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Abstract

While there is mounting evidence indicating that the relative timing of predator and prey
phenologies shapes the outcome of trophic interactions, we still lack a comprehensive
understanding of how important the environmental context (e.g. abiotic conditions) is for shaping
this relationship. Environmental conditions not only frequently drive shifts in phenologies, but
they can also affect the very same processes that mediate the effects of phenological shifts on
species interactions. Thus, identifying how environmental conditions shape the effects of
phenological shifts is key to predict community dynamics across a heterogenous landscape and
how they will change with ongoing climate change in the future. Here I tested how
environmental conditions shape effects of phenological shifts by experimentally manipulating
temperature, nutrient availability, and relative phenologies in two predator-prey freshwater
systems (mole salamander- bronze frog vs dragonfly larvae-leopard frog). This allowed me to (1)
isolate the effect of phenological shifts and different environmental conditions, (2) determine
how they interact, and (3) how consistent these patterns are across different species and
environments. | found that delaying prey arrival dramatically increased predation rates, but these
effects were contingent on environmental conditions and predator system. While both nutrient
addition and warming significantly enhanced the effect of arrival time, their effect was
qualitatively different: Nutrient addition enhanced the positive effect of early arrival while
warming enhanced the negative effect of arriving late. Predator responses varied qualitatively
across predator-prey systems. Only in the system with strong gape-limitation were predators
(salamanders) significantly affected by prey arrival time and this effect varied with
environmental context. Correlations between predator and prey demographic rates suggest that

this was driven by shifts in initial predator-prey size ratios and a positive feedback between size-
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3
specific predation rates and predator growth rates. These results highlight the importance of
accounting for temporal and spatial correlation of local environmental conditions and gape-
limitation in predator-prey systems when predicting the effects of phenological shifts and climate

change on predator-prey systems.

Keywords: Trophic mismatch, phenology, climate change, synchrony, timing, global warming

Introduction

Phenology, the seasonal timing of life-history events, is a key force structuring species
interactions. The relative timing of phenologies within a community determines what species and
stages co-occur and thus can interact directly, when interactions start, and how long they last
(Yang and Rudolf 2010). However, the relative timing of phenologies naturally vary across time
and space (Carter et al. 2018, Rudolf 2018, Roslin et al. 2021) and is further altered by ongoing
climate change (Parmesan and Yohe 2003, Visser and Both 2005, Cohen et al. 2018, Kharouba
et al. 2018). While recent studies indicate that these changes in the relative timing of phenologies
can alter the outcome of interactions and change long-term conditions for persistence and
coexistence (Rudolf 2019), we are still lacking a general understanding of how important the
environmental context (e.g. abiotic conditions) is for mediating the effects of phenological shifts.
Yet environmental conditions vary across space and time (including climate change), and these
differences are often (Visser and Holleman 2001, Durant et al. 2007, Dijkstra et al. 2011,
Ovaskainen et al. 2013, Cohen et al. 2018), but not always (Roslin et al. 2021), the driver of
phenological shifts. Thus, elucidating how the effects of phenological shifts vary across

environmental conditions is not only essential to understand community dynamics across
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4
heterogeneous landscapes, but also key to predict how they will change in the future with

ongoing climate change.

The potential for environmental conditions to modify the effects of phenological shifts
becomes quickly clear when we focus on the link between phenologies and interactions.
Phenological shifts can directly alter species interactions in at least two key ways: (i) by
changing the temporal overlap of interacting species which determines their “interaction
potential” (Carter et al. 2018) (i.e. how many individuals interact and for how long), and (ii)
through shifts in per capita interaction strength (Rudolf 2019). Importantly, both mechanisms
depend on growth and developmental rates of individuals. The duration of interactions between
life-history stages (i.e. temporal overlap) generally decreases with higher growth and/or
developmental rates because individuals transition to the next life history stage (phenophase)
faster. Changes in per-capita effects driven by phenological shifts are frequently caused by
concurrent shifts in size-ratios of interacting species: differences in arrival time allow early
arrivers to grow and increase in relative size which determines per capita interaction strength
(size-mediated priority effects) (Rasmussen et al. 2014). This suggests that any change in
environmental conditions that influence the growth (and/or developmental) rates of species, such
as temperature or nutrient availability, could also modify the consequences of phenological shifts
for species interactions. Moreover, if these conditions have the same effect on growth rates we
might also expect that they have the same qualitative effects on phenological shifts. If true, this
would allow for general “rules of thumb” to predict what conditions strengthen or weaken effects

of phenological shifts.

