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1  | INTRODUC TION

The strength of species interactions is a key driver of the dynamics 
and structure of natural communities; it can determine which spe-
cies coexist, their relative abundances, and how they respond to 
environmental change (McCann, Hastings, & Huxel, 1998; Wootton 
& Emmerson, 2005). In seasonal communities, many interactions 
are initiated by the “appearance” of offspring in a habitat and occur 
among growing individuals (De Roos, Persson, & McCauley, 2003; 
Godoy & Levine, 2014; Rasmussen, Van Allen, & Rudolf, 2014; 
Urban, 2007; Wilbur, 1997; Wissinger, 1992; Yang & Rudolf, 2010). 
Furthermore, in most competitive and predator prey systems, in-
teraction strength depends on the relative size differences in 

individuals. Shifts in the relative timing of species’ phenologies (e.g. 
hatching) can therefore alter the strength of species interactions 
by altering the size ratio of interacting offspring in these systems 
(Rasmussen et al., 2014; Rudolf & Singh, 2013; Yang & Rudolf, 2010). 
However, the timing of interactions naturally varies across years 
because interacting species typically differ in the suite of environ-
mental cues that determine phenologies (Diez et al., 2012; Iler et al., 
2013; McKinney et al., 2012). Furthermore, climate change causes 
shifts in the relative phenologies of interacting species world- wide 
(Ovaskainen et al., 2013; Parmesan & Yohe, 2003; Thackeray et al., 
2016). Therefore, the timing of species interactions inherently var-
ies across years and this interannual variation is likely to increase 
with climate change (Thackeray et al., 2016; Walther et al., 2002). 
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Abstract
1. The vast majority of species interactions are seasonally structured and depend on 

species’ relative phenologies. However, differences in the phenologies of species nat-
urally vary across years and are altered by ongoing climate change around the world.

2. By combining experiments that shifted the relative hatching of two competing 
tadpole species across a productivity gradient with simulations of inter-annual 
variation in arrival times I tested how phenological variation across years can alter 
the strength and outcome of interspecific competition.

3. Shifting the relative timing of hatching (phenology) of a species fundamentally al-
tered interspecific competition, and the effect of shifting the timing on competition 
was highly non-linear for most demographic rates. Furthemore, this relationship var-
ied with productivity of the system. As a consequence, (a) shifts in relative timing of 
phenologies had small or large effects depending on the average natural timing of 
interactions, and (b) changes in the inter-annual variation in onset of interaction 
alone can alter species interactions in simulations even when mean phenologies 
(timing) remain unchanged across years.

4. Studies on phenologies traditionally focus on directional shifts in the mean of 
phenologies, but these results suggest that we also need to consider inter-annual 
variation in phenologies of interacting species to predict dynamics of natural com-
munities and how they will be modified by climate change.
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However, previous studies have been focused on changes in the 
mean of phenological events and it remains unclear when and how 
temporal variation in relative phenologies will affect dynamics and 
structure of natural communities.

To connect annual variation in phenologies to community dynam-
ics, we first need to understand the relationship between phenological 
overlap and outcome of species interactions (e.g. linear vs. nonlinear). 
Recent studies clearly indicate that relative shifts in the mean phenolo-
gies of interacting species can alter the outcome of interactions (Both, 
Bouwhuis, Lessells, & Visser, 2006; Morin, Sharon, & Johnson, 1990; 
Rasmussen et al., 2014; Rudolf & Singh, 2013; Urban, 2007; Visser, 
Holleman, & Gienapp, 2006), but we lack a basic understanding of how 
interaction strengths scale with (e.g. linearly vs. nonlinearly) shifts in 
mean timing of phenologies of interacting species. Specifically, if in-
teraction strength changes linearly with shift in relative arrival time 
of two interacting species, then the average interaction strength will 
only be affected by changes in the mean timing of interactions while 
interannual variation around that mean has no effect (Figure 1). In 
contrast, if the relationship is highly nonlinear, an increase in interan-
nual variation around a phenological event can alter mean interaction 
strengths, even if the mean of the phenological event remains un-
changed (stationary) across years (Figure 1). Furthermore, given some 
natural level of phenological variation across years, a nonlinear rela-
tionship would also indicate that predictions solely based on the mean 
would either over-  or underestimate the true effect of phenological 
shifts depending on the monotonic curvature of the relationship at the 
mean (Jensen, 1906) (Figure 1). Identifying the relationship (e.g. linear 
vs. nonlinear scaling) between the timing and strength of interactions 

is therefore crucial to predict how natural variation of phenologies af-
fect long- term dynamics of communities and how they will respond to 
climate change (Ruel & Ayres, 1999).

Nonlinear relationships between relative arrival time and inter-
action strength could arise from several nonexclusive mechanisms. 
For instance, if body size scales proportionally with per- capita 
competitive ability, nonlinear growth rates could lead to nonlinear 
relationship between interaction strength and relative arrival time 
by altering the relative size- trajectories of interacting species over 
time (Figure 1). This nonlinear pattern could further be enhanced by 
positive feedbacks between growth rates, size and competitive abil-
ities, that is larger individuals could be competitively dominant (Yang 
& Rudolf, 2010), allowing them to grow disproportionally faster. In 
addition, the strength of interspecific competition should eventu-
ally become negligible if the temporal overlap becomes very small. 
At this point, delaying arrival of the competitor even more would 
have no consequence. While this may suggest that the relationship 
between relative phenologies and interspecific competition should 
often be nonlinear, it remains unclear whether the nonlinearity is 
strong enough to have biologically meaningful consequences and 
what shape it might be (e.g. saturating vs. sigmoidal). For instance, in-
terannual variation in relative arrival time may not play an important 
role in natural systems if the relationship is only weekly nonlinear, or 
nonlinearity only arises at relative arrival times that are very unlikely 
to occur in nature. In addition, changes in environmental conditions 
that alter growth rates or the strength of competition (e.g. resource 
availability) could furthermore modify these relationships and either 
strengthen or weaken nonlinear patterns.

F IGURE  1 The relationship between interaction strength and phenological shifts determines the consequences of variance in relative 
phenologies. The middle panel shows hypothetical examples of competition between offspring of two species where competitiveness scales 
positively with size. In this scenario, delaying arrival (e.g. hatching) of species B alters the relative size ratio of both species and thereby 
increases the per- capita effect of species A (green tadpole) on species B (grey tadpole). If the relationship is linear, increasing interannual 
variation in relative arrival times will not affect interactions strength (right panel). However, if the relationship is nonlinear (dashed lines), then 
increasing variance in relative phenologies across years can either increase or decrease interaction strength depending on the curvature of the 
relationships. Such nonlinear relationship can easily arise when shifts in relative timing alter the relative growth trajectories and thus size ratios 
of competing species, for example due to nonlinear growth rates and/or positive feedback of growth rates, size and competitive ability (left 
panel). The right panel indicates how increasing variation in relative arrival time across years around a mean arrival time (indicated by grey line 
in middle panel) can alter mean interaction strength across years [Colour figure can be viewed at wileyonlinelibrary.com]
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Here, I take an experimental approach to identify how interac-
tion strength scales with shifts in the relative phenologies of species 
across an environmental gradient. I experimentally manipulated the 
relative hatching phenology of two competing tadpole species and 
measured how this variation altered key life- history traits along a 
productivity gradient. This allowed me to determine whether the re-
lationship between phenological shift and interspecific competition 
is nonlinear, what the exact shape of this relationship is, and how 
robust it is to variation in a key environmental component. Resource 
limitation is likely to alter both the strength of competition and initial 
growth rates of species (Morin & Johnson, 1988) and could therefore 
alter the strength of size- mediated priority effects and potentially 
how phenological shifts alter interaction strength.

