution can vary among years, and these
attributes can change independently or in concert. There is still much we do not
understand about how variation in attributes of these distributions affect interactions
between species (especially about synchrony), and almost nothing is known about how
these attributes might interact to alter species interactions. Using an experimental
approach to address this gap, we found that the effects of shifts in mean and synchrony of
hatching were additive with tadpoles survival declining with later hatching and lower
hatching synchrony. As survival declined, this generally led to faster mean growth rates
for surviving tadpoles. These effects on the prey species were not strong enough to alter
survival or growth of the predator. We also found that effects of synchrony on predatoryprey interactions rivaled or even exceeded effects caused by changes in mean arrival
time. This is an important finding, given that much of the research to date on the
consequences of phenological shifts for species interactions has focused primarily upon
shifts in mean timing, which synchrony being largely ignored. These results demonstrate
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that both mean and variation in phenological timing are important and that the
consequences of shifts in prey phenology are stronger for prey than for their predators.

CONSEQUENCES OF PREY PHENOLOGICAL VARIATION FOR PREY

We hypothesized that tadpole mean arrival and arrival synchrony would interact
to affect tadpole survival. Specifically, we anticipated that high hatching synchrony
would result in a high proportion of tadpoles surviving via predator satiation when
tadpole mean hatching occurred shortly after predator hatching (i.e., Early treatment,
small size differences) but that the benefits of high synchrony would disappear when
tadpole mean hatching occurred late relative to predators because large predators can
consume more prey per unit of time and thus require increasingly higher abundances of
prey to be satiated. Though tadpole survival declined as mean tadpole arrival time shifted
later and as hatching synchrony became lower, the effects were simply additive because
high synchrony continued to promote high tadpole survival relative to lower synchrony
levels, even for the latest mean arrival time. These results demonstrate that high hatching
synchrony can benefit prey populations over a wide range of mean hatching times
relative to a predator. It is still possible, however, that the interaction between prey mean
timing and synchrony could occur if the density of prey relative to predators was lower or
the mean timing of prey phenology was shifted even later relative to the predator.
Though this experiment did not include predator-free controls, it is clear that
predation played an important role in driving the differences we observed in prey survival
among our treatments. If the treatment differences were due primarily or entirely to a
factor other than predation, then within a particular level of synchrony, the different mean

120

arrival time treatments should exhibit nonsignificant differences because, other than
receiving different sizes of predators, these treatments are otherwise the same. For
example, survival of prey in all the high synchrony treatments should be the same, but
instead we observed a decline in prey survival with later arrival (i.e., larger predators) as
hypothesized based on increased prey consumption rates with predator size. Mean
tadpole size was determined by variation in hatching synchrony but not mean timing. The
effect of synchrony was likely caused primarily through indirect effects on tadpole
survival. As hatching synchrony became lower, the proportion of tadpoles consumed by
predators increased, and the average size of the surviving tadpoles increased.
Interestingly, there was no effect of mean tadpole hatching time on mean tadpole size,
even though there was an effect on tadpole survival. This suggests that differences in
survival cannot completely account for differences in mean size. Growth rates should
increase as density decreases because of a reduction in the intensity of intraspecific
competition among tadpoles for algal food resources (Van Buskirk & Yurewicz 1998).
Perhaps the lack of differences in mean size due to mean hatching time was caused by
trait-mediated indirect effects. Tadpoles will reduce their foraging and growth rates in
proportion to the number of tadpoles that have been consumed by dragonflies and based
on dragonfly size (i.e., in accordance with perceived risk of mortality; McCoy et al.
2012), using chemical cues present in the water that have been released from tadpole
victims (Fraker et al. 2009). Tadpole survival was highest when mean hatching time
occurred shortly after dragonflies hatched (i.e., Early treatments), likely because the
small dragonflies were most easily satiated. Consequently, perceived risk by tadpoles in
these treatments was lowest, which might have allowed them to forage more actively and
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grow faster. When mean hatching was late, nearly all tadpoles were consumed, which
should release survivors from competition. However, these tadpoles likely perceived that
the risk of predation was very high, which could have reduced their foraging and growth
rates. These different combinations of competition intensity and perception of predation
risk could have resulted in no net difference among the mean arrival treatments.
Ultimately, this suggests that hatching phenology can affect development rates of prey
through a combination of direct and indirect effects of predators, with important
cascading effects on the synchrony and timing of later life-history events (e.g.
metamorphosis and recruitment into adult/terrestrial stage).

