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Phenological responses to climate change (e.g., earlier leaf-out or
egg hatch date) are now well documented and clearly linked to
rising temperatures in recent decades. Such shifts in the phenologies
of interacting species may lead to shifts in their synchrony, with
cascading community and ecosystem consequences. To date, single-
system studies have provided no clear picture, either finding
synchrony shifts may be extremely prevalent [Mayor SJ, et al.
(2017) Sci Rep 7:1902] or relatively uncommon [ller AM, et al.
(2013) Glob Chang Biol 19:2348-2359], suggesting that shifts to-
ward asynchrony may be infrequent. A meta-analytic approach
would provide insights into global trends and how they are
linked to climate change. We compared phenological shifts among
pairwise species interactions (e.g., predator-prey) using published
long-term time-series data of phenological events from aquatic
and terrestrial ecosystems across four continents since 1951 to de-
termine whether recent climate change has led to overall shifts in
synchrony. We show that the relative timing of key life cycle
events of interacting species has changed significantly over the
past 35 years. Further, by comparing the period before major
climate change (pre-1980s) and after, we show that estimated
changes in phenology and synchrony are greater in recent de-
cades. However, there has been no consistent trend in the direc-
tion of these changes. Our findings show that there have been
shifts in the timing of interacting species in recent decades; the
next challenges are to improve our ability to predict the direction
of change and understand the full consequences for communities
and ecosystems.
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hile the most common ecological response to climate

change is an advance in seasonal timing, substantial vari-
ation has been observed within and across taxonomic groups,
including between directly interacting species (1-5). One of the
potential outcomes of this variation is a directional change in the
relative timing of interacting species (i.e., a change in pheno-
logical synchrony). Many researchers hypothesize that climate
change will lead to significant changes in synchrony, with po-
tential negative consequences for those interacting species and
their ecological communities in some (1, 2, 6, 7) but not all (8-
10) contexts.

It is commonly thought that warming will lead to changes in
synchrony (11-13). These changes are expected to be prevalent
because (i) temperature is an important phenological cue for
many taxonomic groups (14), (i) the temperature sensitivity of
the phenology of interacting species can differ (2, 15) and, (i)
global temperatures have increased, on average, by 0.85 °C since
1880 (16). Indeed, there is evidence from single systems, as well
as from reviews (17, 18), that many interacting species are
shifting their phenologies at different rates, leading to changes in
synchrony (7, 19-21). To date, however, there have been no
quantitative assessments of shifts across studies for species that
directly interact, leaving open the question of how prevalent and
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large such shifts may be. Indeed, evidence from observations and
small-scale experiments suggests that maintenance of synchrony
in the context of environmental change could be common (1, 22—
26). Examples from directly interacting species show that syn-
chrony has been sustained (27, 28). Others show that the degree
of changes in synchrony can vary across populations (29-31) or
has been less than expected (32, 33). These examples, along with
theoretical considerations (further discussion provided in SI
Appendix, section 1), question whether shifts toward asynchrony
should be widespread (1, 8, 10). Considered together, the evi-
dence to date does not provide a clear picture of how prevalent and
large shifts in synchrony have been in response to recent climate
change. Here, we use a quantitative meta-analysis to assess shifts
in the synchrony of directly interacting species to provide per-
spective and to estimate global trends in synchrony change.

We used published time-series data of phenological events
from pairwise species interactions to test (i) whether there have
been recent directional changes in synchrony and (ii) whether
these shifts can be attributed to climatic warming. Establishing
these links is critical for robust predictions of future shifts in
synchrony due to climate change.

Our meta-analytic approach identified 27 studies with time-
series phenological data for >4 years that include 970 study years
and spanned the years 1951-2013 (average first year was 1984).