Despite the clear potential for environmental conditions to alter the effects of

phenological shifts, this is rarely tested explicitly, and much remains unknown. Previous studies
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5
either examined phenological shifts only in one environmental context (e.g. Alford 1989, Nosaka
et al. 2014, Rasmussen et al. 2014, Rasmussen and Rudolf 2016, Anderson et al. 2017), or used
observational data (Durant et al. 2007, Visser and Gienapp 2019) for which the covariance of
phenological shifts and environmental conditions make it inherently difficult to isolate individual
and interactive effects of phenology vs. environment (Rafferty et al. 2013). The few recent
experiments that manipulate phenologies either across different temperature or nutrient
conditions seem to provide first support for context-dependent yet predictable effects of
phenological shifts (Rudolf and Singh 2013, Rudolf 2018, Rudolf and McCrory 2018). However,
these experiments only studied one environmental factor at a time and thus do not allow for
direct comparisons of different environmental factors. Furthermore, they only focused on
systems where species from the same trophic level compete for shared resources, and it is not
straightforward to extrapolate their results to predator-prey systems. As a consequence, it
remains unclear how different environmental conditions affect phenological shifts in predator-

prey systems.

To understand the differences between competitive and predator-prey systems, let’s focus
on two well-studied environmental factors: temperature and nutrient availability. With resource
competition, interacting species experience the same temperature and the same nutrient levels
and both are increasing growth and developmental rates. Thus, it is perhaps not surprising that
both environmental factors appear to have qualitatively similar effects on phenological shifts in
competitive systems (Rudolf and Singh 2013, Rudolf 2018, Rudolf and McCrory 2018). In
contrast, predator and prey both experience the same temperatures, but they consume different
resources and thus could respond differentially. For instance, an increase in primary productivity

will directly benefit an herbivore, but not its specialized predator. The predator could still benefit
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6
indirectly if the available prey biomass eventually increases, but the response would be delayed,
and increased growth rates of the prey would still likely reduce the time the prey is vulnerable to
predation. A higher prey growth rate could be particularly important in systems with strongly
gape-limited predators (e.g. predators that swallow prey whole) because it would allow prey to
reach a size refuge and thus “escape” predation at an earlier stage (Wilbur 1988, Urban 2007).
This suggests that nutrient availability and temperature could have qualitatively different effects
on phenological shifts in predator-prey systems, and the effects could further depend on how

gape-limited predators are.

Finally, we should not forget that temperature and nutrient availability also have different
direct effects on other aspects of predator-prey interactions. Temperature directly affects size-
specific predation rates, e.g. due to changes in attack rates and handling time (Uiterwaal and
DeLong 2020). For instance, a moderate increase in temperature typically increases size-specific
per-capita consumption rates of predators (Jara et al. 2019) and strengthens top-down control
(Barton and Schmitz 2009, Shurin et al. 2012). In contrast, nutrient availability does not have
this direct effect on per-capita predation rates. Indeed, increasing nutrient availability may
instead indirectly decrease predation rates, e.g. by increasing availability of alternative prey
(Chesson 1989, Rudolf 2008). Overall, this suggests that while temperature and nutrient
availability both clearly have the potential to modify the consequences of phenological shifts in
predator-prey systems, their individual effects could be qualitatively different compared to

competitive systems and even vary across different predator-prey systems.

Here | take an experimental approach to test how environmental conditions influence the
effects of phenological shifts on predator-prey interactions in two freshwater systems.

Specifically, | experimentally manipulated the relative arrival time of a predator and its prey
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7
under different nutrient and temperature conditions. This allowed me to determine (1) how
temperature and nutrient availability alter effects of phenological shifts, (2) whether this
interactive effect qualitatively differs between both environmental factors, and (3) if their effects
are independent or synergistic. Furthermore, | repeated the same experiment in two different
predator-prey systems to determine (4) whether patterns are general or contingent on specific
traits (e.g. gape-limitation) of predators and prey. Overall, results indicate that the phenological
shifts affect demographic traits of both predator and prey, but the effects are modified by

warming and nutrient availability and thus depend on the environmental context.

Methods

Study Species

| focused on two different predator-prey systems that are commonly found in fishless
temporary ponds throughout the southwest of North America: (1) dragonfly larvae of the green
darner Anax junius (predator) and tadpoles of the southern leopard frog Rana (Litobathes)
sphenocephala (prey), and (11) larvae of the mole salamander Ambystoma talpoideum and
tadpoles of the bronze frog Rana (Lithobathes) clamitans. Phenologies of these species vary
naturally across years with changes in weather conditions. Because species respond differently to
weather conditions, changes in these conditions result in concurrent changes in the onset of
species interactions (Root et al. 2003, Saenz et al. 2006, Heino et al. 2009, Todd et al. 2011,
Carter et al. 2018). Furthermore, ponds naturally differ in temperature regimes and nutrient input
(e.g. due to variation in canopy cover) (Skelly et al. 2002), creating considerable spatial

heterogeneity in these conditions.

The two predator-prey systems differ in many aspects from each other. Larvae of the
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8
dragonfly A. junius and the salamander A. talpoideum are both major predators of tadpoles in
fishless pond communities (Wellborn et al. 1996, Wilbur 1997), but they differ in their
morphology, ecology, and behavior. Specialized mouthparts (two opposing thorn-like structures)
allow dragonflies to capture and consume prey much larger than themselves. In contrast, the
suction feeding of salamanders limits them to consume prey that is smaller than their mouth’s
diameter (Urban 2008). This strong gape-limitation allows tadpoles to “escape” predation from
salamander by reaching a size-refuge at a certain predator/prey size ratio (Caldwell et al. 1980,
Urban 2008). This is not the case with dragonfly predators in our system, although successful
attack rates still typically decline with smaller predator/prey size ratios (Caldwell et al. 1980).
Indeed, while monitoring the ponds we observed dragonflies that attacked and ultimately killed

tadpoles many times larger than the dragonflies themselves.