CONSEQUENCES OF PREY PHENOLOGICAL VARIATION FOR PREDATORS

Dragonfly survival was affected by variation in mean tadpole hatching but not in
hatching synchrony. Specifically, survival of dragonflies was lower when mean tadpole
hatching was late compared to when mean hatching occurred at the intermediate or early
times. This likely occurred because dragonflies in the late mean hatching treatment were
initially the largest (Table 4-1), and therefore, they were the most likely to reach the end
of the nymph stage prior to the end of the experiment. No structures were provided to
allow nymphs to crawl out of the water and eclose as adults, so these dragonflies likely
drowned. Therefore, we attribute the observed differences in dragonfly survival to an
artifact of the experimental set up rather than to shifts in mean tadpole hatching.
Though we did not anticipate effects on dragonfly survival, we hypothesized that
differences in dragonfly size could manifest if variation in tadpole hatching synchrony
resulted in significant differences in the number of tadpoles eaten. Though there were
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clear differences in tadpole consumption due to variation in synchrony, this did not cause
differences in mean predator size—all dragonflies were in either the final or penultimate
nymph instar. There are several possible reasons for this outcome, which are not mutually
exclusive. First, differences among synchrony treatments in the number of tadpoles eaten
may not have been large enough to alter predator growth rates. For example, difference
between high and low synchrony treatments in the average number of tadpoles eaten per
dragonfly were small (Early = 8 tadpoles, Medium = 5 tadpoles, Late = 3 tadpoles).
Second, differences in dragonfly growth among treatments due to differences in tadpole
consumption could have been prevented because any dragonflies not consuming many
tadpoles could compensate by consuming more alternative prey (e.g., zooplankton,
chironomid midge larvae). Finally, there could have been small, but significant,
differences among synchrony treatments in dragonfly biomass that were not detected
because we used head width as a size metric. Though there were substantial initial
differences in dragonfly size among the mean arrival time treatments (see Table 4-1),
these differences disappeared by the end of the experiment. This is likely because the
duration of instars increases over ontogeny for dragonflies, so the small dragonflies in the
early mean hatching treatment caught up in size to those in the late treatment over the 20day duration of the experiment. Together, the general lack of effects of prey hatching
phenology for predator survival and growth suggests that the consequences of prey
phenological variation are stronger for prey than for predators.
CONCLUSIONS

Most habitats exhibit seasonal changes in environmental conditions, and these
seasonal patterns vary among years. It is important to understand how this variation
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affects species phenologies because phenological variation can affect species interactions.
Our results indicate that shifts in phenological synchrony can be just as important as, if
not more important than, shifts in the mean for prey survival and growth. Interannual
variation in phenological synchrony is common (Blair 1960; Augspurger 1981; Semlitsch
1985; Ogutu et al. 2010), and therefore, likely has implications for the interactions of
many different organisms with their natural enemies. In particular, high synchronization
of phenological events appears to be frequently-employed strategy for minimizing the
effects of predator. If climate change disrupts the ability of prey populations to coordinate
the timing of their life-history events, it could affect the long-term coexistence of prey
with their predators. To further explore the mechanisms underlying the effects of
phenological variation for predator-prey interactions, additional experimental work is
needed. In particular, it would be valuable to track changes in the size and abundance of
predators and prey over time, as well as algae abundance (i.e., tadpole food resources) to
determine the interplay among these factors over time. In addition, it would be useful to
use a study system in which the individuals from different cohorts can be identified, in
order to determine which part of the phenological distribution results in the best and
worst survival and growth. Ultimately, the goal is to understand how phenological
variations affects demographic rates and community structure, as well as identify the
mechanisms underlying these effects, so we can gain a better understanding of seasonal
communities and how climate change will alter them.
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4.7. Tables
Table 4-1. Size classes of the predator, Tramea carolina dragonfly nymphs, used to
simulate relative shifts in mean arrival time of the prey, Hyla cinerea tadpoles.

Mean Prey Arrival
Early Medium
Late
Estimated predator age
(days)
Predator head width (mm)
Predator body length (mm)
Predator dry mass (mg)

10
2.73
6.11
2.45

14
3.54
7.85
5.60

30
5.39
14.11
30.03
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Table 4-2. Treatments manipulating synchrony of arrival for hatchling tadpoles of
Hyla cinerea.

Synchrony
High
Medium
Low

1
60

2
-

3
60
-

Introduction Day
4
5
6
180
60
60
-

7
60
-

8
-

9
60
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Table 4-3. Effects of variation in mean arrival and arrival synchrony of Hyla cinerea
hatchling tadpoles on survival and size of H. cinerea and its predator, Tramea
carolina nymphs.

Response

Test Statistic

P

Prey survival
Synchrony

χ2

= 46.21

< 0.0001

Timing

χ2

= 34.21

< 0.0001

Synchrony

F2,49

= 35.10

< 0.0001

Timing

F2,49

=

1.89

0.1613

χ2

=

1.24

0.5381

= 14.07

0.0009

Prey mean size

Predator survival
Synchrony
Timing

χ

2

Predator mean size
Synchrony

F2,48

=

0.73

0.4858

Timing

F2,48

=

1.56

0.2212
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4.8. Figures

Figure 4.1. Variation in mean and/or synchrony of the distribution for a life-stage of
species 1 (dashed line) relative to that of species 2 (solid line), which determines the
extent of their temporal overlap. A) Species 1 with high synchrony and mean close to that
for species 2. B) Species 1 with high synchrony and mean shifted far from that for
species 2. C) Species 1 with low synchrony and mean close to that for species 2. D)
Species 1 with low synchrony and mean shifted far from that for species 2.
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Figure 4.2. Responses of the prey, Hyla cinerea tadpoles, and the predator, Tramea
carolina nymphs, to variation in the mean and synchrony of prey arrival time.
Proportional survival of A) tadpoles and B) dragonflies and mean size of C) tadpoles and
D) dragonflies. SVL = snout-to-vent length

