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Abstract  23	

Phenological responses to climate change (e.g., earlier leafout or egg hatch date) are now well 24	

documented and clearly linked to rising temperatures in recent decades. Such shifts in the 25	

phenologies of interacting species may lead to shifts in their synchrony, with cascading 26	

community and ecosystem consequences. To date, single-system studies have provided no clear 27	

picture, either finding synchrony shifts may be extremely prevalent [Mayor SJ, et al. (2017) Sci 28	

Rep-UK 7] or relatively uncommon [Iler AM, et al. (2013) Glob. Change Biol. 19:2348-2359], 29	

suggesting that shifts toward asynchrony may be infrequent. A meta-analytic approach would 30	

provide insights into global trends, and how they are linked to climate change. We compared 31	

phenological shifts among pair-wise species interactions (e.g. predator-prey) using published 32	

long-term time-series data of phenological events from aquatic and terrestrial ecosystems across 33	

four continents since 1951 to determine whether recent climate change has led to overall shifts in 34	

synchrony. We show that the relative timing of key life cycle events of interacting species has 35	

changed significantly over the past 35 years. Further, by comparing the period before major 36	

climate change (pre-1980s) and after, we show that estimated changes in phenology and 37	

synchrony are greater in recent decades. However, there has been no consistent trend in the 38	

direction of these changes. Our findings show that there have been shifts in the timing of 39	

interacting species in recent decades; the next challenges are to improve our ability to predict the 40	

direction of change, and understand the full consequences for communities and ecosystems. 41	

Significance 42	

Shifts in the timing of species interactions are often cited as a consequence of climate change 43	
and—if present—are expected to have wide-reaching implications for ecological communities. 44	
Our knowledge about these shifts mostly comes from single systems, which have provided no 45	
clear picture, thus limiting our understanding of how species interactions may be responding 46	
overall. Using a new global database based on long-term data on the seasonal timing of 47	
biological events for pair-wise species interactions, we find that the relative timing of interacting 48	



species has changed substantially in recent decades. The observed shifts are greater in magnitude 49	
than before recent climate change began, suggesting that there will be widespread climate 50	
change-related shifts in the synchrony of ecological communities in the future. 51	

\body 52	

Text 53	

While the most common ecological response to climate change is an advance in seasonal 54	

timing, substantial variation has been observed within and across taxonomic groups, including 55	

between directly interacting species (1-5). One of the potential outcomes of this variation is a 56	

directional change in the relative timing of interacting species (i.e. a change in phenological 57	

synchrony). Many researchers hypothesize that climate change will lead to significant changes in 58	

synchrony with potential negative consequences for those interacting species and their ecological 59	

communities in some (1,2,6,7) but not all contexts (8-10).  60	

It is commonly thought that warming will lead to changes in synchrony (11-13). These 61	

changes are expected to be prevalent because (i) temperature is an important phenological cue 62	

for many taxonomic groups (14), (ii) the temperature sensitivity of phenology of interacting 63	

species can differ (2,15) and, (iii) global temperatures have increased on average by 0.85°C since 64	

1880 (16). Indeed, there is evidence from single-systems, as well as from reviews (17,18), that 65	

many interacting species are shifting their phenologies at different rates, leading to changes in 66	

synchrony (7,19-21). To date, however, there have been no quantitative assessments of shifts 67	

across studies for species that directly interact—leaving open the question of how prevalent and 68	

large such shifts may be. Indeed, evidence from observations and small-scale experiments 69	

suggests that maintenance of synchrony in the context of environmental change could be 70	

common (1, 22-26). Examples from directly interacting species show that synchrony has been 71	

sustained (27,28). Others show that the degree of changes in synchrony can vary across 72	

populations (29-31) or has been less than expected (32,33). These examples, along with 73	



theoretical considerations (for further discussion see SI Appendix, Section 1) question whether 74	

shifts toward asynchrony should be widespread (1,8,10). Considered together, the evidence to 75	

date does not provide a clear picture of how prevalent and large shifts in synchrony have been in 76	

response to recent climate change. Here, we use a quantitative meta-analysis to assess shifts in 77	

the synchrony of directly interacting species to provide perspective and estimate global trends in 78	

synchrony change. 79	

We use published time-series data of phenological events from pair-wise species 80	

interactions to test (1) whether there have been recent directional changes in synchrony and (2) 81	

whether these shifts can be attributed to climatic warming. Establishing these links is critical for 82	

robust predictions of future shifts in synchrony due to climate change.  83	

Our meta-analytic approach identified 27 studies with time-series phenological data for 84	