The two tadpole species also differ in their growth and developmental rate and phenology
at our field sites in South East Texas. Southern leopard frogs are active foragers with high
growth rates and a mean larval period (hatching to metamorphosis) of 90 days. In contrast,
bronze frog tadpoles are much less active and mostly hide in the substrate and leave litter. As a
consequence, they have lower growth rates and a much longer larval period, lasting up to 22

months, and frequently overwinter in ponds before reaching metamorphosis in spring.

Experimental design

Both experiments shared the exact same factorial design which crossed 3 tadpole
phenology (“arrival”) treatments (tadpole addition 0 days, +10 days, or +20 days after predator
addition) with 2 nutrient (ambient vs. enriched) and 2 temperature (ambient vs. heated)

treatments, resulting in a total of 3 x 2 x 2 = 12 treatments (Fig. 1). In the first experiment (with
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9
dragonfly predators) each treatment was replicated 5 times. In the second experiment (with
salamander predators) treatments were replicated 4 times because of logistic constraints. A
mistake during early tadpole addition during setup of salamander experiment resulted in uneven
replication in low (ambient) nutrient treatments with 3 replicates for early (day 0) and 5

replicates for intermediate (+10 days) treatments (see supplement for details).

To delay prey arrival (hatching) for the different phenology treatments, | transferred all
collected egg clutches to a climate-controlled environmental chamber maintained at 4°C to slow
down development. One week before a given arrival date | transferred a subset of clutches to
another environmental chamber set at 24°C to accelerate development and hatch tadpoles.
Previous experiments indicate that this method can be successfully used to delay hatching by up
to 25 days without measurable effects on tadpole performance (Rudolf and Singh 2013, Rudolf
2018). It also assured that tadpoles from all additions were within the same developmental stage
and had the same size at introduction. For each introduction, | used 3-4 randomly selected egg
clutches and distributed tadpoles from all clutches evenly across replicates. Each replicate in
both experiments received 200 tadpoles of the respective prey species. These starting densities

are well within the natural range of both species we observe in our study region.

In the dragonfly experiment, each mesocosm received three small A. junius larvae of
equal size (mean head width (HW) = 3.296mm, range = 2.983-3.392mm). Mesocosms in the
salamander experiment each received five small A. talpoideum larva. Due to natural variation in
size, salamanders were visually divided into three size classes and each size class was evenly
distributed among replicates to ensure similar mean and variation in predator size across all
replicates (mean HW: 3.655 mm (2.607-4.616), snout-vent length SVL: 11.340 mm (7.769-

15.035). The respective size range of both predators reflects the natural size range of predator
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10
194  populations when tadpoles hatch in natural ponds. The densities of both predators are at the
195  lower end of natural densities in our study area for the size classes. Differences in initial
196  densities between both predators reflect species-specific differences in natural densities and
197  predation rates.
198 | terminated the dragonfly predator experiment after 189 days (January 29" - August 5™)

199  and the salamander experiment after 100 days (February 9" - May 15%). This difference in

200  duration reflects natural differences in developmental times of predator species: mean emergence
201  time was 91.9 days (range 62-123 days) for dragonflies and 59.9 for salamanders (range: 49-88
202  days). The additional time also allowed me to better capture differences in the timing of

203  metamorphosis of R. sphenocephala (> 80% of individuals reached metamorphosis in all arrival
204  treatments at end of the experiment), while R. clamitans was not close to reaching

205  metamorphosis due to its naturally slower developmental rate.
206  Mesocosm setup & maintenance

207 | conducted experiments in mesocosms consisting of 1,000 L plastic cattle tanks set up
208  outside at the South Campus Research Facility of Rice University. Mesocosms were evenly

209  spaced by 0.5m and filled with dechlorinated well water two weeks before tadpole addition. |

210  covered each mesocosm with 60% shade cloth to reduce unwanted colonization by other

211 amphibians or predators. To establish natural conditions, | added 1L of dried leaf litter and

212 500mL of concentrated zooplankton and pond water, collected from fishless ponds where all

213 species occur naturally. This setup followed well-established protocols and allowed me to create
214  replicate communities that mimicked key aspects of temporary ponds used by all species (Wilbur

215 1997, Rudolf and Rasmussen 2013b, Rudolf and Rasmussen 2013a).
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| manipulated temperature by placing one 300-Watt submersible heater at the center of

each mesocosm one week before the start of the experiment and wrapped each mesocosm with
insulation. This setup allowed heated replicates to follow the same natural daily and seasonal
temperature fluctuations as ambient mesocosms but elevated mean temperatures by ~4.1°C and
4.7°C in salamander and dragonfly predator experiment respectively (supplement Fig. 1, S1). |
assigned heating treatments spatially so that no two heated mesocosms were next to each other.
Temperatures were monitored every half hour with iButton® temperature loggers that were

submerged in a subset of heated and ambient mesocosms.

