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Extended Data Fig. 4 | Species phenological synchrony across suites of of consumer or resource species phenological shifts for pairs of known
interactions when simulated for terrestrial and aquatic interactions interacting species (in blue) and randomly paired species (in red) for any of
separately. Species phenological synchrony across a, pollination (n =47), the four types of interactions. Plots are normalized by counts, with the x-axis
b, predation (n=24), ¢, herbivory (n=10), and d, competitive (n=18) interactions  spanningthe total density distribution. Above the figures, the two lines depict
amongst terrestrial species (a-c), in comparison to e, predation (n=13), the 90% uncertainty intervals (thinner line) and 50% interval (thicker line), and
f, herbivory (n=10), and g, competitive (n = 54) interactions amongst aquatic the point the median.

species (e-g), showed no differences in the distributions of posterior estimates
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Extended DataFig. 5| Estimated phenological shifts of the well-studied Illustrated here is the classic example of the estimated phenological shifts of
interaction between Parus major and caterpillars. Our model replicates Parus major and caterpillars, shown across each type of phenological event
the strong asynchronies found in interactions of well studied species pairs. represented in our dataset.
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phylogenetic effects, Table ED1) include a gray distribution as the density of the
posteri- ors, black circles for the median value, thick dark lines depict the 50%
quantileinterval, and thin black lines depict the 90% quantile interval. Letters

denote groups of species — f=fish, mo=mollusc, a = arachnids, am = amphibians,

Extended DataFig. 6 | Species phenological shifts across trophiclevels,
b=birds, c=copeopod, d =diatom, f =fish, fu = fungi, i = insects, m = mammals,

consumer types, habitats, and types of phenological events. Shifts in species

phenology are similar across several grouping factors, in- cluding: a, trophic
levels, b, consumer types, and ¢, habitat types. d, We also observed similar shifts
across phenological events, with the exception of juvenile bird first ap- pearance.

Eye-plots of the posterior estimates from our full phylogeny model (including p=plants, plk=plankton, t=turtle.
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Extended Data Fig. 7 | Trophic level differences across our species phylogeny
and well-studied evolutionary lineages. a, Within our highly diverse and global

dataset, species trophic level is highly confounded with phylogeny, limiting our
ability to model trophic level directly. Thisis further illustrated for the four most
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well-sampled evolutionary lineages in our dataset, each of which map strongly to
certain trophic levels, b, as all plants are primary producers, ¢, while most insects
are primary consumers, ¢, the majority of birds (aves) secondary consumers,

d, and all of amphibia are secondary consumers.
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Extended Data Fig. 8 | Species phenological shifts with temperature change
across study sites. Shifts in species phenology show no strong relationships to
therate of temperature change at each site of observation across a & e, North
America (n=42sites), b & f, Europe (n=109sites), c & g, the United Kingdom
(n=98sites),d & h, orindependent studies in the United Kingdom, not including
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datafromRIS or the Woodland trust (n sites =14). Analyses were replicated for
both the three month period around which an event occurred (a-d) and for the
annual monthly temperatures (e-h). Gray bands represent the 50% quantile
interval and crosses the 50%.
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Extended Data Table 1| Summary of model outputs from our phylogenetic model, latitudinal model, and models of
well-sample evolutionary lineages

Model Variable Mean 25% 75% n_eff Rhat
Main o 173.55 163.40 183.91 7177.03 1.00
Ao 0.39 0.31 0.47 5949.33 1.00