>4 years that includes 970 study-years and spanned 1951 to 2013 (average first year was 1984). 85	

Our dataset includes 88 species that span a wide range of taxonomic groups from aquatic and 86	

terrestrial ecosystems across four continents and consists of 54 pair-wise species interactions 87	

(trophic and non-trophic) that vary in their interaction strengths. To estimate synchrony change, 88	

we first estimate phenological change (days/decade) for each species using a Bayesian 89	

hierarchical model. Our model estimates both species-level responses and the distribution from 90	

which they are drawn, yielding a higher-level estimate of the overall response across species. 91	

With this approach we account for variation in variance and sample size across species, thus 92	

accounting for methodological differences across studies. Because we are interested in 93	

phenological change in response to climate change, we use a hinge model with 1981 as the 94	

inflection point, when a major shift in the temporal trend of temperature occurred (16) (SI 95	

Appendix, Fig. S2). This allows us to estimate change across time-series more accurately with 96	



varying start dates and prevented bias toward weaker effects in longer time-series (for more 97	

discussion see SI Appendix, Section 2). We estimate the magnitude of change in synchrony by 98	

taking the absolute value of the difference between slopes (days/decade) of interacting species, 99	

with zero indicating no change in synchrony and larger differences in slope indicating a larger 100	

change in synchrony. We also evaluate the magnitude and directionality of change in synchrony 101	

(henceforth referred to as “overall shifts”) by simply taking the difference in slopes; here 102	

negative values indicate the timings of interacting species are getting further apart and positive 103	

values signify that the two events are getting closer together. 104	

To put the magnitude of observed changes in synchrony into context and quantify how 105	

much variation may be due to noise (i.e. factors other than climate change), we take an important 106	

first step towards testing the hypothesis that recent shifts in synchrony have diverged from some 107	

baseline level of synchrony that existed before large changes in climate occurred in the early 108	

1980s (9). We design two types of null models that estimate the amount of natural variation in 109	

either the magnitude or overall change in synchrony among interacting species before recent 110	

climate change began, which we then compare to changes after recent climate change started 111	

(see SI Appendix, Section 2). 112	

We also assess whether changes in synchrony were related to recent temperature change. 113	

To do so, we correlate long-term trends in temperature (°C/decade) with individual species’ 114	

phenological shifts (days/decade), as well as synchrony changes (days/decade). Temperature 115	

change is evaluated for the measure of temperature identified as the strongest phenological cue 116	

by individual studies. These analyses are done on a subset of the data, as temperature data are 117	

only available for 37 species from 22 interactions. To calculate temperature change, we use a 118	

similar hierarchical hinge model, as explained above.  119	



 120	

Results and Discussion 121	

Since the early 1980s, phenology advanced across species by 4.0 days/decade (95% 122	

credible interval (CI): -5.5, -2.4; n=88), which was significantly greater than advances estimated 123	

before 1981 (2.7 days/decade; 95% CI: -6.4, 1.4; n=31; difference=0.94 days/decade; 95% CI: 124	

0.86, 1.0). Our observed magnitude of phenological change is similar to other recent syntheses 125	

(34-36).   126	

We found that the relative timing of interacting species has substantially changed 127	

compared to 35 years ago. Synchrony shifted in magnitude by 6.1 days/decade (zero indicating 128	

no change in synchrony; 95% CI: 5.2,7.0, n=54; Figure 1a), which was substantially greater than 129	

the magnitude of synchrony shifts estimated from our null model based on shifts before 1981 130	

(0.97 days/decade; 95% CI: 0.96, 0.98; see SI Appendix, Section 2 for null model details). There 131	

was no consistency in the direction of shifts (-0.50 days/decade, 95% CI: -2.1, 1.1, n=54; Figure 132	

