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Abstract

1.

Climate change is altering the seasonal timing of biological events across the tree
of life. Phenological asynchrony has the potential to hasten population declines
and disrupt ecosystem function. However, we lack broad comparisons of the
degree of sensitivity to common phenological cues across multiple trophic levels.
Overcoming the complexity of integrating data across trophic levels is essential
for identifying spatial locations and species for which mismatches are most likely

to occur.

. Here, we synthesized over 15years of data across three trophic levels to estimate

the timing of four interacting phenological events in eastern North America: the
green-up of forest canopy trees, emergence of adult Lepidoptera and arrival and

subsequent breeding of migratory birds.

. We next quantified the magnitude of phenological shift per one unit change

of springtime temperature accumulation as measured by accumulated growing
degree days (GDD). We expected trophic responses to spring temperature
accumulation to be related to physiology, thus predicting a weaker response of
birds to GDD than that of insects and plants.

. We found that insect and plant phenology indeed had similarly strong sensitivity

to GDD, while bird phenology had lower sensitivity. We also found that vegetation
green-up and bird arrival were more sensitive to GDD in higher latitudes, but the
timing of bird breeding was less sensitive to GDD in higher latitudes. Migratory
bird species with slow migration pace, early arrivals and more northerly wintering
grounds shifted their arrival the most.

. Across Eastern Temperate Forests, the similar responses of vegetation green-up

and Lepidoptera emergence to temperature shifts support the use of remotely
sensed green-up to track how the timing of bird food resources is shifting in
response to climate change. Ourresultsindicate that, across our plant-insect-bird
system, the bird-insect phenological link has a greater potential for phenological
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mismatch than the insect-plant link, with a higher risk of decoupling at higher

latitudes.
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1 | INTRODUCTION

Phenology—the seasonal timing of ecological events—is highly sensi-
tive to environmental change and thus serves as an indicator for the
impacts of global change on species and communities (Parmesan &
Yohe, 2003). Phenological changes can also potentially trigger con-
sequences for ecosystems via temporal decoupling of interactions
between species (Beard et al., 2019). Such phenological decoupling
occurs because the magnitude and direction of phenological re-
sponses to environmental change vary among interacting species,
which can lead to suboptimal outcomes across trophic levels, such
as reduced prey availability for predators or reduced seed-set for
plants due to low pollination services (Damien & Tougeron, 2019;
Kudo & Ida, 2013). Additionally, responses to phenological drivers
may vary spatially for species (Burgess et al., 2018), potentially ex-
acerbating the risk of phenological mismatches, which refer to the
demographic consequences of these asynchronies (Cushing, 1990;
Durant et al., 2007).

Vegetation green-up, insect emergence and the arrival and sub-
sequent breeding of migratory birds are key vernal events in many
seasonal systems that are linked via trophic interactions. Most North
American birds are primarily or partially insectivorous, and even spe-
cies that generally do not feed on insect prey as adults (e.g. grani-
vores, nectarivores) still rely heavily on insects to feed offspring
(Capinera, 2010; Hurlbert et al., 2021). Lepidoptera larvae (i.e. cat-
erpillars) represent the primary component of this insect prey base
for these birds (Holmes et al., 1979; Jones et al., 2003) and caterpillar
biomass has been demonstrated to influence avian density (Graber &
Graber, 1983), reproductive success (Rodenhouse & Holmes, 1992;
Visser et al., 2006) and the number of broods produced in a given
year (Nagy & Holmes, 2004, 2005). While the larvae of nocturnal
adult Lepidoptera (as opposed to butterflies) are considered par-
ticularly important due to their greater abundance and diversity as
forest herbivores, all Lepidoptera, regardless of diurnality, exhibit
similar phenological shifts in response to climate drivers (Belitz
et al., 2023). As ectothermic herbivores, Lepidoptera are sensitive
to both temperature and the timing of vegetation green-up as they
rely on external heat and palatable leaves for growth (van Asch &
Visser, 2007). The degree of phenological synchrony between cat-
erpillars and their host plants has been linked to insect outbreak dy-
namics (Ekholm et al., 2020) and the decline of butterfly biomass
(Larsen et al., 2024), both of which could impact ecosystem function.

Climate change threatens to disrupt tri-trophic interactions
among plants, Lepidoptera and birds because the phenology of
lower trophic levels, such as primary producers, may respond

more strongly to changing temperatures than higher trophic levels
(Thackeray et al., 2016). For plants and insects, spring phenologies
are physiologically tied to temperature, with plants and insects
maturing faster in warmer environments (Buckley, 2022; Mirth
et al., 2021; Piao et al., 2015), although other drivers such as photo-
period also play a regulatory role (Bradshaw & Holzapfel, 2007; Piao
et al., 2015). While an association between temperature and the tim-
ing of bird migration and breeding phenology is apparent (Bowers
et al., 2016), the mechanism by which this association arises is cur-
rently unknown (Caro et al., 2013). Food availability is likely to play
a role in these phenological events (Cooper et al., 2015) which may
itself be regulated by environmental factors such as temperature
and precipitation (Raimondo et al., 2004). Conversely, there may be
energetic constraints on producing and incubating eggs that could
be imposed by temperature, which will impact the breeding phenol-
ogy of birds (Shutt et al., 2019).