Like most freshwater systems, temporary pond communities are frequently limited by
nutrients, especially nitrogen and phosphorus (Schindler 1977, Mischler et al. 2014). Thus, for
the nutrient treatment, | either left mesocosms at ambient levels or added nitrogen and
phosphorus (Nitrogen:7.31g/100L, Phosphorous 0.30618g/1000L). Nutrient additions were
based on similar experiments (Kratina et al. 2012) and pilot studies and ensured a significant
increase in algae growth without the risk of creating large bacterial blooms that can cause anoxic
conditions. In the first experiment (with dragonfly predators) | added nutrients twice, one week
before tadpole addition and then again after tadpole addition. Since | observed a decline in
phosphorus throughout the first experiment, | repeated nutrient additions in the second
experiment 38 days and 94 days after tadpole addition to maintaining elevated nutrient levels
throughout the experiment. Both nutrient additions were successful in significantly elevating

nutrients and primary production (see supplement Fig. 2, S5).

Response variables

Primary producers - | measured periphyton (benthic algae) density (primary food source of
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238  tadpoles) throughout the experiment. I quantified periphyton density by floating 3 microscope
239  glass slides per mesocosm for 7 days and extracting chlorophyll a from periphyton scraped off
240  from both sides of each slide following standard protocols (Eaton et al. 2005). Slides were

241  replaced every 1-2 weeks throughout the experiment.

242  Predator and prey - | measured predator size (SVL and HW) at each tadpole introduction to

243  quantifying differences in initial predator size across tadpole introductions using photographs
244  and ImageJ. Predators, especially dragonflies were very difficult to subsample without draining
245  mesocosms. Thus, to minimize and standardize disturbance caused by these subsamples, | spend
246 afixed time (15 minutes) per mesocosm which assured that | caught at least one predator per
247  mesocosm. In addition, | measured 20 tadpoles per mesocosm 13-18 days after the final tadpole

248 introduction to quantifying initial tadpole growth rates.

249 I monitored mesocosms daily and collected all predators and prey that reached

250  metamorphosis. For tadpoles, day of metamorphosis was defined as the emergence of at least one
251  forelimb, and all metamorphs were transferred to the lab and weighed after full tail absorption.
252 Salamander metamorphosis was defined by absorption of external gills. Emerging dragonflies
253 were easy to count but very difficult to catch alive, preventing us from collecting sufficient body
254  size data for a full analysis. I calculated growth rates and developmental for all species except R.
255  clamitans which did not reach metamorphosis, and final body size/mass for all but A. junius. At
256  the end of the experiment, I destructively sampled all mesocosms and collected any remaining
257  tadpoles and predators. Surviving tadpoles were photographed to measure the snout-vent length
258  (SVL). All procedures followed recommended guidelines of the Animal Welfare Act and were

259  approved by Institutional Animal Care and Use Committee (IACUC protocol A13101101)
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260  Statistical analyses

261 While both experiments had the exact same setup and design, using different species and
262  carrying them out in different years inherently results in some natural variation in abiotic and
263  biotic conditions and what response variables could be quantified. Thus, they should be

264  considered as two separate experiments that address the same questions and | analyzed them
265  separately. Any interpretation of differences across experiments should keep these caveats in
266  mind. However, because both experiments used the same experimental design and asked the
267  same questions, comparing qualitative relationships across different predator-prey systems still
268  provides valuable insights into how sensitive results are to differences in species’ life histories

269  and helps identify general patterns.

270 Predators — Initial predator-prey size ratios can drive effects of phenological shifts. |

271 used generalized linear mixed models (GLMM) to test how predator size changed with each prey
272 introduction and if this relationship was affected by nutrient addition and temperature, using

273 predator size at each introduction as dependent variable and arrival time (= days since the start of
274  the experiment), heating, and nutrient addition treatments as predictors, and mesocosm identity
275  as arandom factor to account for non-independence of repeated observations. Note that for the
276 dragonfly experiment we only measured predator size in mesocosms without prey present, while
277 | measured predators in all mesocosms in the salamander experiment. However, prey arrival

278  order did not affect the initial size of salamanders. Therefore, | pooled those treatments for final
279  analysis. Finally, I used general linear models (GLM) with final predator size (for salamander),
280 time to emergence, or survival as the response variable, and heating, nutrient, and arrival

281  treatment and all possible interactions as fixed effects.
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282 Prey — | used GLMs to analyze treatment effects on per-capita size, daily (dry) biomass
283  production (final prey dry mass/days since prey addition), and mortality rates (number of prey
284  that died /days since prey addition). Using daily mortality rate and biomass production allowed
285  me to correct for inherent differences in the time individuals spent in the experiment across
286  arrival treatments and thus allows for a direct comparison across arrival treatments. Tadpoles and
287  metamorphs were all converted to dry mass using established mass-length relationships and dry

288  mass was summed across metamorphs and tadpoles within a replicate.