2  | MATERIAL S AND METHODS

2.1 | Study system

To examine effects of phenological shifts on species interactions, I 
used tadpoles of the Southern Leopard Frog, Rana sphenocephala, 
and the Western Chorus frog, Pseudacris triseriata as focal spe-
cies. Tadpoles of both species are widespread in the eastern United 
States and commonly co- occur in temporary and semipermanent 
fishless ponds in late winter and spring in the study region in South 
East Texas (December–March). Competition among tadpoles fre-
quently depends on the relative hatching time of species, although 
the outcome of phenological shifts varies among species and stud-
ies (Alford, 1989a; Alford & Wilbur, 1985; Lawler & Morin, 1993; 
Morin et al., 1990). Previous experiments demonstrated that both 
focal tadpole species compete for shared, limited resources and that 
the effect of competition on survival and growth rates is strongly 
influenced by shifts in relative hatching phenologies (Rudolf & 
Singh, 2013). Furthermore, breeding of P. triseriata is associated with 
temperature but not rainfall, while breeding of R. sphenocephala is 
mostly associated with rainfall and typically not with temperature in 
the study area (Saenz, Fitzgerald, Baum, & Conner, 2006). This could 
explain why relative hatching phenologies (and thus timing of spe-
cies interactions) of both species vary substantially among years (as-
suming that hatching differences are proportional to differences in 
timing of breeding) with changes in temperature and rainfall regimes 
(Supporting Information Figure S1). Finally, I can experimentally 
delay hatching of R. sphenocephala for several weeks, allowing me to 
examine a wide range of relative arrival times that cover most of the 
variation in arrival time observed in natural populations (Supporting 
Information Figure S1). This long time span provides me with the 
necessary power to identify the shape of the relationship between 
phenological shifts and the strength of species interactions.

2.2 | Experimental design

To examine the effect of relative arrival time on competition between 
species, I manipulated the relative hatching time of both species 
across a productivity gradient, using a factorial, repeated- regression 

design with 5 arrival times × 3 productivity treatments and four rep-
licates per treatment combination (=60 communities). Experimental 
communities were setup in mesocosms in a spatially randomized 
complete block design and all blocks were started simultaneously.

Each mesocosm consisted of a 340 L cylindrical PVC container 
(70 cm × 91 cm) that was designed to closely mimic fishless tempo-
rary pond communities inhabited by both species. The mesocosms 
overlap in size with the bodies of water that these species naturally 
colonize, making these containers a useful venue for studying in-
teractions between these species. Mesocosms were set up in an 
open field at the South Campus Research Facility of Rice University, 
Houston, TX. Each unit was filled with dechlorinated well water on 
17 January, 2015, and immediately covered with 60% shade cloth 
to provide natural shade levels, and to prevented colonization by 
amphibians or large predatory invertebrates, and prevent amphibian 
metamorphs from escaping from the mesocosm. This setup still al-
lowed small nonpredatory invertebrates to colonize tanks naturally. 
On 21 January, 2015, I inoculated tanks with 70 ml of concentrated 
phytoplankton and zooplankton and added 1.9 L of dried leaf litter 
(c. 95% oak leaves) that I collected from the margins of local fishless 
ponds. In addition, I added 500 ml concentrated zooplankton and 
pond water collected from the same pond on 28 January, 2015. This 
setup assured a diverse community of primary producers and small 
invertebrates that characterize the natural habitats of both species.

I manipulated relative arrival time of both species by introducing 
R. sphenocephala hatchings at five times spaced in 5 day intervals; 
it either “arrived” at the same time as its competitor P. triseriata or 
5 day, 10 day, 15 day or 20 days later. This covered most of the nat-
ural variation observed at the study sites (Supporting Information 
Figure S1). Previous studies indicate that R. sphenocephala is clearly 
competitively dominant when both species arrive together and can 
completely exclude P. triseriata when it arrives earlier (Rudolf & 
Singh, 2013). Thus, I only focused on the more interesting scenar-
ios where R. sphenocephala arrives at the same time or later than 
P. triseriata.

I collected egg clutches of both species from two fishless tem-
porary ponds in the Davy Crockett National Forest, TX, where both 
species co- occur naturally. I then randomly assigned egg clutches of 
R. sphenocephala to one of the five hatching time (phenology) treat-
ments. Within a given hatching treatment, tadpoles from all clutches 
were distributed evenly among all replicates. Following established 
protocols (Rudolf & Singh, 2013), eggs of R. sphenocephala were in-
cubated at 10°C at 10:14 light:dark cycle in controlled environmen-
tal chambers to delay development and hatching. Eggs were then 
moved to 20°C walk- in environmental chambers 5 days before their 
respective arrival time treatment to accelerate hatching and growth 
and to standardize the sizes of introduced tadpoles across treat-
ments. Previous studies demonstrated that this hatching protocol 
allows tadpoles to develop without any detectable side effects or 
mortality in all hatching treatments (Rudolf & Singh, 2013). In addi-
tion to the 60 competition treatments, I reared 20 R. sphenocephala 
from each of the five introduction times in absence of P. triseriata as 
a control to detect potential effects of hatching treatment.
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To examine how robust effects of phenological shifts are to vari-
ation in environmental conditions (i.e. resource availability), I crossed 
each arrival treatment with three productivity levels. Following pre-
vious studies (Chase, 2003), I manipulated primary productivity by 
fertilizing mesocosms with nitrogen (N) as NaNO3 and phosphorus 
(P) as NaH2PO4, which are known to be limiting in this system. I cre-
ated three levels of productivity that maintained constant N and P ra-
tios across all three productivity levels: low levels only received well 
water (no N or P addition, ambient N = 0.9 mg/L and P = 0.02 mg/L), 
medium levels received 1.9 g NaNO3 and 0.0795 g NaH2PO4 
(N = 4.5 mg/L, P = 0.1 mg/L) and high levels received 3.86 g NaNO3 
and 0.1587 g NaH2PO4 (N = 9 mg/L, P = 0.2 mg/L). Analysis of pe-
riphyton densities indicates that this nutrient treatment successfully 
increased primary producer biomass by up to 10- fold between low 
and high nutrient treatments (see Supporting Information Figure S2).

Each competition treatment received 80 (0.36 Ind/L) P. triseriata, 
and 20 (0.09 Ind/L) R. sphenocephala. The difference in density be-
tween species accounts for the four times larger per- capita biomass 
of R. sphenocephala at hatching. Both densities are well within the 
range of natural densities for both species. The experiment started 
when I added P. triseriata and the first arrival of R. sphenocephala 
to the respective treatment on 21 February, 2015, and was com-
pleted 4- month later on 18 June, 2015, after the last P. triseriata had 
emerged. The experiment thus covered the entire larval period of 
P. triseriata in all treatments.

2.3 | Response variables

I monitored tanks daily and collected all metamorphs (i.e. individu-
als with at least one forelimb). Metamorphs were brought to the 
laboratory and weighed once the tail was fully absorbed after which 
they were released at the field site where I had collected the eggs. 
In addition, I subsampled tanks after the 2nd and 4th introduction to 
estimate changes in size of P. triseriata. For each subsample, I pho-
tographed 20 randomly selected tadpoles from four randomly se-
lected tanks from each nutrient and arrival treatment. I subsampled 
all tanks on 20 March and 2 April and photographed 20 P. triseriata 
and 10 R. sphenocephala per tank to calculate body size and growth 
rates as: growth rate = (SVLtx	−	SVLt0)/tx, where SVL = snout vent 
length, tx = days since introduction of tadpoles to the experiment, t0. 
Note that t0 accounts for any delay in arrival for a given treatment. 
Tadpoles were photographed in the field and immediately returned 
to their respective mesocosm after the pictures were taken. For each 
treatment, I also calculated the total biomass of each species pro-
duced during the course of the experiment. For R. sphenocephala, this 
included both tadpoles and metamorphs. Thus, I used established 
relationships to convert wet mass (of metamorphs) and SVL (of tad-
poles) to dry mass for both species (Rudolf & Rasmussen, 2013a,b).