1c): while timing for the majority of interacting species is shifting closer together (57% 133	

interactions; 31/54) (Figure 1c), the phenologies of many interacting species are shifting further 134	

apart (43% interactions; 23/54). Most interacting species advanced their phenology by similar 135	

magnitudes leading to smaller overall changes (Figure 1b). Nevertheless, overall shifts were 10X 136	

greater in magnitude than expected based on our null model estimating synchrony shifts before 137	

1981 (-0.50 days/decade vs. 0.048 days/decade; 95% CI: -0.08, 0.2; Figure 1c) and 5X greater 138	

than the overall synchrony change observed until 1981 (-0.50 days/decade vs. 0.097 139	

days/decade; 95% CI: -1.7, 1.9; n=16). 140	

The recent changes in phenology and synchrony we detected are consistent but could not 141	

be directly linked with warming since the early 1980s. As expected, the phenologies of species in 142	



this dataset were sensitive to temperature (-4.8 days/°C; 95% CI: -6.6, -3.0, n=37; SI Appendix, 143	

Fig. S3a): warmer temperatures led to earlier phenology. Also as expected, temperatures 144	

increased over the past 35 years (0.8 °C/decade; 95% CI: 0.5, 1.0, n=18; SI Appendix, Fig. S3b). 145	

Despite these relationships, neither observed shifts in phenology nor synchrony were 146	

significantly related to differences in temperature change since the early 1980s (phenology: -0.02 147	

days/°C; 95% CI: -0.3, 0.3; n=37 (Figure 2a); synchrony: -0.1 days/°C; 95% CI: -0.5, 0.2; n=22).   148	

Our study is relatively rare among synthetic studies in attempting to attribute 149	

phenological changes directly to long-term trends in temperature, rather than inter-annual 150	

variations in temperature (2,35,37); the few previous efforts have found variable results 151	

(15,36,38,39). More commonly, recent changes in biological traits (e.g., range shifts) are inferred 152	

to be due in part to climate change, without rigorous attribution (40).  153	

The difficulty we found in attributing changes in phenology or synchrony to temperature 154	

change could be a function of both methodology and biology. In our synthesis, there is a great 155	

deal of uncertainty in the estimates of temperature and of phenological change over time (Figure 156	

2a). Many methodological challenges related to estimating phenological shifts over time (e.g., 157	

sampling design, spatial scale, changes in population size) can add uncertainty to estimates (40). 158	

Given that our estimated responses and inter-annual variation in the data were similar to previous 159	

studies, we suspect the high uncertainty was primarily related to the short length of many of our 160	

time-series. The mean dataset length was 21.7 years (sd=8.4, range=6-37), with aquatic datasets 161	

being longer on average than terrestrial ones (24 vs. 20.3, respectively) and datasets at lower 162	

latitudes being longer than higher latitudes (SI Appendix, Fig. S4). The null model we built in 163	

which we varied the length of the time series (see SI Appendix, Section 2), supports this 164	

hypothesis (Figure 2b): we were more likely to retrieve the true value for phenological 165	



change and with less uncertainty with longer time-series than currently available. We also likely 166	

had low power due to the small variation in temperature change among species (0.7-167	

0.8°C/decade) relative to the uncertainty of the estimates of temperature change. We note, 168	

however, that our hierarchical model structure will generally reduce variation in the study-level 169	

estimates of temperature change when most studies’ time-series are short and noisy (as is the 170	

case here); this makes it difficult to identify whether the actual temperature change across studies 171	

was small or whether the combination of low sample size and high uncertainty made it difficult 172	

to robustly estimate differences across studies in temperature change. Finally, it could also be 173	

difficult to predict phenological shifts from temperature changes when temperature change is 174	

measured as a trend. While we detected species-specific sensitivities to temperature on an annual 175	

scale (SI Appendix, Fig. S3a), these responses may be weakened when change is estimated (and 176	

thus averaged) across years. 177	

Biologically, it is challenging to link phenological shifts directly to temperature changes 178	

because temperature is a complex phenological cue. Temperature can influence phenology 179	

differently depending on when (41) or how temperature changes (42-44), or the importance of 180	

other environmental factors (45,46). While all studies in our temperature attribution analysis 181	

indicated that temperature was a phenological cue for at least one of the species, temperature 182	

alone might be too simple an indicator for these events. For example, in marine ecosystems, 183	

nutrient availability, mixing, solar irradiance, stratification and grazing all regulate the timing 184	

and magnitude of phenological shifts (36). Improved mechanistic understanding of phenological 185	

cues would greatly help in understanding and predicting synchrony changes (14).  186	