Hsp -0.31 -0.39 -0.23 5057.54 1.00

As 0.11 0.05 0.15 3720.85 1.00

o 72.92 68.00 77.21 6885.79 1.00

a

Oxg 0.77 0.74 0.79 3604.46  1.00

Odoy 19.14 19.10 19.19 5861.51 1.00

Latitude « -0.48 -0.51 -0.46 4454 1.00
Wlatitude 0.00 0.00 0.00 4279  1.00

o 0.66 0.65 0.67 4152  1.00

Amphibia o 13545 12091 149.54 1109.15  1.00

Aa 0.31 0.16 043 813195 1.00

Msp -1.28 -1.68 -0.88 13517.40  1.00

As 0.26 0.15 0.36 14272.34  1.00

OXa 71.30  64.89  76.85 11668.76  1.00

Oxg 1.77 1.54 1.96  8847.29  1.00

Odoy  30.20  29.68  30.69 21057.70  1.00

Aves o 14356 139.10 148.45 118.11  1.02
Aa 0.08 0.03 0.11  2065.25  1.00

tsp -0.34 -0.44 -0.25 13079.24  1.00

As 0.20 0.12 0.27 992423  1.00

O, 67.50 65.04 69.75  8729.92  1.00

Oxg 1.06 1.01 1.10 10437.31  1.00

Odoy  21.36  21.26  21.46 19840.64 1.00

Insecta o 20211 197.26 207.02 57.83  1.09
Ao 0.09 0.02 0.13 577.54  1.01

tsp -0.22 -0.29 -0.15 1379750  1.00

A 0.14 0.07 0.18 9662.33 1.00

O, 52.75 5091  54.17 891.74 1.01

Oxg 0.59 0.56 0.62  4908.87  1.00

Odoy  20.73  20.64 20.81 22811.61 1.00
Magnoliopsida o 14540 14291 147.85 56.28  1.01
Aa 0.12 0.08 0.16  1215.21  1.00

Msp -0.41 -0.44 -0.38  9683.58  1.00

A 0.19 0.13 0.24 6610.99 1.00

O, 43.77 4259 4482 7331.78  1.00

Oxg 0.50 0.48 0.52  5576.54 1.00

Odoy 12.70  12.64 12.76 11360.82  1.00

Summary of model outputs from our phylogenetic model using all species and phenological event data (n =1279), our latitudinal model testing for latitudinal relationships with phenology
(across n = 263 sites), and models of lineages. Results are reported in days per year.
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Extended Data Table 2 | Bibliographic information of recent studies added to the database for 2015 to 2020