2.4 | Statistical analysis

For each response variable, I first fit and compared three different 
polynomial models (1st, 2nd, 3rd order) to determine whether the 

response was linear or nonlinear, and if nonlinear, whether a 2nd or 
3rd order fit was best. Polynomial regressions modelled the number 
of survivors, time to metamorphosis and total biomass as a function 
of relative arrival time, productivity treatment and their interaction 
as fixed effects and block as random effect. Survival was modelled 
with binomial error and logit link function. To account for heteroge-
neity in variances, I log- transformed total biomass. For P. triseriata,  
I additionally modelled error variances as a combination of functions 
of arrival time of R. sphenocephala and nutrient treatments (Zuur, 
Ieno, Walker, Saveliev, & Smith, 2009) (Supporting Information Table 
S1). I then compared models (1st vs. 2nd, 2nd vs. 3rd order) using 
lack- of- fit- likelihood ratio tests. The lack- of- fit test indicates what 
minimum level of complexity (i.e. 1st, 2nd or 3rd degree) is required 
to describe the relationship between difference in arrival time and 
interaction strength, that is whether the relationship is linear or 
nonlinear.

Once the best polynomial model was identified for each re-
sponse variable, I examined evidence of treatment effects and their 
interaction in these models. Survival was analysed with the “glmer” 
function, size with “lmer” and all other variables with the “lme” func-
tion. I used the “car” package to obtain p- statistics based on type II 
Wald chi- square statistics. Analyses of growth rates and periphyton 
densities (initial polynomial final analyses) additionally included time 
(days since experiment initiation) as a continuous predictor and its 
interaction with nutrient and arrival treatment, and replicate as a 
random factor to account for nonindependence of repeated mea-
sures. To account for differences in variation across treatments and 
time, I modelled error variance as a function of all three predictors.

2.5 | Simulating phenological variation

To quantify effects of phenological variation around a mean, I simu-
lated different levels of variation in the late competitor for a range 
of mean arrival times. The polynomial analysis indicated a clear non-
linear relationship (Table 1), and further model fitting (Supporting 
Information Table S2) indicated that this relationship was best mod-
elled by a logistic function that allowed the respective shape param-
eters to vary across nutrient treatments (see Supporting Information 
for details). Fitting the function to empirical data allowed me to pre-
dict natural survival for any given arrival time combination. I then 
simulated different interannual variation scenarios for a given mean 
arrival time (X) by selecting arrival times within the interval [X	−	Δ, 
X + Δ] from a uniform distribution. Increasing Δ allowed me to in-
crease the variation in relative arrival time while the mean arrival 
time remained constant. I focused simulations on survival of the 
early competitor because all tadpoles had completed their develop-
ment in all treatments while this was not the case for late arriving 
competitor. Variation (V) is measured as the average absolute de-
viation based on V=

∑i=k

i
�x−di�∕k where k indicates the number of 

simulations and di the simulated arrival time for simulation i and x 
the mean arrival time. So a V = 2 indicates that the late competitor 
arrived typically 2 days before or after the mean arrival time of the 
early competitor. Mean survival rates (averaged across “years”) are 
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based on 99,000 simulations of a given mean arrival and variation 
combination.

3  | RESULTS

3.1 | Effects on early competitor

Survival and total biomass of the early competitor, P. triseriata, dif-
fered significantly across treatments and largely followed the same 
pattern (Figure 2, Table 1, 2). In low nutrient treatments when both 

species arrived at the same time, no early competitor survived to 
the end of the experiment, while most (75%) survived in treatments 
with high productivity levels and a 15- day delay of its competitor, 
R. sphenocephala (Figure 2). Model selection indicated that survival 
and biomass of P. triseriata scaled nonlinearly with relative arrival 
time of its competitor R. sphenocephala and required a 3rd- order 
polynomial (Table 1). Note that biomass was log- transformed for 
the analysis, so 2nd- order polynomial on a log scale is equivalent to 
3rd- order polynomial on an untransformed scale. Consistent with 
this results, further model fitting indicated that logistic function 

TABLE  1 Fit statistics of polynomial regression models used to determined model complexity needed to describe functional relationship 
between shift in relative arrival time and survival (% individuals that survived until end of experiment), total biomass (summed across all 
individuals of each species), emergence (days until metamorphosis) and size of the early competitor (Pseudacris triseriata) and late competitor 
(Rana sphenocephala). All models included nutrient and arrival treatments and their interaction as fixed predictors, and block as random 
effect and for emergence and size also replicate as random effect, and time as fixed effect for size. Note that analyses for growth rates and 
emergence do not include replicates that had no survivors. For details, see “statistical analyses” in methods. The selected best fitting model 
is indicated in bold based on lack- of- fit test (indicated by chi- square statistic and p values) between model pairs with increased complexity 
(e.g. 1st order vs. 2nd order, 2nd order vs. 3rd order). df indicates numerator degrees of freedom for a given model. R −	LR2 indicates the 
likelihood ratio- based pseudo- R- squared which quantifies the variance explained by fixed effects in the model (see Materials and Methods 
for details)

Species Response Polynomial model df χ2 p R − LR2

Early arriver (PT) Survival 1st order 14 0.490

2nd order 17 93.94 <0.0001 0.590

3rd order 20 14.77 0.0020 0.615

Log(total biomass)a 1st order 0.867

2nd order 17 20.38 0.0001 0.905

3rd order 20 0.64 0.8864 0.915

Emergencea,b 1st order 14 0.602

2nd order 17 10.32 0.016 0.673

3rd order 20 4.21 0.240 0.699

Sizec 1st order 15 0.734

2nd order 21 5.26 0.5110 0.746

3rd order 27 0.56 0.9971 0.747

Late arriver (RS) Survival 1st order 8 0.309

2nd order 11 6.51 0.0892 0.380

3rd order 14 4.80 0.1879 0.428

Log(total biomass) 1st order 8 0.461

2nd order 11 1.61 0.6568 0.476

3rd order 14 2.48 0.4782 0.497

First emergence 1st order 8 0.685

2nd order 11 5.20 0.1574 0.711

3rd order 14 6.64 0.0842 0.741

Sizec 1st order 15 0.819

2nd order 21 15.22 0.0186 0.841

3rd order 27 2.69 0.8464 0.844

Early vs. late arriver Size ratio 1st order 15 0.737

2nd order 21 8.26 0.2198 0.754

3rd order 27 3.81 0.7030 0.762

Notes. aVariances allowed to vary across nutrient and arrival treatments. bDoes not include treatment with low nutrient and 0 delay arrival as it had no 
survivors. cIncludes two repeated samples and time as predictor.
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fitted the data much better than a simple asymptotic function 
(Supporting Information Table S2). Delaying arrival of the competi-
tor by 5 and 10 days exponentially increased survival and biomass 
of P. triseriata, but a further delay (15–20 days) had weaker or no 

effects, resulting in a sigmoidal relationship between survival or 
biomass and relative arrival time (Figure 2).