Significance

Shifts in the timing of species interactions are often cited as a
consequence of climate change and, if present, are expected to
have wide-reaching implications for ecological communities. Our
knowledge about these shifts mostly comes from single systems,
which have provided no clear picture, thus limiting our under-
standing of how species interactions may be responding overall.
Using a new global database based on long-term data on the
seasonal timing of biological events for pairwise species inter-
actions, we find that the relative timing of interacting species has
changed substantially in recent decades. The observed shifts are
greater in magnitude than before recent climate change began,
suggesting that there will be widespread warming-related shifts
in the synchrony of species in the future.
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Our dataset includes 88 species that span a wide range of taxo-
nomic groups, from aquatic and terrestrial ecosystems across
four continents, and consists of 54 pairwise species interactions
(trophic and nontrophic) that vary in their interaction strengths.
To estimate synchrony change, we first estimated phenological
change (days/decade) for each species using a Bayesian hierar-
chical model. Our model estimates both species-level responses
and the distribution from which they are drawn, yielding a
higher-level estimate of the overall response across species. With
this approach we accounted for variation in variance and sample
size across species, thus accounting for methodological differ-
ences across studies. Because we are interested in phenological
change in response to climate change, we used a hinge model
with 1981 as the inflection point, when a major shift in the
temporal trend of temperature occurred (16) (SI Appendix, Fig.
S2). This allowed us to estimate change across time series more
accurately with varying start dates and prevented bias toward
weaker effects in longer time series (more discussion is provided
in SI Appendix, section 2). We estimated the magnitude of
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change in synchrony by taking the absolute value of the differ-
ence between slopes (days/decade) of interacting species, with
zero indicating no change in synchrony and larger differences in
slope indicating a larger change in synchrony. We also evaluated
the magnitude and directionality of change in synchrony
(henceforth referred to as “overall shifts”) by simply taking the
difference in slopes; here, negative values indicate the timings of
interacting species are getting further apart and positive values
signify that the two events are getting closer together.

To put the magnitude of observed changes in synchrony into
context and to quantify how much variation may be due to noise
(i.e., factors other than climate change), we take an important
step toward testing the hypothesis that recent shifts in synchrony
have diverged from some baseline level of synchrony that existed
before large changes in climate occurred in the early 1980s (9).
We designed two types of null models that estimate the amount
of natural variation in either the magnitude or overall change in
synchrony among interacting species before recent climate
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Fig. 1. Changes in the relative timing of interacting species (n = 54). (A) The magnitude of synchrony change (days/decade) across interactions, with zero

indicating no change in synchrony. Presented are the species-level intercepts (as) from the intercept-only model. The solid vertical line denotes the mean
synchrony change (u, = 6.1 days/decade; 95% Cl: 5.2, 7.0). The distribution in red represents the null model, with the dashed line as the mean synchrony
change (u, = 0.97 days/decade; 95% Cl: 0.96, 0.98). (B) Phenological change (days/decade) across interacting species. Interactions are ordered top to bottom by
the magnitude of synchrony change. Numbers on the y axis represent their unique identifier in the analysis. Means with 95% Cls are shown. To improve
viewing, overlapping labels have been removed. (C) The direction and magnitude of synchrony change (days/decade) across interactions, where positive
values indicate that the timing of interacting species is getting closer together in the season (days) and negative values mean that the timing of interacting
species is getting further apart in the season (days). Presented are the species-level intercepts (as) from the intercept-only model. The solid vertical line
denotes the mean synchrony change (, = —0.50 days/decade; 95% CI: —2.1, 1.1). The distribution in red represents the null model, with the dashed line as the
mean synchrony change (u, = 0.048 days/decade; 95% Cl: —0.08, 0.2).
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change began, which we then compared with changes after re-
cent climate change started (SI Appendix, section 2).

We also assessed whether changes in synchrony were related
to recent temperature change. To do so, we correlated long-term
trends in temperature (°C/decade) with individual species’ phe-
nological shifts (days/decade), as well as synchrony changes
(days/decade). Temperature change was evaluated for the mea-
sure of temperature identified as the strongest phenological cue
by individual studies. These analyses were done on a subset of
the data, as temperature data are only available for 37 species
from 22 interactions. To calculate temperature change, we used
a similar hierarchical hinge model, as explained above.

Results and Discussion

Since the early 1980s, phenology advanced across species by
4.0 days/decade [95% credible interval (CI): —5.5, —2.4; n = 88],
which was significantly greater than advances estimated before
1981 (2.7 days/decade; 95% CI: —6.4, 1.4; n = 31; difference =
0.94 days/decade; 95% CI: 0.86, 1.0). Our observed magnitude of
phenological change is similar to other recent syntheses (34-36).

