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Abstract
Phenological shifts can alter the relative arrival time of competing species in natural communities, but predicting the con-
sequences for species interactions and community dynamics is a major challenge. Here we show that differences in relative 
arrival time can lead to predictable priority effects that alter the outcome of competitive interactions. By experimentally 
manipulating the relative arrival time of two competing tadpole species across a resource gradient, we found that delaying 
relative arrival of a species reduced the interaction asymmetry between species and could even reverse competitive domi-
nance. However, the strength of these priority effects was contingent on the abundance of the shared resource. Priority effects 
were generally weak when resources were limited, but increased at higher resource levels. Importantly, this context depend-
ency could be explained by a shift in per capita interaction strength driven by a shift in relative body sizes of competitors. 
These results shed new light into the mechanisms that drive variation in priority effects and help predict consequences of 
phenological shifts across different environments.
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Introduction

In nature, different species tend not to arrive simultaneously 
in a community. Instead, there is a clear sequence of arrival 
times, and this sequence can play a key role in determining 
the outcome of ecological interactions (Connell and Slatyer 
1977; Wolkovich et al. 2014). For instance, the identity of 
the competitor that will be excluded from a community often 
depends on its relative arrival time (Drake 1991; Geange and 
Stier 2009; Rasmussen et al. 2014; Shorrocks and Bingley 
1994). Such priority effects (or historical contingencies) 
are well documented in aquatic and terrestrial systems in 
both animal and plant communities and they are a key driver 
of the dynamics of communities, species coexistence, and 
spatio-temporal biodiversity patterns (Chase 2003; Drake 
1991; Fukami 2015). However, the importance and con-
sequences of priority effects vary considerably across sys-
tems and studies and we still have a limited understanding 

of the mechanisms responsible for this variation (Alford 
and Wilbur 1985; Cleland et al. 2015; Kordas and Dudgeon 
2011; Sharon and Morin 1993). Predicting priority effects 
is particularly important given that climate change is alter-
ing the relative phenologies of species around the globe 
(Walther et al. 2002; Yang and Rudolf 2010).

Priority effects arise when differences in relative arrival 
time alter (1) the relative abundance of species at the start 
of the interaction (numerical effects) (Olito and Fukami 
2009; Robinson and Dickerson 1987), (2) per capita inter-
action strength (Geange and Stier 2009; Rasmussen and 
Rudolf 2016; Rasmussen et al. 2014; Rudolf and Singh 
2013), or (3) environmental conditions (Hernandez and 
Chalcraft 2012). For instance, classical Lotka–Volterra 
competition models predict that when inter-specific den-
sity dependence is stronger than intra-specific effects, 
the outcome (i.e., which species persists) depends on the 
initial density of both competitors (Lotka 1932; Volterra 
1926). Differences in per capita effects with relative arrival 
time can arise through a variety of mechanisms, but they 
are frequently linked to trait changes (Geange and Stier 
2009; Rasmussen et al. 2014). Recent studies suggest that 
trait-mediated changes are particularly important source 
of priority effects in seasonal communities (Rasmussen 
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and Rudolf 2016; Rasmussen et al. 2014). Every year, sea-
sonal communities are “colonized” by the new offspring 
of species, and the relative phenologies of species (e.g., 
germination, hatching, reproduction) determines when 
and at what size/stage individuals start interacting with 
each other (Yang and Rudolf 2010). The relative size of 
individuals typically determines per capita interaction 
strength, i.e., the effect of one individual on another. For 
example, larger individuals are often competitively domi-
nant because they are better at exploiting or monopolizing 
shared resources (Persson et al. 2004; Rudolf and Singh 
2013; Schwinning and Weiner 1998; Werner 1994). In 
these systems, priority effects can arise because differ-
ences in arrival sequence alter trait-differences (i.e., rela-
tive body size) of interacting species that determine per 
capita interaction strength (Rasmussen et al. 2014).