The specific relationship between phenological shift and survival 
or biomass was always nonlinear (sigmoidal), but varied significantly 

F IGURE  2 Change in survival and 
biomass (total dry mass) of two competing 
tadpole species with changes in relative 
arrival time and productivity (high = H, 
medium = M, low = L). Arrival time 
indicates the number of days by which 
the late competitor (Rana sphenocephala) 
was delayed relative to arrival of the 
early competitor (Pseudacris triseriata). 
Large open symbols indicate M ±1 SE 
(not accounting for block effects), and 
small symbols indicate replicates. Lines 
indicate predictions of best fit nonlinear 
(logistic) model except for survival of late 
competitor which was not significantly 
affected by arrival times (Table 1). 
Note differences in y- axis scaling for 
biomass between left and right middle 
panels. [Colour figure can be viewed at 
wileyonlinelibrary.com]

TABLE  2 Effects of relative arrival time and nutrient treatments on survival, biomass, and emergence times of early arriving competitors 
(Pseudacris triseriata), and late arriving competitors (Rana sphenocephala). Emergence indicates mean emergence time of metamorphs of the 
first arriving competitor and is based on developmental times relative to the start of experiment (i.e. introduction of early competitor), 
fastest development measures the number of days between first emergence of first metamorph of the late competitor and its respective 
introduction to account for differences in introductions times across arrival treatments of the late competitor. Significance tests are based 
on best fitting and most parsimonious polynomial model of arrival time (Table 1). χ2 indicates type II Wald chi- square statistics

Source

Early arriver

Survival Total biomass
Mean 
emergence

Nutrient χ2
2,45 = 78.2*** χ2

2,45 = 166.5*** χ2
2,37 = 16.8***

Arrival χ2
3,45 = 66.9*** χ2

3,45 = 166.7*** χ2
3,37 = 3.9

Nutrient × Arrival χ2
6,45 = 31.0*** χ2

6,45 = 37.6*** χ2
6,37 = 20.9**

Source

Late arriver

Survival Total Biomass
Fastest 
development

Nutrient χ2
2,48 = 15.2*** χ2

2,51 = 41.9*** χ2
2,51 = 88.1***

Arrival χ2
3,48 = 0.4 χ2

3,51 = 8.2* χ2
3,51 = 33.9***

Nutrient × Arrival χ2
6,48 = 6.4* χ2

6,51 = 0.02 χ2
6,51 = 3.1

Notes. ***p < 0.001, **p < 0.01, *p < 0.05.

www.wileyonlinelibrary.com
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across productivity treatments (Table 2, Figure 2); survival and bio-
mass increased faster and reached a higher maximum/plateau with 
less delay in arrival time of the competitor at higher productivity 
levels. As a consequence, delaying the competitor arrival had either 
no effect, a small effect or a very large effect depending on the pro-
ductivity in the system. For instance, delaying arrival by 10 days in-
creased (relative to 0 days delay treatment) survival by 5.6% at low 
vs. 57.8% at high productivity, and biomass by 2.5- fold and 10- fold 
at low vs. high productivity levels, respectively.

Relative arrival time also altered timing of the next phenological 
event (emergence of metamorphs) in the life cycle of the early com-
petitor (Figures 2 and 3), but the significant nonlinear (3rd- order poly-
nomial) relationship (Table 1) varied substantially across productivity 
levels (Table 2). Individuals emerged earliest (mean (M) = 49 days) in 
high productivity treatments when the arrival of the competitor was 
delayed by 20 days, and latest (mean (M) = 73 days) in low nutrient 
treatments when competitors arrived with a 10- day delay (Figure 3). 
Note that there were no survivors that could emerge from the same 
productivity treatment where both species arrived at the same time. 
At the highest productivity treatment, development time was c. 27% 
shorter (by c. 20 days) when arrival time of the competitor was de-
layed by only 5 days and continued to shorten with further delay in 
arrival time of the competitor but at a much lower rate. In contrast, 
delaying arrival time of the competitor in intermediate productivity 
treatments did not clearly alter the timing of emergence and even 
delayed average emergence time at low productivity (Figure 3).

3.2 | Effect on late competitor

Survival and total biomass of the late arriving competitor, R. sphe-
nocephala, were on average much higher than survival of its early 

arriving competitor (Figure 2). Survival of the late competitor was 
lowest at lowest productivity treatment and declined only notice-
ably with arrival at intermediate productivity, likely because of the 
substantial variation in survival in the other treatments (Table 2, 
Figure 2). In contrast, its total biomass significantly (Table 2) de-
creased linearly (Table 1) in all treatments when it arrived relatively 
later. Time to first emergence of R. sphenocephala (i.e. number of 
days from introduction to first emergence) significantly declined 
with arrival time (Table 2, Figure 2) and differed by up to 1.6 times 
between treatments (55 days, high nutrient and 20- day delay vs. 
88 days low nutrient and 0 delay).

3.3 | Shift in body sizes of competitors

Growth rates (and thus body sizes) of both species were significantly 
affected by nutrient and arrival treatments and their interaction and 
the effects largely increased over time (Table 3, Figure 3). Growth 
rates of both species were positively correlated with productivity, 
while arrival treatments had opposite effects on both species: de-
laying arrival of the late competitor increased growth rates of the 
early arriver while it decreased growth rates of the late arriving 
competitor. This negative effect on the late arriver increased with 
productivity (Table 3 Figure 4). In the late competitor, the relation-
ship was significantly nonlinear, largely because effect sizes declined 
with increasing differences in relative arrival time (Table 1, Figure 4). 
Interestingly, tadpoles of the late arriving competitor (R. spheno-
cephala) in control tanks without early arriving competitor species 
showed the opposite pattern, that is later arriving individuals had 
higher growth rates and larger body sizes (Figure 3), suggesting that 
this negative relationship between arrival time and growth rates was 
driven by interspecific competition and not simply late arrival time.

F IGURE  3 Empirical cumulative 
distribution function curves of emergence 
(i.e. timing of metamorphosis) patterns 
of the early competitor Pseudacris 
triseriata as a function of productivity 
treatment (L = low nutrient levels, 
M = moderate nutrient levels, H = high 
nutrient levels) and “Arrival” treatment 
of the late competitor. Colours indicate 
different delays in arrival relative to 
the early competitor; +0 day indicates 
species arrived at the same time; and 
+20 day indicates the late competitor 
(Rana sphenocephala) arrived 20 days 
later. Curves are normalized by total 
number of individuals that emerged in a 
given treatment. Note that no individuals 
emerged at N nutrient treatment and 
0 day delay [Colour figure can be viewed 
at wileyonlinelibrary.com]
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Relative arrival time also changed the size asymmetry of early 
vs. late competitors over the first 41 days of the interaction pe-
riod. Specifically, the size ratio increased with relative arrival time 
(Table 3) and this effect increased with productivity of the system 
(Table 3, Figure 4). As a consequence, early competitors were only ½ 
the size of late arrivers when both species arrived at the same time, 
but they were almost 1.5–2 times larger if the late competitor was 
delayed by 20 days (Figure 4).

3.4 | Effect of interannual variation in relative 
timing of interactions

The simulations indicate that changes in the interannual variation of 
phenologies can substantially alter survival of the early competitor 
even when the mean remains unchanged (Figure 5). Furthermore, the 
effects could be positive or negative depending on the mean timing of 
interactions and the specific nonlinear relationship. For instance, when 
R. sphenocephala arrives on average 10 days after P. triseriata, increas-
ing the variance by 5 days can lead to a 15% proportional decrease in 
survival of P. triseriata. In contrast, if R. sphenocephala arrives at the 
same time or 5 days later, the same variance can lead to a proportional 
increase in survival by c. 25%–150% depending on the productivity 
treatment (Figure 4). This context- dependent effect is driven by the 
sigmoidal shape of the empirical relationship between arrival time 
and survival (see Figure 1), that is the shift from convex to concave 
curvature with increasing delay in relative arrival time. The effect of 
interannual variance decreases when the relationship becomes more 
linear (e.g. at >20 days delay in arrival at high productivity treatment). 
Importantly, the simulations are well within the natural range of rela-
tive arrival time and interannual variation indicating that the effects 
are clearly biological relevant for this tadpole system.