While the timing of interacting species has shifted in recent decades, predicting which 187	

interactions are likely to experience greater shifts in synchrony, how the interaction will change 188	



and the biological importance of these shifts remains uncertain. First, the interactions included in 189	

this review differ in many respects that could influence the magnitude and direction of synchrony 190	

change in response to climate change. For example, the phenology of species in more specialized 191	

interactions may rely to a greater extent on similar cues than those in less specialized interactions 192	

which could lead to smaller overall climate-driven changes in synchrony for more specialized 193	

interactions (but see 47). Changes in synchrony can have fitness consequences (7,48,49) and 194	

influence ecosystem-level properties like primary productivity (6) and pollination (50) but such 195	

consequences are not always found (51, 52) or they are scale-dependent (53,54). This variation 196	

in responses is driving a growing discussion about how common ecological consequences of 197	

shifts in synchrony are likely to be (8,9,55). It is unclear the extent to which species will be able 198	

to adapt evolutionarily to restore synchrony (10,56). Moreover, in systems where asynchrony 199	

may be the baseline state (i.e., without climate change) (9) or for less specialized interactions 200	

(57), climate change-driven shifts in synchrony may not lead to substantial effects on fitness in 201	

those interactions. The question of determining how synchronous a population and its food 202	

resources, or a resource and its consumer, should be – both theoretically and empirically, 203	

remains an ongoing challenge. Understanding the baseline level of synchrony, as well as the 204	

factors determining this level, will be important for evaluating the consequences of synchrony 205	

changes for an interaction due to climate change.  206	

Our findings provide a first step towards understanding how climate change is 207	

influencing the timing of interacting species. While the relative timing of key life cycle events 208	

between interacting species is significantly different than it was 35 years ago, there has been no 209	

consistent trend in the direction of these changes: the seasonal timing of some interacting species 210	

are now closer together, while others are further apart.  However, any change in the relative 211	



timing of interacting species could represent a disruption in that interaction leading to fitness 212	

consequences for one or both. Small overall changes in synchrony are likely a function of 213	

interacting species shifting their phenologies at similar rates. Although we only found a weak 214	

relationship between temperature change and species’ phenological shifts, the estimated changes 215	

in phenology and synchrony we detected were greater than predicted based on the estimated 216	

levels of synchrony before recent climate change began, suggesting that climate change could 217	

have caused these shifts. Our findings suggest that there will be widespread climate change-218	

related shifts in the synchrony of species interactions in the future; the next challenges are to 219	

improve our ability to predict the direction of change, and understand the full consequences for 220	

communities and ecosystems. 221	

Methods 222	
Literature Search. To build the database, we located papers that recorded phenology for more 223	
than 4 years for interacting species by conducting keyword searches in the Web of Science up to 224	
August 2015. Authors had to be explicit that the two species interacted (e.g. specifying type of 225	
interaction). However, the interpretation of this definition by authors and the degree to which 226	
two species interacted (i.e. interaction strength) likely varied across studies. We were not able to 227	
quantify the strength of interactions or account for this potential source of variation in our 228	
analyses given that this level of detail was not reported in most studies (see SI Appendix, Section 229	
2). Phenology was typically measured as the first date of occurrence, which can be sensitive to 230	
changes in population size and sampling frequency (57). However, additional analyses suggest 231	
the key results are unaffected by this data limitation (see SI Appendix, Section 3). In total, there 232	
were 54 unique pair-wise species interactions among 27 studies (SI Appendix, Table S8) with 233	
time-series phenological data that spanned 1951 to 2013. Our dataset included 88 species that 234	
spanned a wide range of taxonomic groups from aquatic and terrestrial ecosystems across four 235	
continents (SI Appendix, Fig. S1).  236	
Pre-recent climate change data. To test for evidence that phenology and synchrony shifted 237	
alongside major climatic change, we defined a “pre-recent climate change” dataset. To do this, 238	
we subsetted the phenological data for years before and including 1981 (see SI Appendix, 239	
Section 2 for more discussion on choosing 1981). We excluded time-series for species with 240	
fewer than 5 years of data before 1981. The pre-recent climate change dataset included 31 241	
species from 11 studies and the mean time series length was 12 years. More information on how 242	
these data were used is provided in the statistical modeling section below and in SI Appendix, 243	
Section 2. 244	
Temperature data. For those studies that considered temperature as a main phenological cue for 245	
at least one of the interacting species, we extracted temperature data for all papers when possible; 246	
otherwise we contacted authors to request the data underlying their analyses. We included 247	