Given these underlying mechanisms, priority effects 
should not simply depend on who arrives first, but instead 
vary depending on how relative arrival times affect rela-
tive abundances or per capita effects. For instance, delaying 
arrival of a competitor gives the early arriver more time to 
increase in abundance (e.g., change in numerical effect) or 
in size (e.g., change in per capita effect). Thus, the strength 
of priority effects should be positively related with differ-
ences in relative arrival time (Kardol et al. 2013; Robinson 
and Edgemon 1988; Stier et al. 2013). However, the rela-
tionship between priority effects and arrival time should 
depend on how much the per capita effect (e.g., trait) or 
abundance changes during that time period. For instance, 
low growth rates will lead to smaller size differences at the 
onset of the interaction and thereby reduce the size-mediated 
advantage in per capita interaction strength of early arrivers 
while high growth rates should have opposite effects. Thus, 
any variation in environmental conditions that alter growth 
rates could also alter the strength of priority effects and how 
they scale with relative arrival time, but few studies have 
experimentally tested this hypothesis.

One key environmental condition that could alter priority 
effects is resource availability. Specifically, priority effects 
are often predicted to become more frequent and important 
at higher resource levels (productivity) (Chase 2003, 2010; 
Fukami 2015; Steiner and Leibold 2004). This is based on 
the assumption that higher resource levels allow early arriv-
ing populations to reach higher densities faster before other 
species arrive. However, during the early transient phase 
of the interaction (e.g., temporary, seasonal communities) 
higher resource levels can also reduce per capita interac-
tion strength. Thus, higher productivity levels could increase 
numerical effects (e.g., increase in abundance or biomass of 
early arriver) but also reduce per capita effects. These con-
trasting forces make it difficult to predict how variation in 
relative arrival time across a productivity gradient will ulti-
mately alter transient dynamics in temporary communities.

Here we take an experimental approach to test how vari-
ation in relative arrival time and productivity interact to 
determine the strength and consequences of competition 
and identify underlying mechanisms of priority effects. 
Specifically, we manipulated the relative hatching time of 
two competing tadpole species and the availability of their 
shared resource. This allowed us to examine (1) how pri-
ority effects scale with differences in relative arrival times 
of competing species, (2) how this relationship is modified 
by availability of a shared resource and whether effects are 
independent, and (3) the underlying mechanisms. Consist-
ent with predictions we found that priority effects altered 
the competitive dominance in our system, and the strength 
of priority effects was context dependent and driven by the 
interaction of relative arrival time and resource availability. 
Importantly, this context dependency could be explained by 
differences in relative size and growth rates of species, indi-
cating that variation in priority effects could be predicted by 
one simple mechanism.

Methods

Study species

We used two tadpole species Rana sphenocephala and Pseu-
dacris triseriata as a model system to examine consequences 
of phenological shifts. These two species are naturally coex-
isting in the wild in temporary ponds. R. sphenocephala 
is larger in size and known to be the dominant competi-
tor under most conditions, but the outcome of competition 
depends on relative hatching time of both species (Rudolf 
and Singh 2013). Like many amphibians, the breeding times 
of these two species are highly dependent on local weather 
conditions making them susceptible to climate change. The 
breeding phenology of R. sphenocephala is mostly driven 
by rainfall, whereas P. triseriata breeding is varies with tem-
perature (Saenz et al. 2006). Therefore, tadpoles of both spe-
cies often interact at different relative ages depending on the 
temperature and precipitation conditions during a breeding 
season (Rudolf 2018).

Study design

To examine the effect of phenological shifts under differ-
ent food regimes, we independently manipulated phenology 
and food regimes using a 4 (relative arrival times) × 3 (food 
treatments) factorial design + 6 single species (no compe-
tition) control treatments each replicated four times (= 72 
units). We used an additive competition design to estimate 
the change in inter-specific competition, with 15 tadpoles 
of P. triseriata, and 5 tadpoles of R. sphenocephala. We 
used higher densities of P. triseriata to account for the 3–4 
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times smaller body size of P. triseriata at hatching relative 
to R. sphenocephala and because they are known to be the 
inferior competitor with much lower survival rates (Rudolf 
and Singh 2013). This design keeps the respective species 
densities constant across all treatments and thus does not 
confound changes in intra-specific competition with inter-
specific competition, allowing us to calculate per capita 
interaction coefficients (Goldberg et al. 1999; Inouye 2001). 
We manipulated the degree of phenological shift by delaying 
hatching of R. sphenocephala relative to P. triseriata. Newly 
hatched P. triseriata were always added to the respective 
treatment on day zero. Newly hatched R. sphenocephala 
were introduced to the appropriate replicates on days 0, 5, 
10, and 15 depending on the phenology treatment. These 
four introduction times represent the different degrees of 
phenological mismatches that might be seen in the wild 
(Rudolf 2018). Previous studies indicate that P. triseriata 
is completely excluded (i.e., no survivors) by R. spheno-
cephala when it arrives second (Rudolf and Singh 2013). 
Thus, we only focused here on the more informative scenario 
where P. triseriata arrives at the same time or earlier.