4  | DISCUSSION

In seasonal communities, the vast majority of species interactions fol-
low a “timetable” set by the relative phenologies of interacting spe-
cies. However, this timetable naturally varies across years, species and 
communities (Diez et al., 2012; Forrest, Inouye, & Thomson, 2010; 
Wolkovich, Cook, McLauchlan, & Davies, 2014). Results presented 

Source Early arriver size Late arriver size
Early/Late size 
ratio

Nutrient χ2
2,51 = 45.1*** χ2

2,53 = 19.1*** χ2
2,51 = 8.3

Arrival χ2
2,51 = 22.5*** χ2

2,46 = 206.3*** χ2
9,51 = 172.0****

Date χ2
1,54 = 261.9*** χ2

1,46 = 288.6*** χ2
1,54 = 61.7****

Nutrient × Arrival χ2
4,51 = 5.0 χ2

4,46 = 9.9* χ2
2,51 = 7.9*

Nutrient × Date χ2
2,54 = 3.1 χ2

2,46 = 2.5 χ2
2,54 = 3.1

Arrival × Date χ2
2,54 = 5.9* χ2

2,46 = 19.1*** χ2
4,54 = 4.1*

Nutrient × Arrival × Date χ2
4, 54 = 1.1 χ2

2,46 = 3.1 χ2
4,54 = 0.9

Notes. ****p < 0.0001, ***p < 0.001, *p < 0.05.

TABLE  3 Treatment effects on body 
sizes of early (Pseudacris triseriata) and late 
(Rana sphenocephala) arriving competitors. 
Body size was measured as mean snout 
vent length (SVL) within a replicate. 
Arrival was modelled as 2nd- order 
polynomial (see Table 1). χ2 indicates type 
II Wald chi- square statistics

F IGURE  4 Mean body size (measured as snout vent length: SVL) 
and size ratio of early (EC) and late (LC) arriving competitors as a 
function of relative arrival time for different nutrient treatments 27 
and 41 days after introduction of first competitor. Grey diamonds 
indicate size of late competitor in the corresponding control 
without early arriving competitors and low nutrient levels. Large 
symbols indicate M ± 1 SE (not accounting for block effects), and 
small symbols indicate replicates. Lines indicate best fit model (see 
Table 1) [Colour figure can be viewed at wileyonlinelibrary.com]
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here indicate that this phenological variation across years can have 
important consequences for species interactions. Specifically, I dem-
onstrate that effects of delaying hatching phenologies of competing 
species have nonlinear effects on most demographic rates examined. 
As a consequence, (a) shifts in relative timing of phenologies can have 
small or large effects depending on the average natural timing of in-
teractions and (b) changes in the interannual variation of phenologies 
alone can alter species interactions even if the mean would remain 
constant across years (i.e. remain stationary) (Figure 4). It also implies 
that we often cannot predict effects of phenological shifts simply 
based on the mean of phenologies given that phenologies typically 
vary across years in nature. Studies on phenologies traditionally focus 
on directional shifts in the mean of phenologies (McKinney et al., 
2012; Ovaskainen et al., 2013; Todd, Scott, Pechmann, & Gibbons, 
2011; Visser & Both, 2005; Walther, 2010), but my results suggest 
that we also need to consider variation in phenologies of interacting 
species to predict dynamics of natural communities and how they will 
be modified by climate change.

4.1 | Nonlinear effects of phenological shifts on 
interspecific competition

Relative shifts in the phenology of species play a key role in the 
outcome of interspecific interactions. For instance, phenological 

shifts can alter predation (Alford, 1989b; Morin, 1984; Rasmussen 
& Rudolf, 2016; Rasmussen et al., 2014), herbivory (Liu, Reich, Li, 
& Sun, 2011), pollination (Rafferty & Ives, 2011) and interspecific 
competition (Godoy & Levine, 2014; Hernandez & Chalcraft, 2012; 
Rudolf & Singh, 2013; Wilbur & Alford, 1985). Consistent with these 
studies, I found that shifting the relative timing of hatching (phenol-
ogy) of a species fundamentally altered interspecific competition, 
but the effect of shifting the timing on competition was highly non-
linear. As a consequence, shifts in relative timing of phenologies can 
have very different effects depending on the average natural timing 
of interactions. For instance, if species would typically hatch at the 
same time, even a small (e.g. 5 day) delay in hatching of the domi-
nant competitor in the system could prevent competitive exclusion 
of the inferior competitor at all productivity levels and substantially 
increase its survival and biomass within a given season. In contrast, 
a similar shift has little consequence if both species naturally dif-
fer by 15–20 days in relative hatching times. This decline in effect 
size is consistent with arrival experiments in reef fish (Geange & 
Stier, 2009), dragonfly larvae (Rasmussen et al., 2014) and fruit fly 
larvae (Shorrocks & Bingley, 1994) suggesting that this nonlinear 
pattern may be wide spread. Furthermore, these results highlight 
that the timing of interactions can determine the strength and out-
come of interspecific competition and thus play a key role in species 
coexistence.

F IGURE  5 Predicted effect of variation in relative arrival time of two competing species on species interactions across three environments 
with three different productivity levels: (a) high, (b) medium, (c) low nutrient treatments. Lines/colours indicate proportional change (relative to 
scenario without interannual variation) in mean survival of early the arriving competitor (Pseudacris triseriata) under different simulated levels of 
variation (V) in relative arrival time of late competitor based on empirical survival patterns within a given nutrient treatment shown in Figure 2. 
Variance is well within the range observed in natural systems (Supporting Information Figure S1) and indicates the average (absolute) difference 
in relative arrival time of late competitor assuming a uniform distribution with a range twice the average. Means are average of 99,000 
stochastic simulations (see Methods and Supporting Information for details). Left panel: high nutrient treatment, middle: medium nutrient, right 
panel: low nutrient treatment. Note differences in y- axis scale across the three panels [Colour figure can be viewed at wileyonlinelibrary.com]
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The nonlinear scaling of competition with phenological shifts is 
likely driven by two interacting processes that are found in many nat-
ural systems. Delaying arrival of the competitor by 5–10 days expo-
nentially increased survival and biomass of the early competitor. This 
initial nonlinear increase is most consistent with positive feedbacks 
between growth rates and relative competitiveness that arise with 
“size- mediated priority effects” (sensu Rasmussen et al., 2014). In this 
system and many others, larger individuals have a competitive advan-
tage (Yang & Rudolf, 2010). Delaying the arrival of the late competitor 
frees up resources and allows individuals of the early competitor to 
grow faster. This increase in relative size should decrease the compet-
itive effect of the late arriving competitor which in turn would allow 
individuals of the early arriver to grow faster, thereby creating a pos-
itive feedback between growth rates and relative competitiveness. 
Consistent with this prediction, I found significant differences in re-
source (i.e. periphyton) levels across arrival treatments, and higher 
levels during early periods with delayed arrival of late competitor. I 
also found higher growth rates of early competitors (at high resource 
levels) and lower growth rates of late competitors when arrival of the 
late competitor was delayed; this pattern even increased over time 
and was still detectable >20 days after the last introduction. It is im-
portant that, the reduction in growth rate of the late competitor at 
later arrival times did not occur in the absence of interspecific com-
petition (Figure 4), providing additional support for the presence of 
size- mediated priority effects in this system.