temperature data for those years with phenological data for both species. In total, there were 37 248	
species with temperature data from 22 interactions and 13 studies (SI Appendix, Table S1).  249	
Statistical modeling. To account for variation in variance and sample size across species, thus 250	
accounting for key methodological differences across studies, we used Bayesian hierarchical 251	
modeling for all analyses. All statistical analyses were conducted in the R 3.3.2 environment 252	
(58). The models were fit using the programming language Stan (59) (www.mc-stan.org), 253	
accessed via the rstan package (version 2.14.1). All estimated model parameters, as well as 254	
variance parameters, were assigned weakly non-informative priors (see individual models for 255	
details in SI Appendix, Section 5). Estimates in the text refer to the overall response (e.g., see 𝜇! 256	
below) across 3000 iterations with 95% credible intervals unless otherwise noted. 257	

To estimate changes in phenology, temperature and synchrony over time, as well as to 258	
evaluate phenological sensitivity to temperature, a two-level hierarchical model with partially 259	
pooled slopes (also commonly referred to as random slopes) was used (see SI Appendix, Section 260	
5, model 1). All models followed the same basic equation: 261	

𝑦! = 𝛼![!] + 𝛽![!](𝑥!) 
𝛽! ∼ 𝑁 𝜇! ,𝜎!  
𝑦! ∼ 𝑁 𝑦! ,𝜎!  

 262	
where y is temperature or phenology (depending on the model), x is year, i represents a single 263	
observation, s represents species and 𝑦 is the predicted value of y. When we fit a linear trend (i.e. 264	
non-hinge model), 𝑥! = (𝑦𝑒𝑎𝑟! − 1981). When we fit a hinge model (for studies that met our 265	
criteria, see below) years before and equal to 1981 were set to 0 (𝑥! = 0), whereas 𝑥! = (𝑦𝑒𝑎𝑟! −266	
1981) for years after 1981. This partial-pooling-slope model estimates both species-level 267	
responses (yielding an estimate for each species (i.e. 𝛽!)) and the distribution from which the 268	
species-level estimates are drawn, yielding a higher-level estimate of the overall response across 269	
species (i.e. 𝜇!). We partially pooled slopes given the documented directional changes in 270	
phenology and temperature over time (35, 36). By pooling slopes, we also accounted for 271	
variation in variance and sample size across observations (e.g., species, datasets). We did not 272	
pool intercepts because our goal was to model past changes in the best possible way and our 273	
posterior predictive checks showed unpooled intercepts improved the model. 274	

Given significant warming trends in recent decades and the detection of non-stationarities 275	
in both temperature data and recent ecological responses to climate change (60-62), we used a 276	
hinge model (SI Appendix, Fig. S2). We used 1981 as the inflection point to reflect the major 277	
change in temperature observed in the early 1980s. We only included a hinge for those species 278	
with greater than 4 years of data before 1981. For species with less than 4 years of data, a linear 279	
trend was fit (i.e. 𝑥! = (𝑦𝑒𝑎𝑟! − 1981)). (See SI Appendix (Section 2) for additional methods. 280	
Phenological and synchrony models. To estimate changes in phenology, we estimated 281	
phenological change (days/decade) as specified above for each individual species. To put those 282	
changes into context, we estimated phenological change on the ‘pre-recent climate change’ 283	
dataset using a non-hinge model. Then, to estimate the mean change and 95%CI, we used an 284	
intercept-only simple linear model based on the difference in posterior distributions of 𝜇! 285	
between the two models (the hinge model using all data and a non-hinge model using data before 286	
1981).   287	