Every 3 days we fed tadpoles a mixture of ground up 
©Purina rabbit chow and alfalfa and cleaned excess food 
and feces from the tanks. Initially, daily food levels were 
determined as 5, 10, and 20% of the average total body mass 
in each treatment (five R. sphenocephala plus fifteen P. tri-
seriata). Note that the total food levels differed in single 
(5 RS or 15 PT) vs. two species (5 RS + 15 PT) systems 
and increased over time to account for increase in body size 
and keep per unit-biomass food level as constant as possi-
ble throughout the experiment. The highest food level was 
reduced by 25% on February 11th due to issues with water 
fouling. On February 19th, all levels were increased by 50% 
because there was a very high starvation rate for P. triseriata 
at the lowest food levels. Medium and high food levels were 
returned to original levels again on March 4th to avoid water 
fouling.

In addition, to the competition/phenology treatments, we 
raised each tadpole species at all three food levels alone, 
i.e., in the absence of inter-specific competition. These con-
trol treatments of P. triseriata and R. sphenocephala were 
all started at time zero and serve as a baseline to calculate 
species-specific growth and survival rates in the absence of 
inter-specific competition across food levels.

We collected eggs and pond water from several fish-
less ponds in the Davy Crocket National Forrest, TX on 
January 11, 2013. To delay the hatching for the late arrival 
treatments, we followed established protocols (Rudolf and 
Singh 2013) and incubated R. sphenocephala egg clutches at 
10 °C before being moved to 18 °C several days before their 
respective arrival time to accelerate hatching and growth. 
This allowed us to introduce all tadpoles at the same devel-
opmental stage and size to the experiment, approximately 

5 days after hatching. Previous studies indicate that this 
procedure has no detectable side effect on tadpole growth, 
development, or mortality in all phenology treatments 
(Rudolf and Singh 2013; Rudolf & Rasmussen unpubl. 
data). We randomly assigned R. sphenocephala clutches to 
one of the four phenology treatments. Each phenology treat-
ment had multiple clutches, and tadpoles from each clutch 
within a given phenology treatment were distributed evenly 
among all replicates. All experiments were carried out in 
11L aquaria setup in a temperature controlled room at 18 °C 
with a 10:14 h light:dark cycle. Each of the 72 tanks was 
filled with 7 L of 1 part filtered pond water to 3 parts recon-
ditioned RO water. Treatments were set up in a completely 
randomized design and the experiment ran for 43 days from 
January 27 to March 11. This period covered most of the 
larval period of P. triseriata (~ 50–60 days) and assured that 
there were survivors in all treatments at the end of the study 
to measure growth rates and biomass production.

Tracking survival and growth rate

Mortality was recorded every 3 days in all tanks. Any 
dead tadpoles were also removed during this stage to pre-
vent water fouling. To track growth rates, five tadpoles of 
each species from half of the tanks of each treatment were 
weighed individually every 6–9 days and returned to their 
respective tanks. For logistical reasons, we were not able to 
measure all tadpoles from all replicates, so we alternated 
which tanks were censored between samples. On the final 
days of the experiment, all surviving individuals from all 
tanks were weighed. In two replicates (both in low food level 
treatments, one with arrival times 10 and one with 15), all 
tadpoles died during the first 2 weeks of the experiment (for 
unknown reasons) and we excluded these replicates from all 
analyses. All applicable institutional guidelines for the care 
and use of animals were followed.

Data analysis

Survival We used a generalized linear model with binomial 
error structure with logit link function to determine the 
effect of arrival time, food level, and the interaction between 
these two factors as predictors for survival of P. triseriata. 
The time of R. sphenocephala in experimental tanks inevita-
bly varied across phenology treatments. To correct for these 
differences in treatment exposure, we calculated mortality 
rate of R. sphenocephala tadpoles as log(Nt/N0)/t, with Nt 
the surviving individuals at time t, N0 the initial number of 
individuals, and t the time present in a tank (27–42 days). 
We then tested for treatment effects on mortality rate of R. 
sphenocephala with a general linear model with Gauss-
ian distributed errors and identity link function. Statistical 
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significance for both species was assessed with type II Wald 
Chi-square tests using the “car” package in R.