Delaying the arrival of a competitor should, however, not indef-
initely increase the performance of the early arriver. At some point, 
there will be little temporal overlap between co- occurring life stages 
of both species, and early arriver will be much larger, thereby de-
creasing per- capita effects of late competitors, at which point in-
terspecific competition will become negligible for the early arriver. 
However, the release from interspecific competition will result in a 
concurrent increase in survival and total biomass and thus increase 
intraspecific competition. This shift from interspecific to intraspe-
cific competition could explain why a further delay of the late com-
petitor (i.e. 15–20 days) did not continue to increase performance of 
the early arriving species. These results are consistent with studies 
in plants (Godoy & Levine, 2014) and suggest that phenological shifts 
can alter the relative strength of intra- vs. interspecific interactions 
which ultimately determine the mechanisms that allow or prevent 
species coexistence (Chesson, 2000).

4.2 | Context- dependent outcomes of phenological  
shifts

Priority effects (e.g. due to phenological shifts) during community 
assembly can be modified by variation in environmental conditions if 
these conditions alter population growth rates (Chase, 2010; Fukami, 
2015). Effects of phenological shifts should hence depend on envi-
ronmental conditions if priority effects are important. Consistent 
with this prediction, I found that the scaling relationship between in-
terspecific competition and phenological shifts varied substantially 
across environments with different primary productivities.

Reducing a limiting shared resource will inevitably intensify com-
petition. Indeed, survival and total biomass of both species were 
clearly negatively correlated with resource levels in this experiment. 
Maybe more importantly, lower resource levels can also modify 
size- mediated priority effects because individuals will grow less be-
fore the arrival of other species. The benefits (i.e. relative increase 
in competitiveness) of arriving earlier should therefore decrease in 
low resource environments while competition increases (Kardol, 
Souza, & Classen, 2013), which explains why delaying the competi-
tor had a much smaller proportional effect at low productivity levels. 
Overall, these results empirically support predictions about mecha-
nisms driving priority effects in community assembly (Fukami, 2015; 
Rasmussen et al., 2014) and suggest that phenological shifts could 
have much stronger effects on species interactions and dynamics of 
seasonal communities in environments that are highly productive.

4.3 | Effects of interannual variation in phenologies

While much progress has been made in documenting shifts in the 
mean of phenological events, we know surprisingly little about when 
and how variation in phenologies across years affects populations 
and communities (Wolkovich et al., 2014). This study shows that 
interannual variation in phenologies can alter the outcome of spe-
cies interactions even when mean phenologies may not change over 
time (i.e. in stationary systems) (Figure 5). Furthermore, given some 
level of natural interannual variation of phenologies, the simulations 
also demonstrate that predictions based on mean phenologies will 
typically either under-  or overestimate the true interaction strength 
(Figure 4). These results should apply to a wide range of systems 
given that the nonlinear pattern arises from simple size- mediated 
priority effects that can occur whenever growing individuals inter-
act. Overall, the results clearly indicate that variation in phenologies 
across years can be a key, but largely neglected, driver of species 
interactions and thus community dynamics.

The results highlight an important gap in our current understand-
ing of the dynamics of natural communities and how they will be 
influenced by future climate change: we know very little about how 
much relative phenologies of interacting species vary across years, 
whether variation differs systematically across taxa and systems, 
and how this variation will change with climate change (Wolkovich 
et al., 2014). It is fortunate that, researchers have accumulated im-
pressive long- term datasets of multiple coexisting and often inter-
acting species (CaraDonna, Iler, & Inouye, 2014; Cook, Wolkovich, & 
Parmesan, 2012; Thackeray et al., 2016; Walther, 2010; Wolkovich 
et al., 2012) that could be analysed to quantify phenological varia-
tion across a wide range of taxa and systems to look for systematic 
patterns. However, predicting how this variation will affect com-
munities will also require a general understanding of how interac-
tion strength scales with relative arrival times. In this system, the 
magnitude and even direction of interannual variation effects were 
strongly dependent on this scaling relationship and the average ar-
rival time in the system. Clearly, it is not feasible to measure this 
relationship for all possible interactions within a given ecological 
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network. However, my experiment demonstrates that if we under-
stand the underlying mechanisms we can make at least qualitative 
predictions for a wide range species. Future studies that examine 
this scaling relationship and underlying mechanisms across a range 
of interaction types and taxonomic groups are therefore essential to 
develop a general mechanistic framework that allows us to incorpo-
rate temporal variation into community ecology models and predict 
how climate change will affect the structure of natural communities.

ACKNOWLEDG EMENTS

I thank N. Rasmussen for feedback on the all aspects of the experi-
ments and manuscript, and A. Roman for helping with the experi-
ment and analyses of samples and two reviewers for feedback on 
the manuscript. This work was supported by NSF DEB- 1256860 and 
DEB- 1655626 to V.H.W.R.

DATA ACCE SSIBILIT Y

All data used for this project and model simulation code are publicly 
available In the Dryad Digital Repository: https://doi.org/10.5061/
dryad.tn9775r (Rudolf, 2018).

ORCID

Volker H. W. Rudolf  http://orcid.org/0000-0002-9214-2000 

R E FE R E N C E S

Alford, R. A. (1989a). Competition between larval Rana palustris and Bufo 
americanus is not affected by variation in reproductive phenology. 
Copeia, 1989, 993–1000. https://doi.org/10.2307/1445985

Alford, R. A. (1989b). Variation in predator phenology affects predator 
performance and prey community composition. Ecology, 70, 206–
219. https://doi.org/10.2307/1938427

Alford, R. A., & Wilbur, H. M. (1985). Priority effects in experimental 
pond communities: Competition between Bufo and Rana. Ecology, 66, 
1097–1105. https://doi.org/10.2307/1939161

Both, C., Bouwhuis, S., Lessells, C. M., & Visser, M. E. (2006). Climate 
change and population declines in a long- distance migratory bird. 
Nature, 441, 81–83. https://doi.org/10.1038/nature04539

CaraDonna, P. J., Iler, A. M., & Inouye, D. W. (2014). Shifts in flower-
ing phenology reshape a subalpine plant community. Proceedings of 
the National Academy of Sciences of the United States of America, 111, 
4916–4921. https://doi.org/10.1073/pnas.1323073111

Chase, J. M. (2003). Experimental evidence for alternative stable equilib-
ria in a benthic pond food web. Ecology Letters, 6, 733–741. https://
doi.org/10.1046/j.1461-0248.2003.00482.x

Chase, J. M. (2010). Stochastic community assembly causes higher biodi-
versity in more productive environments. Science, 328, 1388–1391. 
https://doi.org/10.1126/science.1187820

Chesson, P. (2000). Mechanisms of maintenance of species diver-
sity. Annual Review of Ecology and Systematics, 31, 343. https://doi.
org/10.1146/annurev.ecolsys.31.1.343

Cook, B. I., Wolkovich, E. M., & Parmesan, C. (2012). Divergent responses 
to spring and winter warming drive community level flowering 
trends. Proceedings of the National Academy of Sciences of the United 
States of America, 109, 9000–9005.