To estimate synchrony, we first estimated phenological change (days/decade) as specified 288	
above for each individual species and then took the difference in slope between interacting 289	
species (days/decade). We estimated synchrony change over the same years for both species. 290	



Therefore, some of the time-series for some interacting species were shortened to match their 291	
partner. The difference in slope was taken for each model iteration. To standardize direction of 292	
change across interactions (e.g. increase or decrease in the number of days/decade), we needed to 293	
determine the seasonal order of the interaction (i.e., consumer emerges before resource or 294	
resource emerges before consumer). To calculate this seasonal order, we took the difference in 295	
the average day of year across all years for each species’ phenological event. We used this order 296	
to establish which interactions were effectively moving together or apart. We corrected for any 297	
instances where the interaction order switches (i.e., the slopes cross over the years of 298	
observation; n=3) and assigned such instances as moving further apart.  299	

To calculate the magnitude of change in synchrony, we used an intercept-only 300	
hierarchical model based on the posterior distribution of the absolute value of synchrony change 301	
(days/decade), partially pooling intercepts following this equation: 302	

𝑦! = 𝛼![!] 
𝛼! ∼ 𝑁 𝜇! ,𝜎!  
𝑦! ∼ 𝑁 𝑦! ,𝜎!  

 303	
where y is synchrony change, i represents a single iteration, s represents an interaction and 𝑦 is 304	
the predicted value of y. Because of the skewed distribution (due to taking the absolute value of 305	
changes), we used a truncated normal distribution for the overall (𝜇!) and species-level intercept 306	
(𝛼!) parameters defined in the Stan environment (see SI Appendix, Section 5, model 2). To 307	
calculate the overall change in synchrony, we took the same approach but did not use a truncated 308	
normal distribution. We report the overall response (𝜇!) and 95% credible intervals from both of 309	
these models.   310	
Temperature models. We constructed two models of temperature change: one that estimated 311	
temperature change per interaction (n=22) and one that estimated temperature change per unique 312	
dataset to get an estimate of overall temperature change (n=18; SI Appendix, Fig. S3).  To obtain 313	
a more comprehensive estimate of overall temperature change, we included studies where 314	
nutrients have been shown to explain phenology of one of the interacting species (63-65) in this 315	
model. The model estimating the relationship between phenological sensitivity and temperature 316	
(days/°C) was fit for each individual species (SI Appendix, Fig. S3a). Both temperature 317	
sensitivity and temperature change models were fit as hierarchical models as described above (SI 318	
Appendix, Section 5, model 1).  319	
Covariate models. To estimate the relationship between temperature change and phenological 320	
change, we fit phenological change as a function of temperature change. In order to incorporate 321	
uncertainty of the posterior distribution at the species level, we took two steps. First, on the 322	
smaller dataset (which relied on temperature data), we fit two models: temperature and 323	
phenological change (as described above). From these hierarchical models, we used the lower-324	
level estimates (i.e., the species’ slopes from the posterior distribution from both models (𝛽!)) 325	
from the last 3000 iterations as observations in a new two-level hierarchical model (iterations are 326	
nested within species). In this model, we partially pooled intercepts (also commonly referred to 327	
as random intercepts) following this equation (see SI Appendix, Section 5, model 3):  328	

𝑦! = 𝛼![!] + 𝛽(𝑥!) 
𝛼! ∼ 𝑁 𝜇! ,𝜎!  
𝑦! ∼ 𝑁 𝑦! ,𝜎!  