Growth rates and biomass We calculated mean growth 
rates of tadpoles (g) as: g = M/N/t, with M the total mass 
summed across all surviving tadpoles in a tank, N the num-
ber of corresponding survivors, and t the time individuals 
were in the tank. Using the growth rate as response variable 
also allowed us to correct for differences in size of R. sphe-
nocephala simply due to differences in residence time within 
a given tank across phenology treatments. We used GLM 
with normal distributed errors with identify link function, 
food level and arrival time as fixed effects and survivors as 
weights to account for variable survival among treatments 
and mean growth rate (averaged across tadpoles within a 
tank) as response variable. Including weights did not alter 
qualitative patterns but significantly improved the fit of the 
model. Second, we repeated the same analysis but used total 
biomass production rate (b) as response variable. Biomass 
production was calculated in the same way as growth rate 
except we summed total biomass of all surviving tadpoles 
within a given tank at the end of the experiment, b the total 
biomass/t. The difference between growth rates and biomass 
production is that the latter is also driven by survival, and 
differences between the two metrics can identify biomass 
compensation. Statistical significance was assessed with 
type II Wald Chi-square tests using the “car” package in R.

Finally, we also calculated the relative competition 
intensity (RCI) (Goldberg et al. 1999) for both survival and 
growth rate as RCI = (Xf,j(two species) − Xf,j (control))/Xf,j(control)), 
where Xf,j is the survival or growth rate of species j at food 
level f. This metric has a simple intuitive interpretation 
because it indicates the proportional change in a fitness met-
ric due to the presence of the other species.

Results

Mortality In single species controls, survival increased 
with food for P. triseriata [low (L) = 35% ± 1.3 SE, 
medium (M) = 45% ± 6.4 SE, high (H) = 67% ± 3.3 
SE], but varied little for R. sphenocephala (mean ± SE: 
L = 90% ± 2.6, M = 95% ± 2.0, L = 95% ± 2.0), suggesting 
P. triseriata had higher resource needs. In treatments with 
inter-specific competition, arrival time of the “late” com-
petitor (R. sphenocephala) significantly affected survival 
of both, the early and late competitor (Table 1). When 
both species arrived together, competition reduced sur-
vival of the early competitor (P. triseriata) by 25–75% 
depending on the food treatment. Longer delay in rela-
tive arrival time increased survival of the early competi-
tor, P. triseriata, but decreased survival rate of the late 
competitor (Fig. 1). Competition had no clear effect on 
survival in the latest (15 days delay) and the earliest (0 day 
delay) arrival treatment for the early and late competitors, 
respectively (Fig. 1). The changes in relative competi-
tion intensity clearly indicate that shifts in relative arrival 
time altered the strength of inter-specific competition in 
this system, but effects were asymmetric. Priority effects 
were much stronger for early arriving species, increas-
ing survival by up to three times (medium food level, 20 
vs. 60%) with a 15-day delay of the late arriver (Fig. 1). 
In contrast, survival of the late arriver was always much 
higher and only decreased somewhat at the latest arrival 
time (Fig. 1). Food levels were positively related to sur-
vival of the early competitor but did not significantly differ 
for the late arriver (Table 1, Fig. 1). Food level had addi-
tive effects and did not significantly modify relationship 

Table 1   Effects of relative 
arrival time and food 
availability on survival, growth 
rates and final biomass of two 
competing tadpole species

χ2 indicates Wald II Chi-square statistics
Bold values indicate significance with P < 0.05

Early competitor (P. triseriata) Late competitor (R. spheno-
cephala)

χ2 df P value χ2 df P value

Survival
 Food availability 32.02 2 < 0.0001 0.91 2 0.6332
 Arrival time 8.51 1 0.0036 8.49 1 0.0035
 Food availability: arrival time 0.97 2 0.6171 1.02 2 0.6012

Growth rate
 Food availability 61.36 2 < 0.0001 66.36 2 < 0.0001
 Arrival time 44.41 1 < 0.0001 88.91 1 < 0.0001
 Food availability: arrival time 6.24 2 0.0441 31.15 2 < 0.0001

Total biomass production rate
 Food availability 180.44 2 < 0.0001 30.43 2 < 0.0001
 Arrival time 69.59 1 < 0.0001 47.52 1 < 0.0001
 Food availability: arrival time 11.77 2 0.0028 14.43 2 0.0007
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between priority effects and relative arrival times (no sig-
nificant interaction, Table 1).