We found that the relative timing of interacting species has
substantially changed compared with 35 years ago. Synchrony
shifted in magnitude by 6.1 days/decade (with zero indicating no
change in synchrony; 95% CI: 5.2, 7.0; n = 54; Fig. 14), which
was substantially greater than the magnitude of synchrony shifts
estimated from our null model based on shifts before 1981
(0.97 days/decade; 95% CI: 0.96, 0.98; null model details pro-
vided in SI Appendix, section 2). There was no consistency in the
direction of shifts (—0.50 days/decade, 95% CI: —2.1, 1.1; n = 54;
Fig. 1C): while timing for the majority of interacting species is
shifting closer together (57% of interactions; 31 of 54) (Fig. 1C), the
phenologies of many interacting species are shifting further apart
(43% of interactions; 23 of 54). Most interacting species advanced
their phenology by similar magnitudes, leading to smaller overall
changes (Fig. 1B). Nevertheless, overall shifts were 10 times greater
in magnitude than expected based on our null model estimating
synchrony shifts before 1981 (—0.50 days/decade vs. 0.048 days/
decade; 95% CI: —0.08, 0.2; Fig. 1C) and five times greater than
the overall synchrony change observed until 1981 (—0.50 days/
decade vs. 0.097 days/decade; 95% CI: —1.7, 1.9; n = 16).

The recent changes in phenology and synchrony we detected
are consistent but could not be directly linked with warming
since the early 1980s. As expected, the phenologies of species in
this dataset were sensitive to temperature (—4.8 d/°C; 95% CI:
—6.6, —3.0; n = 37; SI Appendix, Fig. S34): warmer temperatures
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led to earlier phenology. Also as expected, temperatures in-
creased over the past 35 years (0.8 °C/decade; 95% CI: 0.5, 1.0;
n = 18; SI Appendix, Fig. S3B). Despite these relationships,
neither the observed shifts in phenology nor synchrony were
significantly related to differences in temperature change since
the early 1980s [phenology: —0.02 d/°C; 95% CI: -0.3, 0.3; n =37
(Fig. 24); synchrony: —0.1 d/°C; 95% CI: -0.5, 0.2; n = 22].

Our study is relatively rare among synthetic studies in
attempting to attribute phenological changes directly to long-
term trends in temperature, rather than interannual variations in
temperature (2, 35, 37); the few previous efforts have found
variable results (15, 36, 38, 39). More commonly, recent changes
in biological traits (e.g., range shifts) are inferred to be due in
part to climate change, without rigorous attribution (40).

The difficulty we found in attributing changes in phenology or
synchrony to temperature change could be a function of both
methodology and biology. In our synthesis, there is a great deal
of uncertainty in the estimates of temperature and of pheno-
logical change over time (Fig. 24). Many methodological chal-
lenges related to estimating phenological shifts over time (e.g.,
sampling design, spatial scale, changes in population size) can
add uncertainty to estimates (40). Given that our estimated re-
sponses and interannual variation in the data were similar to
previous studies, we suspect that the high uncertainty was pri-
marily related to the short length of many of our time series. The
mean dataset length was 21.7 years (SD = 8.4, range = 6-37),
with aquatic datasets being longer on average than terrestrial
ones (24 vs. 20.3 years, respectively) and datasets at lower lati-
tudes being longer than higher latitudes (SI Appendix, Fig. S4).
The null model we built in which we varied the length of the time
series (SI Appendix, section 2) supports this hypothesis (Fig. 2B):
we were more likely to retrieve the true value for phenological
change and with less uncertainty with longer time series than
currently available. We also likely had low power due to the
small variation in temperature change among species (0.7—
0.8 °C/decade) relative to the uncertainty of the estimates of
temperature change. We note, however, that our hierarchical
model structure will generally reduce variation in the study-level
estimates of temperature change when most studies’ time series
are short and noisy (as is the case here); this makes it difficult to
identify whether the actual temperature change across studies
was small or whether the combination of low sample size and
high uncertainty made it difficult to robustly estimate differences
across studies in temperature change. Finally, it could also be
difficult to predict phenological shifts from temperature changes

10 15 : 20 : 25 30 35 40

0.50 0.75 1.00
Temperature change (°C/decade)

Time-series length

Fig. 2. Uncertainty in estimates of phenological and temperature change. (A) Relationship between phenological change (days/decade) and temperature
change (°C/decade) across species (n = 37). Means with 95% Cls for both axes are shown. (B) Effect of time-series length (5-40 years, in increments of 5,
assessed using a null model) on estimates of species’ phenological change (days/year) represented as black dots (n = 31), with 95% Cls represented by colored
lines. Dotted lines bracket 20 years of data, corresponding to the average length of time series (mean = 21.7 years, SD = 8.4).
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when temperature change is measured as a trend. While we
detected species-specific sensitivities to temperature on an an-
nual scale (SI Appendix, Fig. S34), these responses may be
weakened when change is estimated (and thus averaged)
across years.