Source Species name Phenophase Taxonomic class ~ No. years
Burgess et al.i? Caterpillar abundance insecta, 9
Burgess et al.4? Quercus robur leafout dicotyledon 19
Carter et al.?® Acrid crepitans first appearance amphibia 6
Carter et al.5® Bufo valliceps first appearance amphibia 12
Carter et al.%® Bufo valliceps first appearance amphibia 12
Carter et al.%® Bufo woodhousii first appearance amphibia 12
Carter et al.® Bufo woodhousii first appearance amphibia 12
Carter et al.5% Gastrophryne carolinensis first appearance amphibia 13
Carter et al.5% Gastrophryne carolinensis first appearance amphibia 13
Carter et al.5% Hyla cinerea first appearance amphibia 12
Carter et al.5% Hyla cinerea first appearance amphibia 12
Carter et al.5® Hyla versicolor first appearance  amphibia 13
Carter et al Hyla versicolor first appearance amphibia 13
Carter et al.>® Pseudacris crucifer first appearance amphibia 15
Carter et al.%® Pseudacris crucifer first appearance amphibia 15
Carter et al.5% Pseudacris triseriata first appearance amphibia 13
Carter et al.%% Pseudacris triseriata first appearance amphibia 13
Carter et al.5% Rana catesbeiana first appearance amphibia 12
Carter et al.5% Rana catesbeiana first appearance amphibia 12
Carter et al.%% Rana clamitans first appearance amphibia 13
Carter et al.5% Rana clamitans first appearance amphibia 13
Carter et al.5% Rana palustris first appearance amphibia 6
Carter et al.%¢ Rana sphenocephala first appearance amphibia 15
Carter et al.%¢ Rana sphenocephala first appearance amphibia 15
Davies?” Alliaria petiolata flowering dicotyledon 12
Davies?” Anthocharis cardamines first appearance insecta 17
Davies?” Cardamine pratensis flowering dicotyledon 17
Donoso et al.’® Ballota nigra flowering dicotyledon 17
Donoso et al.’® Brassica nigra flowering dicotyledon 17
Donoso et al.?® Celastrina argiolus abundance insecta 13
Donoso et al.® C ecta, 17
Donoso et al.”® Colias croceus abundance insecta 16
Donoso et al.”® Cynthia cardui abundance insecta 12
Donoso et al.5® Diplotazis erucoides flowering dicotyledon 13
Donoso et al.5® Dittrichia viscosa flowering dicotyledon 16
Donoso et al.’® Helminthotheca echioides  flowering dicotyledon 16
Donoso et al.’® Lamium hybridum flowering dicotyledon 13
Donoso et al.?8 Leptotes pirithous abundance insecta 13
Donoso et al.5 Limonium vulgare flowering dicotyledon 14
Donoso et al.?® Lotus corniculatus flowering dicotyledon 17
Donoso et al.5 Lycaena phlaeas abundance insecta 14
Donoso et al.? Lythrum salicaria flowering dicotyledon 17
Donoso et al.® Melanargia lach abundance insecta 15
Donoso et al.>® Ochlodes venata abundance insecta 17
Donoso et al.%® Picris hieracioides flowering dicotyledon 16
Donoso et al.5® Pieris napi abundance insecta 17
Donoso et al.5 Pieris rapae abundance insecta 17
Donoso et al.5 Plebejus argus abundance insecta 17
Donoso et al.5 Polyommatus icarus abundance insecta 17
Donoso et al.5 Prunus spinosa flowering dicotyledon 13
Donoso et al.5 Ranunculus sardous flowering dicotyledon 13
Donoso et al.? Rubus ulmifolius flowering dicotyledon 17
Donoso et al.>® Sonchus aquatilis flowering dicotyledon 15
Donoso et al.%® Tarazacum campylodes flowering dicotyledon 16
Donoso et al.%® Trifolium fragiferum flowering dicotyledon 16
Donoso et al.5® Trifolium pratense flowering dicotyledon 17
Kudo & Cooper®  Bombus hypocrita first appearance insecta 19
Kudo & Cooper™  Corydalis ambigua flowering dicotyledon 19
Regnier et al.5¢ Ammodytes marinus abundance actinopterygii 7
Regnier et al.50 Calanus finmarchicus ogg laying hexanauplia 7
Regnier et al.50 Calanus helgolandicus cgg laying maxillopoda 7
Reneerkens et al.8!  Aranea abundance arachnida 15
Reneerkens et al.8!  Calidris alba aves 7
Reneerkens et al.5!  Diptera abundance insecta 17
Reneerkens et al.5!  Hemiptera abundance insecta 15
Reneerkens et al.®!  Hymenoptera abundance insecta 17
Reneerkens et al.®!  Lepidoptera abundance insecta 15
Reneerkens et al.®!  Thysanoptera abundance insecta 12
Senior et al.® Acer pseudoplatanus budburst dicotyledon 20
Senior et al.% D, h l first insecta 20
Senior et al.®? D h lo first insecta 20
Senior et al.®? Parasitoids insecta 20
Senior et al.®? eriphyl insecta 20
Senior et al.52 eriphyl insecta 20
Shutt et al.®% Betula budburst dicotyledon 5
Shutt et al.5% Cyanistes caeruleus egg laying aves 5
Wegge & Rolstad®  Tetrao tetriz reproduction aves 38
Wegge & Rolstad®  Tetrao urogallus reproduction aves 38
Wegge & Rolstad®  Vaccinium myrtillus population growth  dicotyledon 38

Bibliographic information for recent studies added to the database for 2015 to 2020, including details for phenological events recorded within a time-series, and their characteristics.
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Study description We performed a meta-analysis using phenological time-series data for 1200 species spanning the tree of life, testing for trends in
phenological shifts and changes in synchrony. Data was analyzed using a novel Bayesian phylogenetic model that allowed us to
incorporate evolutionary history.

Research sample We obtained data from 147 existing studies and long-term monitoring programs. A large portion of our data was obtained from three
existing meta-analyses. We also added updated data from a literature review using the same search terms as one of the previous
meta-analyses.
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Data collection We used existing datasets and obtained data through data requests and a standardized literature review.

Timing and spatial scale  Our data reflects the global distribution of available data. To ensure our ability to detect changes in phenology, we excluded studies
with less than five years of data. Our datasets include phenological observations spanning from 1933 to 2020.

Data exclusions Data was only excluded for species with fewer than five years of phenological observations.

Reproducibility In sharing our model code and the datasets we created, including the additional information we compiled for species life history
traits, promotes the reproducibility of our work.

Randomization We allocated species into groups based on their natural history and ecological constraints, such as being terrestrial versus aquatic.
Since we are using existing datasets, we were not able to control the randomization of individuals or observations.

Blinding Blinding is not relevant to our study as we were using existing data and our aim was to include as diverse and globally distributed
data as possible.
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