 329	



where y is phenological or synchrony change (depending on the model), x is temperature change, 330	
i represents a single iteration, s represents species, and 𝑦 is the predicted value of y. This model 331	
allows variation across species in their phenological change, but estimates a single slope (i.e., 332	
change in phenology per change in temperature) across all species (β). Slopes were not allowed 333	
to vary across species because there was not enough variation within species (that is, most 334	
species experienced only one amount of temperature change). We assumed species within 335	
studies had similar variance. In the final model, there were 13 studies and 37 species.  336	

To estimate the relationship between temperature change and synchrony change, we fit 337	
synchrony change as a function of temperature change. To do so, we took the same steps as the 338	
covariate model for phenology but with one modification. In order to obtain one estimate of 339	
temperature change for interactions where different temperature metrics were provided for each 340	
species in an interaction (n=8), we used the temperature data for the resource. Synchrony change 341	
was estimated as described above but for this dataset (n=22 interactions). We took the absolute 342	
value of synchrony change because it is unclear whether long-term temperature change should 343	
lead to interacting species getting further apart or closer together in seasonal timing. Given that 344	
none of synchrony change estimates could be less than zero (given that we worked with the 345	
absolute value of synchrony change), we used a truncated normal distribution for the overall (𝜇!) 346	
and species-level (𝛼!) intercept parameters defined in the Stan environment (SI Appendix, 347	
Section 5, model 4). To evaluate the strength of the relationship for the covariate models the 348	
estimated slope (β) (with the 95% credible intervals) is reported in the text. 349	
Null modeling. We constructed three different null models (for details see SI Appendix, Section 350	
2). The first two were used to test the degree to which synchrony has changed since recent 351	
climate change began in the early 1980s. We first estimated the amount of natural variation 352	
either in magnitude or overall change in synchrony among interacting species before recent 353	
climate change began using simulated or raw data, which we then compared to changes after 354	
recent climate change started. This approach is an important first step towards testing the 355	
hypothesis that recent shifts in synchrony have diverged from some baseline level of synchrony 356	
that existed before large changes in climate occurred in the early 1980s (16). To define this 357	
hypothesis of baseline synchrony rigorously, one would need long time-series encompassing 358	
periods of natural climate variability and anthropogenic climate change. These criteria were met 359	
by only a subset of the datasets. Our approach allowed us to use existing data to quantify the 360	
degree to which synchrony has changed since recent climate change began. Finally, the third null 361	
model was used to explore the effect of time series length on estimates of phenological change. 362	
 363	
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Figure legends. 534	
Figure 1. Changes in the relative timing of interacting species (n=54). (a) The magnitude of 535	
synchrony change (days/decade) across interactions with zero indicating no change in synchrony. 536	
Presented are the species-level intercepts (𝛼!) from the intercept-only model. The solid vertical 537	
line denotes the mean synchrony change (𝜇!=6.1 days/decade, 95% CI: 5.2, 7.0). The 538	
distribution in red represents the null model with the dashed line as the mean synchrony change 539	
(𝜇! =0.97 days/decade, 95% CI: 0.96, 0.98). (b) Phenological change (days/decade) across 540	
interacting species. Interactions are ordered top to bottom by the magnitude of synchrony 541	
change. Numbers on y-axis represent their unique identifier in the analysis. Mean with 95% 542	
credible intervals are shown. To improve viewing, overlapping labels have been removed. (c) 543	
The direction and magnitude of synchrony change (days/decade) across interactions where 544	
positive values indicate that the timing of interacting species is getting closer together in the 545	
season (days) and negative values mean that the timing of interacting species is getting further 546	
apart in the season (days). Presented are the species-level intercepts (𝛼!) from the intercept-only 547	
model. The solid vertical line denotes the mean synchrony change (𝜇! =-0.50 days/decade, 95% 548	
CI: -2.1, 1.1). The distribution in red represents the null model with the dashed line as the mean 549	
synchrony change (𝜇! =0.048 days/decade; 95% CI: -0.08, 0.2). 550	
 551	
Figure 2. Uncertainty in estimates of phenological and temperature change. (a) Relationship 552	
between phenological change (days/decade) and temperature change (°C/decade) across species 553	
(n=37). Means with 95% credible intervals for both axes are shown. (b) Effect of time series 554	
length (5 to 40 years, in increments of 5, assessed using a null model) on estimates of species’ 555	
phenological change (days/year) represented as black dots (n=31) with 95% credible intervals 556	
represented by coloured lines. Dotted lines bracket 20 years of data, corresponding to the average 557	
length of time series (mean=21.7 years, sd=8.4). 558	
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