Growth rates Higher food levels resulted in faster growth 
rates in single species treatments (χ2 = 136.5, P < 0.0001), 
and R. sphenocephala grew significantly faster (χ2: 199.8, 
P < 0.0001) than P. triseriata and this difference increased 
at higher food levels (species identity × food treatment, 
χ2: 56.7, P < 0.0001) (P. triseriata mean ± SE: food level 
low: 1.4 ± 0.05 mg/day, medium: 1.56 ± 0.08 mg/day, high: 
2.01 ± 0.06 mg/day, R. sphenocephala: low: 2.15 ± 0.08 mg/
day, medium: 3.41 ± 0.06 mg/day, high: 5.29 ± 0.08 mg/day), 
confirming that our food manipulation successfully created 
differences in resource limitations.

The presence of the inter-specific competitor always 
reduced growth rates of both species, but the effect was 
contingent on their relative arrival time (Table 1, Fig. 2). 
Delaying arrival of the late competitor generally increased 
growth rates of early arriving competitors while it decreased 
growth of the late arriving competitor (Fig. 2). For both 
species, the effect of arrival times decreased with reduc-
tion in resource availability. For instance, delaying arrival 
of the later competitor by 15 days increased the competition 
intensity from ~ 18% (0 delay) to 60% at high resource levels, 
but the same delay did not alter the competitive intensity at 

lowest resource level (0 days delay: 26% vs. 15 days delay: 
27%) (Fig. 2). Total final biomass showed a very similar pat-
tern to growth rates. Biomass increased in direct proportion 
to the difference in relative arrival time of the late competi-
tor, but it decreased for the late competitor. For both species, 
the effect size of shifting relative arrival time increased with 
relative resource levels (Table 1).

To further elucidate how priority effects alter competi-
tion in this system, we examined the relationship in relative 
competitiveness of the two species by calculating the ratios 
of growth rates of both species and compared them to rela-
tive growth rates expected from single species treatments 
(Fig. 3). This analysis shows that the competitive dominance 
of the late competitor becomes generally weaker with delay 
in relative arrival time, but this effect was contingent on 
resource level (food × arrival: LR = 36.4.1, P < 0.0001). At 
low and intermediate levels, there was only a weak shift in 
relative growth rates, and only with 15 day difference in 
arrival time did growth rate ratios reach the ratios expected 
from single species control at medium food level (Fig. 3). 
However, at high resource levels, delaying arrival of the late 
competitor quickly shifted relative growth rates in favor of 
early competitor and even reversed competitive dominance 
at the latest two arrival times (i.e., growth ratio higher than 

Fig. 1   Survival and competitive 
effects of early (P. triseriata) 
and late (R. sphenocephala) 
competitor as a function relative 
arrival time. Y-axis indicates 
delay of late competitor rela-
tive to arrival early competitor 
(in days) (0 = arrival at same 
time, 15 = 15 day delay of 
late competitor). Symbols and 
color and shape indicate level 
of shared food availability in 
respective treatments (low = x, 
medium = 2x, high = 4x, with 
x based on % of tadpole mass, 
see “Methods” for details). 
Each treatment was replicated 
four times (= 72 units). Large 
symbols indicate mean ± 1 SE 
and small symbols individual 
replicates, lines indicate best 
fit relationships. Points were 
slightly horizontally offset to 
reduce overlap. Relative compe-
tition intensity (RCI) indicates 
the proportional change (%) in 
survival due to the presence of 
the other species
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predicted based on single species ratios) (Fig. 3). Overall, 
this indicates that priority effects did not simply shift rela-
tive body size, but it altered how body size of both species 
changed over time, i.e., the trajectory itself.