289 All analyses were carried out in R using the “Ime4” package for GLM analyses and the
290  “car” package to obtain significance values. | used a binomial error distribution for salamander
291  survival and Gaussian distributed error for all other analyses. Because of unbalanced replication
292 in the salamander experiment, P-values are based on type Il statistics while all other P-values
293  are based on type Il unless noted otherwise. The corresponding code and data is freely available

294  online at dryad: (will be added once accepted for publication)

295 Results

296  Changes in initial predator-prey size ratios across prey arrival times

297  How predator size (measured by head width HW) differed across prey arrival times was

298  contingent on environmental conditions in both predator systems (significant heating x time

299 interaction, Table 1, Fig. 2). Predator size remained largely unchanged between the last two prey
300 arrival times (day 10 vs. 20) under ambient conditions, but it increased significantly in heated
301 systems (Fig. 2). Average predator size also increased in heated relative to ambient treatments
302 (Fig 2, Table 1). In contrast, nutrient addition did not affect the size of dragonfly predators, but

303 it enhanced the positive effect of warming on salamander growth rate and size (Fig. 2, Table 1).
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304  As aconsequence, when prey arrival was delayed by 20 days, salamander predators were up to
305  68% larger in heated communities with added nutrients (head width 6.24mm) compared to

306  predators in systems with ambient temperature and nutrient conditions (head width 4.26 mm).

307  Predator survival, development & growth

308  Predator survival was high for both predator species, especially for salamander (mean survival =
309  89.4%). Predator survival significantly decreased when prey were introduced later (Table 1) for
310 salamander but not dragonfly systems. There was some indication of nutrient treatment affecting
311 arrival in salamander but this was solely driven by a single low survival outlier and not

312 significant after removing the outlier. Dragonfly survival was driven by three-way interaction
313  (Table 1). Survival increased with delay in arrival time in systems at ambient temperature and
314  high nutrients or heated and low nutrients, while it remained largely constant or even declined in
315 the other two treatment combinations. Note that random invasion of dragonfly predators in some
316  tanks (indicated by the number of survivors > number of added focal individuals) prevented any

317  exact estimates of dragonfly survival.

318 Both predator species had significantly higher developmental rates resulting in ~29-31%
319  shorter emergence time in heated treatments (dragonflies: 103 days vs 78.4, salamander 67.6

320 days vs 52.4 days, Fig. 3). Salamander, but not dragonfly development was also significantly
321  faster under high nutrient treatments and when prey arrived later, although this effect was much
322 smaller than the warming effect (Table 1, Fig. 3). Salamander mass at metamorphosis was

323 determined by interactions of all three treatments, prey arrival time, heating, and nutrients (three-
324  way interaction, P =0.0237) (Table 1, Fig. 3): their mass increased the later prey arrived, but

325 this increase was largest (68%) in heated treatments with high nutrients where predators (mass
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increased from 889.5mg to 1,495.4mg). Together, these results indicate that a delay in prey
arrival time increased developmental and growth rates of salamander predators, and this

relationship was strengthened by nutrient addition and warming in a given community.

Prey response

As expected, prey that arrived later were significantly smaller during the early part of the
experiment (33-38 days after start) under ambient conditions (supplemental Table S2). In
contrast, size differences between early vs. later arriving prey were much smaller (or even
absent) in heated communities (Fig. S2). Together with effects on predator size, this confirms
that arrival treatments modified predator-prey size ratios with delay in prey arrival time and this
was further modified by differences in temperature regimes. However, growth rates showed the
opposite pattern and increased significantly with delay in prey arrival, indicating that
experimentally delaying arrival did not negatively affect early growth rates (supplemental
Table S2). In leopard frogs (with dragonfly predators) nutrient addition also significantly
increased size and growth rates (supplemental Table S2). This suggests that prey size
differences created by differences in relative arrival should decline over time, especially in

heated communities and high nutrient levels.

Delaying prey arrival significantly increased prey mortality rates in both predator-prey
systems (Table 4, Fig 4): a 20-day delay in prey arrival increased mortality rates on average by
1.2 to 2.2 times in dragonfly and salamander predator systems respectively. Warming and
nutrient addition both significantly affected mortality rates (Table 2), but their effects differed
qualitatively from each other and between both predator-prey systems. In both predator-prey

systems, nutrient addition significantly reduced prey mortality, but this effect was strongest with
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early prey arrival and declined significantly the later prey arrived (Table 2, Fig. 4). As a
consequence, a delay in arrival time had a stronger effect (steeper increase in mortality, Fig. 4) in
treatments with added nutrients, but this interaction was only significant in experiments with
dragonfly predators (Table 2). Heating significantly increased prey mortality in both
experiments (Table 2). However, in salamander experiments, this temperature effect was much
stronger when prey arrival was delayed, essentially enhancing the negative effect of delay in
prey arrival time (steeper increase in mortality) (ambient: early: 136 vs late: 100 survivors;
heated: early: 103 vs late: 13.5 survivors) (Fig. 4). Thus, nutrient addition and warming both
enhanced the effects of delaying prey arrival, but nutrients enhanced the positive effect of early

prey arrival while warming enhanced the negative effect of late arrival.