Biologically, it is challenging to link phenological shifts directly
to temperature changes because temperature is a complex phe-
nological cue. Temperature can influence phenology differently
depending on when (41) or how (42-44) temperature changes, or
the importance of other environmental factors (45, 46). While
all studies in our temperature attribution analysis indicated that
temperature was a phenological cue for at least one of the
species, temperature alone might be too simple an indicator
for these events. For example, in marine ecosystems, nutrient
availability, mixing, solar irradiance, stratification, and grazing
all regulate the timing and magnitude of phenological shifts
(36). Improved mechanistic understanding of phenological cues
would greatly help in understanding and predicting synchrony
changes (14).

While the timing of interacting species has shifted in recent
decades, predicting which interactions are likely to experience
greater shifts in synchrony, how the interaction will change, and
the biological importance of these shifts remain uncertain. First,
the interactions included in this review differ in many respects
that could influence the magnitude and direction of synchrony
change in response to climate change. For example, the phe-
nology of species in more specialized interactions may rely to a
greater extent on similar cues than those in less specialized in-
teractions, which could lead to smaller overall climate-driven
changes in synchrony for more specialized interactions (but see
ref. 47). Changes in synchrony can have fitness consequences (7,
48, 49) and influence ecosystem-level properties like primary
productivity (6) and pollination (50), but such consequences are
not always found (51, 52) or they are scale dependent (53, 54).
This variation in responses is driving a growing discussion about
how common ecological consequences of shifts in synchrony are
likely to be (8, 9, 55). It is unclear the extent to which species will
be able to adapt evolutionarily to restore synchrony (10, 56).
Moreover, in systems where asynchrony may be the baseline
state (i.e., without climate change) (9) or for less specialized
interactions (57), climate change-driven shifts in synchrony may
not lead to substantial effects on fitness in those interactions.
The question of determining how synchronous a population and
its food resources, or a resource and its consumer, should be—
both theoretically and empirically—remains an ongoing chal-
lenge. Understanding the baseline level of synchrony, as well as
the factors determining this level, will be important for evalu-
ating the consequences of synchrony changes for an interaction
due to climate change.

Our findings provide a step toward understanding how climate
change is influencing the timing of interacting species. While the
relative timing of key life cycle events between interacting spe-
cies is significantly different from what it was 35 years ago, there
has been no consistent trend in the direction of these changes:
the seasonal timing of some interacting species are now closer
together, while others are further apart. However, any change in
the relative timing of interacting species could represent a dis-
ruption in that interaction leading to fitness consequences for
one or both. Small overall changes in synchrony are likely a
function of interacting species shifting their phenologies at
similar rates. Although we only found a weak relationship be-
tween temperature change and species’ phenological shifts, the
estimated changes in phenology and synchrony we detected
were greater than predicted based on the estimated levels of
synchrony before recent climate change began, suggesting that
climate change could have caused these shifts. Our findings
suggest that there will be widespread climate change-related
shifts in the synchrony of species interactions in the future;

5214 | www.pnas.org/cgi/doi/10.1073/pnas.1714511115

the next challenges are to improve our ability to predict the di-
rection of change and to understand the full consequences for
communities and ecosystems.

Methods

Literature Search. To build the database, we located papers that recorded
phenology for >4 years for interacting species by conducting keyword
searches in Web of Science up to August 2015. Authors had to be explicit
that the two species interacted (e.g., specifying type of interaction). How-
ever, the interpretation of this definition by authors and the degree to
which two species interacted (i.e., interaction strength) likely varied across
studies. We were not able to quantify the strength of interactions or account
for this potential source of variation in our analyses given that this level of
detail was not reported in most studies (S/ Appendix, section 2). Phenology
was typically measured as the first date of occurrence, which can be sensitive
to changes in population size and sampling frequency (57). However, addi-
tional analyses suggest that the key results are unaffected by this data
limitation (S/ Appendix, section 3). In total, there were 54 unique pairwise
species interactions among 27 studies (S/ Appendix, Table S8) with time-
series phenological data that spanned the years 1951-2013. Our dataset
included 88 species that spanned a wide range of taxonomic groups from
aquatic and terrestrial ecosystems across four continents (S/ Appendix,
Fig. S1).