De Roos, A. M., Persson, L., & McCauley, E. (2003). The influence of 
size- dependent life- history traits on the structure and dynamics of 
populations and communities. Ecology Letters, 6, 473–487. https://
doi.org/10.1046/j.1461-0248.2003.00458.x

Diez, J. M., Ibáñez, I., Miller-Rushing, A. J., Mazer, S. J., Crimmins, T. M., 
Crimmins, M. A., … Inouye, D. W. (2012). Forecasting phenology: 
From species variability to community patterns. Ecology Letters, 15, 
545–553. https://doi.org/10.1111/j.1461-0248.2012.01765.x

Forrest, J., Inouye, D. W., & Thomson, J. D. (2010). Flowering phenol-
ogy in subalpine meadows: Does climate variation influence com-
munity co- flowering patterns? Ecology, 91, 431–440. https://doi.
org/10.1890/09-0099.1

Fukami, T. (2015). Historical contingency in community assembly: 
Integrating niches, species pools, and priority effects. Annual 
Review of Ecology, Evolution, and Systematics, 46, 1–23. https://doi.
org/10.1146/annurev-ecolsys-110411-160340

Geange, S. W., & Stier, A. C. (2009). Order of arrival affects com-
petition in two reef fishes. Ecology, 90, 2868–2878. https://doi.
org/10.1890/08-0630.1

Godoy, O., & Levine, J. M. (2014). Phenology effects on invasion suc-
cess: Insights from coupling field experiments to coexistence theory. 
Ecology, 95, 726–736. https://doi.org/10.1890/13-1157.1

Hernandez, J. P., & Chalcraft, D. R. (2012). Synergistic effects of multiple 
mechanisms drive priority effects within a tadpole assemblage. Oikos, 
121, 259–267. https://doi.org/10.1111/j.1600-0706.2011.19221.x

Iler, A. M., Inouye, D. W., Høye, T. T., Miller-Rushing, A. J., Burkle, L. A., & 
Johnston, E. B. (2013). Maintenance of temporal synchrony between 
syrphid flies and floral resources despite differential phenological 
responses to climate. Global Change Biology, 19, 2348–2359. https://
doi.org/10.1111/gcb.12246

Jensen,	J.	L.	W.	V.	 (1906).	Sur	 les	 fonctions	convexes	et	 les	 ine′galite′s	
entre les valeurs moyennes. Acta Mathematica, 30, 175–193. https://
doi.org/10.1007/BF02418571

Kardol, P., Souza, L., & Classen, A. T. (2013). Resource availability me-
diates the importance of priority effects in plant community as-
sembly and ecosystem function. Oikos, 122, 84–94. https://doi.
org/10.1111/j.1600-0706.2012.20546.x

Lawler, S. P., & Morin, P. J. (1993). Temporal overlap, competition, and 
priority effects in larval anurans. Ecology, 74, 174–182. https://doi.
org/10.2307/1939512

Liu, Y., Reich, P. B., Li, G., & Sun, S. (2011). Shifting phenology and abun-
dance under experimental warming alters trophic relationships and 
plant reproductive capacity. Ecology, 92, 1201–1207. https://doi.
org/10.1890/10-2060.1

McCann, K., Hastings, A., & Huxel, G. R. (1998). Weak trophic interac-
tions and the balance of nature. Nature, 395, 794–798. https://doi.
org/10.1038/27427

McKinney, A. M., CaraDonna, P. J., Inouye, D. W., Barr, B., Bertelsen, C. 
D., & Waser, N. M. (2012). Asynchronous changes in phenology of mi-
grating Broad- tailed Hummingbirds and their early- season nectar re-
sources. Ecology, 93, 1987–1993. https://doi.org/10.1890/12-0255.1

Morin, P. J. (1984). Odonate guild composition: Experiments with colo-
nization history and fish predation. Ecology, 65, 1866–1873. https://
doi.org/10.2307/1937784

Morin, P. J., & Johnson, E. A. (1988). Experimental studies of asymmet-
ric competition among anurans. Oikos, 53, 398–407. https://doi.
org/10.2307/3565542

Morin, P. J., Sharon, P. L., & Johnson, E. A. (1990). Ecology and breeding 
phenology of larval Hyla andersonii: The disadvantages of breeding 
late. Ecology, 71, 1590–1598. https://doi.org/10.2307/1938294

Ovaskainen, O., Skorokhodova, S., Yakovleva, M., Sukhov, A., Kutenkov, 
A., Kutenkova, N., … Delgado, M. D. M. (2013). Community- level 
phenological response to climate change. Proceedings of the National 
Academy of Sciences of the United States of America, 110, 13434–
13439. https://doi.org/10.1073/pnas.1305533110

https://doi.org/10.5061/dryad.tn9775r
https://doi.org/10.5061/dryad.tn9775r
http://orcid.org/0000-0002-9214-2000
http://orcid.org/0000-0002-9214-2000
https://doi.org/10.2307/1445985
https://doi.org/10.2307/1938427
https://doi.org/10.2307/1939161
https://doi.org/10.1038/nature04539
https://doi.org/10.1073/pnas.1323073111
https://doi.org/10.1046/j.1461-0248.2003.00482.x
https://doi.org/10.1046/j.1461-0248.2003.00482.x
https://doi.org/10.1126/science.1187820
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1046/j.1461-0248.2003.00458.x
https://doi.org/10.1046/j.1461-0248.2003.00458.x
https://doi.org/10.1111/j.1461-0248.2012.01765.x
https://doi.org/10.1890/09-0099.1
https://doi.org/10.1890/09-0099.1
https://doi.org/10.1146/annurev-ecolsys-110411-160340
https://doi.org/10.1146/annurev-ecolsys-110411-160340
https://doi.org/10.1890/08-0630.1
https://doi.org/10.1890/08-0630.1
https://doi.org/10.1890/13-1157.1
https://doi.org/10.1111/j.1600-0706.2011.19221.x
https://doi.org/10.1111/gcb.12246
https://doi.org/10.1111/gcb.12246
https://doi.org/10.1007/BF02418571
https://doi.org/10.1007/BF02418571
https://doi.org/10.1111/j.1600-0706.2012.20546.x
https://doi.org/10.1111/j.1600-0706.2012.20546.x
https://doi.org/10.2307/1939512
https://doi.org/10.2307/1939512
https://doi.org/10.1890/10-2060.1
https://doi.org/10.1890/10-2060.1
https://doi.org/10.1038/27427
https://doi.org/10.1038/27427
https://doi.org/10.1890/12-0255.1
https://doi.org/10.2307/1937784
https://doi.org/10.2307/1937784
https://doi.org/10.2307/3565542
https://doi.org/10.2307/3565542
https://doi.org/10.2307/1938294
https://doi.org/10.1073/pnas.1305533110


1406  |    Journal of Animal Ecology RUDOLF

Parmesan, C., & Yohe, G. (2003). A globally coherent fingerprint of cli-
mate change impacts across natural systems. Nature, 421, 37–42. 
https://doi.org/10.1038/nature01286

Rafferty, N. E., & Ives, A. R. (2011). Effects of experimental shifts in flow-
ering phenology on plant–pollinator interactions. Ecology Letters, 14, 
69–74. https://doi.org/10.1111/j.1461-0248.2010.01557.x

Rasmussen, N. L., & Rudolf, V. H. W. (2016). Individual and combined 
effects of two types of phenological shifts on predator–prey inter-
actions. Ecology, 97, 3414–3421. https://doi.org/10.1002/ecy.1578

Rasmussen, N. L., Van Allen, B. G., & Rudolf, V. H. W. (2014). Linking 
phenological shifts to species interactions through size- mediated 
priority effects. Journal of Animal Ecology, 83, 1206–1215. https://
doi.org/10.1111/1365-2656.12203

Rudolf, V. H. W. (2018). Data from: Non- linear effects of phenological 
shifts link inter- annual variation to species interactions. Dryad Digital 
Repository, https://doi.org/10.5061/dryad.tn9775r

Rudolf, V. H. W., & Rasmussen, N. L. (2013a). Ontogenetic functional 
diversity: Size- structure of a keystone predator drives function-
ing of a complex ecosystem. Ecology, 94, 1046–1056. https://doi.
org/10.1890/12-0378.1

Rudolf, V. H. W., & Rasmussen, N. L. (2013b). Population structure de-
termines functional differences among species and ecosystem pro-
cesses. Nature Communications, 4, 2318.