Total prey biomass production was on average significantly higher with added nutrients
in both experiments and lower in heated treatments in the salamander experiment (Table 2). In
contrast to mortality, biomass moderately increased with delay in prey arrival in the dragonfly
predator system. This relationship was driven by a very strong compensatory growth response in
surviving individuals; the per-capita mass of surviving prey increased in all treatments with
delay in prey arrival time by up to three times in high nutrient treatments (supplemental Fig.
S3). In salamander predator systems, the arrival effect was contingent on the heating treatment,
with a positive relationship in ambient systems and opposite (decline with arrival time) in heated
communities. The decline in heated tanks occurred because the strong compensatory growth of
individuals could not overcome the even stronger increase in mortality rate in heated systems.
Finally, in the dragonfly experiment where prey developed much faster, a large proportion of
prey completed metamorphosis, with shorter development time in either higher temperatures or

nutrients and delay in arrival (supplemental Fig. S3).
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Predator-prey feedbacks

Predator size (head width) at prey introduction (indicating differences in initial
predator/prey size ratio) was strongly positively related to prey survival, explaining 27% and
34% of the total variation in prey survival in salamander and dragonfly predator systems
respectively (with salamander: F1.4s = 55.5, P< 0.0001, with dragonfly: F1ss = 13.19, P=0.0006,
Fig. 5). Furthermore, final salamander mass was positively (F145 = 5.0 P=0.03) and
developmental time of both predators was negatively correlated (salamander: F1.4s5 = 18.5
P<0.0001, dragonfly: F156 = 13.19, P= 0.0006) with prey mortality (supplement Fig. S4),

suggesting a feedback between consumed prey and predator growth and development.

Discussion

Phenological shifts alter predator-prey interactions

The relative timing of predator and prey phenologies can play a key role in shaping predator-
prey systems. Previous research has largely focused on the concept of trophic (phenological)
match/mismatch (Cushing 1969, Visser and Gienapp 2019, Kharouba and Wolkovich 2020). The
trophic mismatch concept focuses on the temporal overlap of peak prey availability and peak
energetic demands of predators (e.g. during reproduction)(Kharouba and Wolkovich 2020).
While intuitively appealing, trophic match/mismatches are notoriously difficult to proof and
explicit experimental tests are “extremely rare” (Visser and Gienapp 2019, Kharouba and
Wolkovich 2020). Furthermore, this approach typically neglects that phenological shifts can also

modify per-capita interaction strength (Rudolf 2019).
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Using an experimental approach, | showed that shifts in phenologies can significantly affect
both prey and predator populations. Several lines of evidence indicate that the observed effects
of phenological shifts were driven by an increase in per-capita predation rates with delay in prey
arrival. Consistent with previous studies (Rudolf and Singh 2013, Rasmussen and Rudolf 2016,
Rudolf 2018, Rudolf and McCrory 2018, Carter and Rudolf 2019), | found no evidence that
experimentally delaying prey hatching negatively affects prey performance. Indeed, late-arriving
prey even grew and developed faster than early arriving prey, likely because their key food
resources (periphyton) increased during that period. However, the increase in prey mortality with
delay in its arrival time is consistent with an increase in per capita predation rates. Delaying prey
arrival increased prey mortality, which was correlated with increased growth and developmental
rates of predators. An increase in predation also explains why prey per-capita mass and
developmental rates increased: predation reduced the density of prey, which reduced
intraspecific competition in the prey and allowed prey to grow and develop faster. Similar plastic
responses have been observed in other studies (Anderson et al. 2017, Carter and Rudolf 2019)

and explain why prey biomass even increased with delay in prey arrival time.

The increase in predation rates with delay in prey arrival is consistent with size-mediated
priority effects. Arriving earlier than their prey allows predators to grow to a larger size when
interactions are initiated, which in turn should increase per-capita predation rates. Furthermore,
since prey typically grow faster than predators, this size advantage of predators can also prolong
the time prey are within a vulnerable size range of gape-limited predators. Consistent with this
expectations, the size of predators at the time of prey introduction was a significant predictor of
prey mortality and explained ~30% of the variation in prey mortality. Size-mediated priority

effects are known to play important role in mediating effects of phenological shifts in
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415  competitive systems (Rudolf and Singh 2013, Rudolf 2018, Rudolf and McCrory 2018,

416  Blackford et al. 2020), with important consequences for long-term dynamics (Rudolf 2019).

417  However, they are rarely considered in the predator-prey or trophic mismatch literature (\Visser
418  and Both 2005, Visser and Gienapp 2019, Kharouba and Wolkovich 2020). Yet, such changes in
419  per-capita effects are likely to be common, especially when interactions occur among growing
420  predators and prey (Wilbur 1988, Urban 2007, Yang and Rudolf 2010, Nosaka et al. 2014,