Pre-Recent Climate Change Data. To test for evidence that phenology and
synchrony shifted alongside major climatic change, we defined a “pre-recent
climate change” dataset. To do this, we subset the phenological data for
years before and including 1981 (see S/ Appendix, section 2 for more dis-
cussion on choosing 1981). We excluded time series for species with <5 years
of data before 1981. The pre-recent climate change dataset included
31 species from 11 studies and the mean time-series length was 12 years.
More information on how these data were used is provided in the Statistical
Modeling section below and in S/ Appendix, section 2.

Temperature Data. For those studies that considered temperature as a main
phenological cue for at least one of the interacting species, we extracted
temperature data for all papers when possible; otherwise, we contacted
authors to request the data underlying their analyses. We included tem-
perature data for those years with phenological data for both species. In
total, there were 37 species with temperature data from 22 interactions and
13 studies (S/ Appendix, Table S1).

Statistical Modeling. To account for variation in variance and sample size
across species, thus accounting for key methodological differences across
studies, we used Bayesian hierarchical modeling for all analyses. All statistical
analyses were conducted in the R 3.3.2 environment (58). The models were fit
using the programming language Stan (59) (www.mc-stan.org), accessed via
the rstan package (version 2.14.1). All estimated model parameters, as well
as variance parameters, were assigned weakly noninformative priors (see
individual models for details in SI Appendix, section 5). Estimates in the text
refer to the overall response (e.g., see u; below) across 3,000 iterations with
95% Cls unless otherwise noted.

To estimate changes in phenology, temperature, and synchrony over time,
as well as to evaluate phenological sensitivity to temperature, a two-level
hierarchical model with partially pooled slopes (also commonly referred to
as random slopes) was used (S/ Appendix, section 5, model 1). All models
followed the same basic equation:

Vi =asi +P (xi)
Bs~N(up, op)

Yi~N(y;. i)

where y is temperature or phenology (depending on the model), x is year, i
represents a single observation, s represents species, and y is the predicted
value of y. When we fit a linear trend (i.e., nonhinge model), x; = (year; —
1981). When we fit a hinge model (for studies that met our criteria, see
below) years before and equal to 1981 were set to 0 (x; = 0), whereas x; =
(year; — 1981) for years after 1981. This partial-pooling slope model esti-
mates both species-level responses [yielding an estimate for each species
(i.e., B5)] and the distribution from which the species-level estimates are
drawn, yielding a higher-level estimate of the overall response across species
(i.e., ug). We partially pooled slopes given the documented directional
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changes in phenology and temperature over time (35, 36). By pooling
slopes, we also accounted for variation in variance and sample size across
observations (e.g., species, datasets). We did not pool intercepts because
our goal was to model past changes in the best possible way and our
posterior predictive checks showed that unpooled intercepts improved
the model.

Given significant warming trends in recent decades and the detection of
nonstationarities in both temperature data and recent ecological responses
to climate change (60-62), we used a hinge model (S/ Appendix, Fig. S2). We
used 1981 as the inflection point to reflect the major change in temperature
observed in the early 1980s. We only included a hinge for those species
with >4 years of data before 1981. For species with <4 years of data, a linear
trend was fit [i.e., x; = (year; — 1981)]. (Additional methods are provided in S/
Appendix, section 2.)

Phenological and Synchrony Models. To estimate changes in phenology, we
estimated phenological change (days/decade) as specified above for each
individual species. To put those changes into context, we estimated phe-
nological change on the pre-recent climate change dataset using a nonhinge
model. Then, to estimate the mean change and 95% Cl, we used an intercept-
only simple linear model based on the difference in posterior distributions of
us between the two models (the hinge model using all data and a nonhinge
model using data before 1981).

To estimate synchrony, we first estimated phenological change (days/
decade) as specified above for each individual species and then took the
difference in slope between interacting species (days/decade). We estimated
synchrony change over the same years for both species. Therefore, some of
the time series for some interacting species were shortened to match their
partner. The difference in slope was taken for each model iteration. To
standardize direction of change across interactions (e.g., increase or decrease
in the number of days/decade), we needed to determine the seasonal order of
the interaction (i.e., consumer emerges before resource or resource emerges
before consumer). To calculate this seasonal order, we took the difference in
the average day of year across all years for each species’ phenological event.
We used this order to establish which interactions were effectively moving
together or apart. We corrected for any instances where the interaction
order switches (i.e., the slopes cross over the years of observation; n = 3) and
assigned such instances as moving further apart.