Discussion

Phenological shifts can alter the relative arrival time of 
competing species in natural communities, but predicting 
the consequences for species interactions and community 
dynamics is a major challenge of the twenty-first century 
(Visser 2016). Here we show that differences in relative 
arrival time can lead to predictable priority effects that alter 
the outcome of competitive interactions. Specifically, delay-
ing relative arrival of a dominant competitor reduced the 
competitive asymmetry among competitors and could even 
reverse competitive dominance. However, the strength of 
these priority effects was contingent on the abundance of the 
shared resource. Priority effects were generally weak when 
resources were limited, but increased at higher resource lev-
els. These results shed new light into the mechanisms that 

drive variation in priority effects and help predict conse-
quences of phenological shifts across different environments.

Priority effects scale with relative arrival time

Priority effects play a key role in community assembly 
and ultimately species coexistence, but they are still highly 
understudied (Fukami 2015). As a consequence we still have 
a limited understanding of the different mechanisms that 
determine variation in the strength and consequences of pri-
ority effects. We found that the strength of priority effects 
was driven by the interaction of relative arrival time and 
resource availability. This variation in priority effects could 
be driven by several non-exclusive mechanisms: changes in 
density, changes in environmental conditions, or changes 
in per capita effects (Chase 2003; Fukami 2015; Rasmus-
sen et al. 2014). Theory suggests that priority effects should 
increase when populations have more time to increase in 
abundance (Fukami 2015). In our experimental system, 
populations could not increase but either remained con-
stant or declined. Differences in population size can there-
fore not predict the observed differences in priority effects. 

Fig. 2   Growth rates and 
competitive effects of early (P. 
triseriata) and late (R. spheno-
cephala) competitor as a func-
tion relative arrival time. Y-axis 
indicates delay of late com-
petitor relative to arrival early 
competitor (in days) (0 = arrival 
at same time, 15 = 15 day delay 
of late competitor). Symbols 
and color indicate level of 
shared food availability in 
respective treatments (low = x, 
medium = 2x, high = 4x, with x 
based on % of tadpole mass, see 
“Methods” for details). Symbols 
represent individual replicates 
and symbols’ size differences 
reflect differences in survivors. 
Relative competition intensity 
(RCI) indicates the proportional 
change (%) in survival due to 
the presence of the other spe-
cies. Each treatment was repli-
cated four times (= 72 units)
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Alternatively, priority effects could also arise when early 
arrivers can modify the environment, including depletion 
or monopolization of shared resources (Hernandez and 
Chalcraft 2012). We were able to rule out this mechanism 
because we kept environmental conditions constant and 
renewed food in regular intervals. This setup prevented early 
arrivers from depleting or monopolizing the shared resource 
before the late competitor arrived in the system. Thus, prior-
ity effects could only be driven by changes in the per capita 
interaction strength of individuals.

Shifts in relative arrival time can alter the per capita 
strength of inter-specific interactions when the traits of indi-
viduals change over time. This can be driven by behavioral 
(Geange and Stier 2010) or morphological changes (Hov-
erman and Relyea 2008; Rasmussen et al. 2014). In many 
systems, including ours, body size is positively correlated 
with competitive ability (Yang and Rudolf 2010). Delaying 
arrival of a competitor allows the early arriving species to 
increase in size and thereby increase its per capita effect 
on the late arriver while decreasing the per capita effect 
of the late arriver on itself. Such “size-mediated priority 
effects” (sensu Rasmussen et al. 2014) are consistent with 
the patterns we observed in our system and help explain why 
the strength of priority effects varied across arrival times 
and changed the competitive dominance of early vs. late 

arriver. Delaying arrival of the late competitor could poten-
tially result in unintended experimental bias if it somehow 
also reduces competitive ability. However, previous stud-
ies demonstrate that delaying hatching of this species has 
no measureable negative effects (Alford and Wilbur 1985; 
Rudolf and Singh 2013). Furthermore, this potential bias 
could not explain why effects varied across food level within 
a given arrival time. Overall, our results suggesting that the 
observed pattern was driven by simple mechanism: size-
mediated priority effects arising from shifts in the size of 
early competitor.