421 Rasmussen and Rudolf 2016).

422 The role of predator and prey traits in mediating phenological shifts

423 Predator-prey systems can differ in many ways from each other (e.g. growth rates, per-capita
424  predation rates, predator and prey behavior, gape-limitation, etc.) and these differences could
425  alter the effects of phenological shifts and relative importance of the environmental context. The
426  two different systems I used here showed some remarkably similar patterns but also highlighted
427  some key differences. Only salamander predators were strongly affected by prey arrival and its
428 interaction with environmental conditions, while dragonfly predators only responded to changes
429 in temperature regimes. This difference could at least partly be driven by the fact that

430  salamanders are much more gape-limited. Size measurements indicate that most prey reached a
431  size refuge from salamander predation (i.e. body width > salamander mouth diameter) at some
432 point during the experiment. When prey arrive at the same time as predators, this likely

433 happened early when predators were still small, decoupling prey performance and predator traits
434  (e.g. no or weak correlation of predator mass and development rats and prey mortality,

435  supplement). In contrast, when salamanders were relatively larger when prey arrived later, they
436 were able to consume prey for longer (aided by a corresponding increase in predator growth

437  rates). In contrast, dragonflies could always attack and kill prey, even when the prey was much
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438  larger. The dragonfly predator-prey systems thus should be much less sensitive to variation in
439 initial predator-prey size ratio or relative growth rates. This helps explain why dragonfly
440  predators were not affected by prey arrival time.
441 These results suggest that some effects of phenological shifts appear to be consistent across

442  predator-prey systems, while others depend on the details of predator and prey traits. To date, we
443 are missing studies that are specifically aimed to link traits of interacting species to the effects of
444  phenological shifts. Yet identifying general mechanisms that link species traits to effects of

445  phenological shifts is key to gain a comprehensive and predictive understanding of seasonal

446  dynamics of communities and how they will be affected by future climate change. The results
447  presented here provide an important step towards achieving this goal, but much more work is

448  needed in a diversity of systems to address this gap in our knowledge.

449 Environmental context mediates effects of phenological shifts

450 Environmental conditions frequently differ across systems and often co-vary with

451  phenological shifts (Benard 2015, Cohen et al. 2018). | found that differences in environmental
452  conditions can modify the effects of phenological shifts in predator-prey systems and in some
453  rare instances multiple environmental factors can even interact with each other. However,

454  warming and nutrient additions had qualitatively different effects. Warmer conditions increased
455 and high nutrient levels dampened the negative effect of late arrival for prey (i.e. steeper increase
456  in mortality with delay in arrival time). Furthermore, the effect of warming was stronger in the

457  salamander predator system, while the effect of nutrients was stronger in the dragonfly system.

458 The interaction of warming and phenological shifts is again consistent with size-mediated

459  priority effects. Warming had by far the strongest effect on initial predator size and increased
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predator size with delay in prey arrival relative to ambient conditions. Since predation rates are
typically positively correlated with predator/prey size ratios (Urban 2007), this helps explain
why delaying prey arrival time was associated with a steeper increase in prey mortality compared
to ambient conditions. This size-mediated priority effect could also have been further enhanced

by an increase in size-specific predation rates under warmer conditions (Jara et al. 2019).

In contrast to warming, nutrient addition enhanced the positive effects of early arrival.
Nutrient addition had little or only minor effects on initial predator growth rates and predator
sizes did not differ across prey arrival times. However, nutrient addition did increase initial and
final growth rates as well the developmental rates of prey. This contrasting effect of nutrients on
predator vs. prey reflects the simple fact that they consume different resources: prey (but not
predators) consume periphyton, which was increased by nutrient addition (see supplement). It is
also possible that differences in nutrient availability altered prey (or predator) behavior and
thereby changed predation rates. Elucidating the relative contribution of different potential
mechanisms was beyond the scope of this study, but the results presented here suggest that
additional and previously overlooked factors (i.e. beyond size-mediated priority effects) plaid an
important role. The results highlight the complex and dynamic interaction between
environmental conditions and phenological shifts and the need for further research to understand

how general these patterns are and what other mechanisms are involved.

In the broader context of climate change, the results also suggest that climate-mediated shifts
in phenologies or temperature patterns (Benard 2015, Cohen et al. 2018) depend on how both are
correlated and local conditions. For instance, a delay in prey arrival would have a much more
negative effect on prey survival if it is correlated with an increase in temperature. Similarly, a

delay in prey arrival is likely to heave weaker effects in systems with high nutrient (resource)
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availability for the prey. These results highlight that phenological shifts need to be considered in
the respective environmental context of a system, and how they are correlated with shifts in

environmental conditions.