To calculate the magnitude of change in synchrony, we used an intercept-
only hierarchical model based on the posterior distribution of the absolute
value of synchrony change (days/decade), partially pooling intercepts fol-
lowing this equation:

Yi=asi)
Qs ~ N(ﬂm Ua)

Yi~N(yj o1)

where y is synchrony change, i represents a single iteration, s represents an
interaction, and y is the predicted value of y. Because of the skewed dis-
tribution (due to taking the absolute value of changes), we used a truncated
normal distribution for the overall (u,) and species-level intercept (a;) pa-
rameters defined in the Stan environment (S/ Appendix, section 5, model 2).
To calculate the overall change in synchrony, we took the same approach
but did not use a truncated normal distribution. We report the overall re-
sponse (u,) and 95% Cls from both of these models.

Temperature Models. We constructed two models of temperature change,
one that estimated temperature change per interaction (n = 22) and one that
estimated temperature change per unique dataset, to get an estimate of
overall temperature change (n = 18; S/ Appendix, Fig. S3). To obtain a more
comprehensive estimate of overall temperature change, we included studies
where nutrients have been shown to explain phenology of one of the
interacting species (63-65) in this model. The model estimating the re-
lationship between phenological sensitivity and temperature (days/°C) was
fit for each individual species (S/ Appendix, Fig. S3A). Both temperature
sensitivity and temperature change models were fit as hierarchical models as
described above (S/ Appendix, section 5, model 1).

Covariate Models. To estimate the relationship between temperature change
and phenological change, we fit phenological change as a function of

1. Ovaskainen O, et al. (2013) Community-level phenological response to climate
change. Proc Natl Acad Sci USA 110:13434-13439.
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temperature change. To incorporate uncertainty of the posterior distribution
at the species level, we took two steps. First, on the smaller dataset (which
relied on temperature data), we fit two models: temperature and pheno-
logical change (as described above). From these hierarchical models, we used
the lower-level estimates [i.e., the species’ slopes from the posterior distri-
bution from both models (5;)] from the last 3,000 iterations as observations
in a new two-level hierarchical model (iterations are nested within species).
In this model, we partially pooled intercepts (also commonly referred to as
random intercepts) following this equation (S/ Appendix, section 5, model 3):

Vi=agp +p(x;)
Qs ~ N(ﬂa: O'a)

Yi~N(y;. o)

where y is phenological or synchrony change (depending on the model), x is
temperature change, i represents a single iteration, s represents species, and
y is the predicted value of y. This model allows variation across species in
their phenological change, but estimates a single slope (i.e., change in
phenology per change in temperature) across all species (f). Slopes were not
allowed to vary across species because there was not enough variation
within species (i.e., most species experienced only one amount of temper-
ature change). We assumed species within studies had similar variance. In
the final model, there were 13 studies and 37 species.

To estimate the relationship between temperature change and synchrony
change, we fit synchrony change as a function of temperature change. To do
so, we took the same steps as the covariate model for phenology but with
one modification. To obtain one estimate of temperature change for in-
teractions where different temperature metrics were provided for each
species in an interaction (n = 8), we used the temperature data for the
resource. Synchrony change was estimated as described above but for this
dataset (n = 22 interactions). We took the absolute value of synchrony
change because it is unclear whether long-term temperature change should
lead to interacting species getting further apart or closer together in sea-
sonal timing. Given that none of the synchrony change estimates could be
less than zero (given that we worked with the absolute value of synchrony
change), we used a truncated normal distribution for the overall (4,) and
species-level (a;) intercept parameters defined in the Stan environment (S/
Appendix, section 5, model 4). To evaluate the strength of the relationship
for the covariate models, the estimated slope () (with the 95% Cls) is
reported in the text.

Null Modeling. We constructed three different null models (for details, S/
Appendix, section 2). The first two were used to test the degree to which
synchrony has changed since recent climate change began in the early 1980s.
We first estimated the amount of natural variation either in magnitude or
overall change in synchrony among interacting species before recent climate
change began using simulated or raw data, which we then compared with
changes after recent climate change started. This approach is an important
step toward testing the hypothesis that recent shifts in synchrony have di-
verged from some baseline level of synchrony that existed before large
changes in climate occurred in the early 1980s (16). To define this hypothesis
of baseline synchrony rigorously, one would need long time series encom-
passing periods of natural climate variability and anthropogenic climate
change. These criteria were met by only a subset of the datasets. Our ap-
proach allowed us to use existing data to quantify the degree to which
synchrony has changed since recent climate change began. Finally, the third
null model was used to explore the effect of time-series length on estimates
of phenological change.
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