Rudolf, V. H. W., & Singh, M. (2013). Disentangling climate change effects 
on species interactions: Effects of temperature, phenological shifts, 
and body size. Oecologia, 173, 1043–1052. https://doi.org/10.1007/
s00442-013-2675-y

Ruel, J. J., & Ayres, M. P. (1999). Jensen’s inequality predicts effects of 
environmental variation. Trends in Ecology & Evolution, 14, 361–366. 
https://doi.org/10.1016/S0169-5347(99)01664-X

Saenz, D., Fitzgerald, L. A., Baum, K. A., & Conner, R. N. (2006). Abiotic 
correlates of anuran calling phenology: The importance of rain, tem-
perature, and season. Herpetological Monograph, 20, 64–82. https://
doi.org/10.1655/0733-1347(2007)20[64:ACOACP]2.0.CO;2

Shorrocks, B., & Bingley, M. (1994). Priority effects and species coex-
istence: Experiments with fungal- breeding Drosophila. Journal of 
Animal Ecology, 63, 799–806. https://doi.org/10.2307/5257

Thackeray, S. J., Henrys, P. A., Hemming, D., Bell, J. R., Botham, M. S., 
Burthe, S., … Wanless, S. (2016). Phenological sensitivity to climate 
across taxa and trophic levels. Nature, 535, 241–245. https://doi.
org/10.1038/nature18608

Todd, B. D., Scott, D. E., Pechmann, J. H. K., & Gibbons, J. W. (2011). 
Climate change correlates with rapid delays and advancements in 
reproductive timing in an amphibian community. Proceedings of the 
Royal Society of London. Series B: Biological Sciences, 278, 2191–2197. 
https://doi.org/10.1098/rspb.2010.1768

Urban, M. (2007). Predator size and phenology shape prey survival in 
temporary ponds. Oecologia, 154, 571–580. https://doi.org/10.1007/
s00442-007-0856-2

Visser, M. E., & Both, C. (2005). Shifts in phenology due to global climate 
change: The need for a yardstick. Proceedings of the Royal Society 
of London. Series B: Biological Sciences, 272, 2561–2569. https://doi.
org/10.1098/rspb.2005.3356

Visser, M. E., Holleman, L. J. M., & Gienapp, P. (2006). Shifts in caterpil-
lar biomass phenology due to climate change and its impact on the 
breeding biology of an insectivorous bird. Oecologia, 147, 164–172. 
https://doi.org/10.1007/s00442-005-0299-6

Walther, G.-R. (2010). Community and ecosystem responses to recent 
climate change. Philosophical Transactions of the Royal Society of 
London. Series B: Biological Sciences, 365, 2019–2024. https://doi.
org/10.1098/rstb.2010.0021

Walther, G. R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, 
T. J. C., … Bairlein, F. (2002). Ecological responses to recent climate 
change. Nature, 416, 389–395. https://doi.org/10.1038/416389a

Wilbur, H. M. (1997). Experimental ecology of food webs: Complex sys-
tems in temporary ponds. Ecology, 78, 2279–2302. https://doi.org/ 
10.1890/0012-9658(1997)078[2279:EEOFWC]2.0.CO;2

Wilbur, H. M., & Alford, R. A. (1985). Priority effect in experimental pond 
communities: Responses of Hyla to Bufo and Rana. Ecology, 66, 1106–
1114. https://doi.org/10.2307/1939162

Wissinger, S. A. (1992). Niche overlap and the potential for competi-
tion and intraguild predation between size- structured populations. 
Ecology, 73, 1431–1444. https://doi.org/10.2307/1940688

Wolkovich, E. M., Cook, B. I., Allen, J. M., Crimmins, T. M., Betancourt, J. 
L., Travers, S. E., … Cleland, E. E. (2012). Warming experiments un-
derpredict plant phenological responses to climate change. Nature, 
485, 494–497. https://doi.org/10.1038/nature11014

Wolkovich, E. M., Cook, B. I., McLauchlan, K. K., & Davies, T. J. (2014). 
Temporal ecology in the Anthropocene. Ecology Letters, 17, 1365–
1379. https://doi.org/10.1111/ele.12353

Wootton, J. T., & Emmerson, M. (2005). Measurement of interaction 
strength in nature. Annual Review of Ecology, Evolution, and Systematics, 
36, 419–444. https://doi.org/10.1146/annurev.ecolsys.36.091704. 
175535

Yang, L. H., & Rudolf, V. H. W. (2010). Phenology, ontogeny, and the 
effects of climate change on the timing of species interactions. 
Ecology Letters, 13, 1–10. https://doi.org/10.1111/j.1461-0248. 
2009.01402.x

Zuur, A. F., Ieno, E. N., Walker, N. J., Saveliev, A. A., & Smith, G. M. (2009). 
Mixed effects models and extensions in ecology in R. New York, NY: 
Springer. https://doi.org/10.1007/978-0-387-87458-6

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article.

How to cite this article: Rudolf VHW. Nonlinear effects 
of phenological shifts link interannual variation to 
species interactions. J Anim Ecol. 2018;87:1395–1406.  
https://doi.org/10.1111/1365-2656.12850

https://doi.org/10.1038/nature01286
https://doi.org/10.1111/j.1461-0248.2010.01557.x
https://doi.org/10.1002/ecy.1578
https://doi.org/10.1111/1365-2656.12203
https://doi.org/10.1111/1365-2656.12203
https://doi.org/10.5061/dryad.tn9775r
https://doi.org/10.1890/12-0378.1
https://doi.org/10.1890/12-0378.1
https://doi.org/10.1007/s00442-013-2675-y
https://doi.org/10.1007/s00442-013-2675-y
https://doi.org/10.1016/S0169-5347(99)01664-X
https://doi.org/10.1655/0733-1347(2007)20[64:ACOACP]2.0.CO;2
https://doi.org/10.1655/0733-1347(2007)20[64:ACOACP]2.0.CO;2
https://doi.org/10.2307/5257
https://doi.org/10.1038/nature18608
https://doi.org/10.1038/nature18608
https://doi.org/10.1098/rspb.2010.1768
https://doi.org/10.1007/s00442-007-0856-2
https://doi.org/10.1007/s00442-007-0856-2
https://doi.org/10.1098/rspb.2005.3356
https://doi.org/10.1098/rspb.2005.3356
https://doi.org/10.1007/s00442-005-0299-6
https://doi.org/10.1098/rstb.2010.0021
https://doi.org/10.1098/rstb.2010.0021
https://doi.org/10.1038/416389a
https://doi.org/10.1890/0012-9658(1997)078[2279:EEOFWC]2.0.CO;2
https://doi.org/10.1890/0012-9658(1997)078[2279:EEOFWC]2.0.CO;2
https://doi.org/10.2307/1939162
https://doi.org/10.2307/1940688
https://doi.org/10.1038/nature11014
https://doi.org/10.1111/ele.12353
https://doi.org/10.1146/annurev.ecolsys.36.091704.175535
https://doi.org/10.1146/annurev.ecolsys.36.091704.175535
https://doi.org/10.1111/j.1461-0248.2009.01402.x
https://doi.org/10.1111/j.1461-0248.2009.01402.x
https://doi.org/10.1007/978-0-387-87458-6
https://doi.org/10.1111/1365-2656.12850