Data Availability

All data will be made publicly available with corresponding code for statistical analysis on

dryad with publication
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613  Table 1: Effects of delay in prey arrival time (ArrivalT), heating, and nutrient addition treatments on predator demographic
614  traits. Values indicate Wald Chisquare statistics for a given demographic trait. All values show type Il statistics for salamander and
615  size at prey arrival for dragonflies and type Il for remaining dragonfly survival and emergence time. ns indicates that interactions were
616  not significant (P>0.05) and dropped for final model for type 111 statistics to facilitate interpretation of main effects.
Salamander Dragonfly

Size at prey Emergence Size at prey Emergence
Terms arrival Survival time Mass arrival Survival time
Heating 64.007" 0.17 9258 1.27 5.15° 0.28 17768
Nutrients 0.02 0.78 5.32" 11.65™ 0.07 241 0.83
ArrivalT 5.32" 6.47" 8.90™ 241 4.48" 2.04 1.79
Heating:Nutrients 3.99 3.62" ns 5.66" ns 0.17 2.18
Heating:ArrivalT 64.117" ns ns 2.40 ns 0.08 0.99
Nutrients:ArrivalT 0.02 5.65" ns 2.05 ns 0.70 4.42"
Heating:Nutrients:ArrivalT ~ 3.99" ns ns 5.12" ns 10.11™ 1.79
617  * P<0.05, ** P<0.01, ***P<0.001, ****P<0.0001

618
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619  Table 2: Effects of delay in prey arrival time (ArrivalT), heating, and nutrient addition
620 treatments on prey demographic traits. Biomass production indicates total biomass produced
621  per time averaged across the duration of the experiment. Values indicate Wald Chisquare
622  statistics for a given demographic trait. All values show type 11 statistics for salamander and size
623  at prey arrival for dragonflies and type Il for remaining dragonfly survival and emergence time.
624  ns indicates that interactions were not significant (p>0.05) and dropped for the final model for

625  type Il statistics to facilitate interpretation of main effects.

Bronze frog Leopard frog
(with salamander predator) (with dragonfly predator)

Terms Mortality rate Biomass Mortality rate Biomass
- Hiortality rate production Viortality rate production
Heating 2.10 8.73™ 26.07" 1.03
Nutrients 417" 25.25"" 55.61""" 5.09"
ArrivalT 8.07™ 2.96 95.48™"" 7.84™
Heating:Nutrients ns 5.92" 2.37 1.89
Heating: ArrivalT 4.46" 3.79" 3.31 1.40
Nutrients:ArrivalT ns ns 4.39" 1.04
Heating:Nutrients:ArrivalT  ns ns 0.71 0.27

626  * p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001

627
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628  Figure 1: Experimental setup and study system. (A) The two predator-prey systems used in
629 this study. Salamander larvae preying on bronze frogs, and dragonfly larvae preying on leopard
630  frogs. Both systems differ in various ways from each other (see methods for details) including
631  how much gape limitation plays a role in predation. (B) Phenology treatments manipulated
632  relative arrival time of prey, which were either added on the same day as predators or arrival was
633  delayed by 10 or 20 days relative to predator to test for effects of phenological shifts. These
634  phenology treatments were repeated across (C) different environmental conditions, by
635  manipulating temperature (heated vs. ambient) or availability of limiting nutrients in
636  experimental mesocosms. Pictures show representative examples of how treatments influenced
637  mesocosm communities. Insert shows temporal fluctuations in daily temperatures for heated vs.
638  ambient mesocosms.
639
640  Figure 2: Change in predator size with delay (10 and 20 days) in prey arrival across
641 different temperature (heated) and nutrient conditions. Days indicate the number of days that
642  have passed after predators were added to the experiment. Large symbols indicate treatment
643  mean x1 SE, small symbols indicate individual mesocosm means. Symbols of different
644  treatments are offset horizontally for a given sample day for visual clarity. Dashed grey
645  horizontal lines indicate the respective mean size at the start of the experiment (day 0). Note that
646  for logistic reasons, the first sample was taken a few days later for dragonflies, and samples size
647  was smaller for dragonfly experiment because subsamples were restricted to replicates without
648  tadpoles, while this was not the case for salamander experiment (tadpole presence did not
649  significantly affect predator size, see methods for more details).
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651  Figure 3: Effects of delay in prey arrival time on predator demographic traits across
652 different nutrient and temperature conditions. Large symbols indicate mean £1 SE, small
653  symbols indicate mesocosm means. Symbols of different treatments are offset horizontally for a
654  given arrival day treatment for visual clarity. The grey point in the top right panel indicates an
655  outlier and was not included in the mean or final statistical analysis (see results).
656
657  Figure 4: Effect of delay in prey arrival time on prey demographic traits across different
658  nutrient and temperature conditions. Mortality rate and biomass production indicate a daily
659  change in prey survival and total dry biomass within a given treatment. Large symbols indicate
660 mean x£1 SE, small symbols indicate mesocosm means. Symbols of different treatments are
661  offset horizontally for a given arrival day treatment for visual clarity.
662
663  Figure 5: Relationship between predator size at prey introduction and prey survival. (A)
664  salamander —bronze frog system, (B) dragonfly-leopard frog system. Grey lines indicate
665  significant linear relationships. Symbols indicate individual replicates in a given treatment and
666 indicate the mean size (measured as head width) of predators. Note differences in y-axis scaling
667  between panels. Points are jittered by 0.01 for clarity to avoid overlapping data points.
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