Context dependency of priority effects

A key challenge in community ecology is to predict when 
historical contingencies are more or less important, because 
they determine the importance of stochastic vs. determinis-
tic processes and ultimately how biodiversity is partitioned 
across temporal and spatial scales (Chase 2003, 2010; 
Fukami 2015; Van Allen et al. 2017). Our results demon-
strate that priority effects depend on the specific context, 
i.e., priority effects declined when shared resources were 
more limited. Importantly, this provides direct experimental 
evidence that priority effects should become more important 
in productive environments and helps explain why stochas-
tic processes are becoming more dominant in driving com-
munity structure in productive environments (Chase 2010). 
However, our mechanism is somewhat different from the 
ones typically proposed for this relationship. Instead of pro-
ductivity driving density-mediated priority effects (Chase 
2010; Fukami 2015), productivity altered the per capita 
interaction strength of individuals via size-mediated prior-
ity effects (Rasmussen et al. 2014; Rudolf and Singh 2013). 
Note that this effect only arises because interactions occur 
among growing individuals. However, given that the vast 
majority of interactions occur among growing individuals, 
this is clearly a common scenario in nature and likely to play 
a key role in seasonal dynamics of communities (Kardol 
et al. 2013; Rasmussen et al. 2014; Stier et al. 2013).

Species interactions in a changing world

Competition is an important ecological interaction struc-
turing natural systems, but current theoretical models 
typically assume that per capita interaction strength is an 
intrinsic trait of a species. Our results clearly demonstrate 
that this is not the case; the per capita interaction strength 
and even competitive dominance changed in our system 
depending on the relative arrival time. This variation in 
per capita effects is currently not included in theoretical 
models but could play a key role in determining long-term 
coexistence of competing species. The relative “arrival 
time” of offspring in a given community depends on the 

Fig. 3   Shift in relative growth rates of early vs. late competitors as a 
function relative arrival time of late competitor. X-axis, symbols and 
labels as described in Fig.  1. The y-axis indicates the proportional 
change in relative growth rates compared to ratios expected from sin-
gle species controls
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respective phenologies of interacting species. However, 
phenologies can vary considerably across years with 
changes in environmental conditions leading to concurrent 
changes in relative arrival time (Visser 2016; Visser and 
Both 2005; Yang and Rudolf 2010). Our study suggests 
that this variation could help facilitate persistence of the 
inferior competitor, P. triseriata, in our system. Consistent 
with previous studies (Rudolf and Singh 2013) we found 
that R. sphenocephala is clearly the better competitor and 
can readily competitively exclude P. triseriata when both 
species arrive at the same time. However, we show that 
P. triseriata can persist and even become competitively 
dominant if it arrives earlier relative to R. sphenocephala 
at high resource levels. This reversal in competitive dom-
inance could potentially facilitate long-term persistence 
of an inferior competitor if variation in relative arrival 
time allows the inferior competitor to arrive earlier than 
its competitor, especially if adults can live through mul-
tiple years (Chesson 2000) but more detailed models are 
needed to determine under which specific conditions this 
would occur.

Climatic change is driving shifts in the relative phe-
nologies of species worldwide (Parmesan and Yohe 2003; 
Walther 2010; Walther et al. 2002), thus emphasizing the 
need for a temporally explicit approach to community 
ecology to understand and predict how these changes will 
affect natural ecosystems (Wolkovich et al. 2014; Yang 
et al. 2008). Our study adds to a growing body of empiri-
cal studies indicating that the outcome of species inter-
actions are often highly sensitive to variation in relative 
arrival time of interacting species. Similar sensitives to 
the timing of interactions are likely to be common in many 
natural systems, suggesting that climate-mediated shifts 
in phenologies could have dramatic consequences on the 
structure of natural communities. However, predicting 
the outcome will require a detailed understanding of the 
relationship between relative arrival time and interaction 
strength and how it is affected by different biotic and abi-
otic factors. For instance, our study suggests that if climate 
change drives a directional shift in the relative arrival this 
could either reduce or facilitate long-term coexistence 
depending on whether it decreases or increases the delay 
in arrival of the dominant competitor, respectively. Simi-
larly, our results suggest that phenological shifts may need 
to be substantial to have noticeable consequences in less 
productive environments, but even small shifts may have 
dramatic effects in highly productive environments. Impor-
tantly, recent field experiments suggest (Rudolf 2018) that 
these findings hold under natural conditions in more com-
plex communities with natural, dynamic resources, sug-
gesting that general patterns observed in this study are 
relevant in natural systems. Future studies that examine the 
relationship between phenological shifts along different 

environmental gradients will help to determine how gen-
eral these patterns are across taxa and ecosystems.
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