Recent broad-scale research demonstrates that phenological
sensitivity to temperature varies across space and among taxa.
Temperature-driven phenological advances, where phenology
is occurring earlier in the year, in plant leaf out and flowering are
greater in colder locations, compared to warmer locations (Prevéy
et al., 2017). In birds, radar data have shown that the timing of peak
bird migration has advanced 0.6days per decade on average over
24 years across the United States and that these advances are stron-
ger at higher latitudes (Horton et al., 2020). Youngflesh et al. (2021)
found a similar result using eBird data.

As well, life-history traits have considerable impacts on pheno-
logical sensitivity to changes in temperature. The overwintering life
stage of Lepidoptera is one such trait that is important in determining
Lepidopteran phenological sensitivity to temperature. Species that
overwinter in later life stages (such as pupa or adult) have greater
phenological sensitivity to temperature than species that over-
winter in earlier life stages (Roy et al., 2015). In birds, a variety of
traits have been shown to influence the timing of bird migration and
breeding, with a global meta-analysis indicating diet generalists, pri-
mary consumers and larger birds display greater advancements of
pre-breeding migration (Romano et al., 2023). Additionally, birds that
migrate slower, arrive earlier and overwinter further north are better
able to track changes in spring green-up (Youngflesh et al., 2021).

While it is well documented that phenological sensitivities vary
across space, taxa and traits, broad-scale studies comparing sensi-
tivities among three trophic levels to a single phenological cue are
limited. Broad-scale studies determining phenological synchrony
between two of these trophic levels, primarily green-up and birds,
are more common (Robertson et al., 2024; Youngflesh et al., 2021).
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In the eastern United States, it has been documented that although
migratory birds are shifting their arrival dates earlier in more recent
years, these shifts are not keeping pace with rapidly changing veg-
etation green-up, and that the lag between the arrival of migratory
birds and green-up is increasing over time (Mayor et al., 2017). The
timing of landbird breeding has also not kept up with shifts in the
timing of vegetation green-up, with consequences for bird demo-
graphics. Across North America, birds produced fewer young in
years when the timing of breeding was asynchronous with veg-
etation green-up (Youngflesh et al., 2023). While studies taking a
tri-trophic approach, including lepidopterans, plants and birds, are
needed for understanding the consequences of phenological asyn-
chronies, most have occurred on a relatively limited spatial scale
and in systems with relatively limited plant and lepidopteran diver-
sity such as the Netherlands (e.g. Both et al., 2009) and the United
Kingdom. In the United Kingdom, Burgess et al. (2018) documented
that the phenology of oaks, caterpillars and birds is later at high lat-
itudes, but this effect is strongest for oaks. Tri-trophic studies have
also documented asynchrony between peak caterpillar biomass and
peak nestling demand for birds, with the strongest asynchrony in
warmer springs (Burgess et al., 2018; Franks et al., 2018).

Expanding the spatial and taxonomic scope of tri-trophic phenol-
ogy studies is essential for understanding the drivers of phenological
mismatch and identifying where, and for which taxonomic groups,
these mismatches are most likely to occur. Here, we quantified the
degree to which changes in spring accumulated growing degree
days (GDD)—a measure of energy accumulation based on tempera-
ture—shifts the timing of forest canopy trees, Lepidoptera which are
primary consumers on that canopy, and birds which utilize caterpil-
lars as a key food source. We co-located data for all three trophic
groups across eastern North America and estimated the sensitivity of
green-up of new vegetation, emergence of adult butterflies (as a proxy
for caterpillar availability), migratory bird arrival and bird breeding to
spring accumulated GDD. Based on physiological ties of plant and
insect phenology to temperature (Buckley, 2022; Mirth et al., 2021,
Piao et al., 2015), we predict that local plant and Lepidoptera phenol-
ogy will be more tightly coupled to interannual variation and trends
in GDD compared to bird arrival and breeding phenology (Burgess
et al., 2018; Franks et al., 2018). Furthermore, using the dense set of
data resources collated here, we examine whether the signal of phe-
nological asynchrony varies spatially across regions and trophic levels.
We expect greater sensitivity to GDD in more northerly locations for
all three of our trophic levels given the results of previous studies (e.g.
Burgess et al., 2018; Youngflesh et al., 2021).

2 | MATERIALS AND METHODS

2.1 | Estimating phenological metrics

We estimated the timing of vegetation green-up, initiation of adult
butterfly flight period, bird arrival and bird breeding for the years
2002-2017. Our study scope was restricted to the area of North
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America east of 95°W and north of 24° N, which bounds the Eastern
Temperate Forest ecoregion. This study area was chosen because
it has a high density of bird and butterfly observations in our data-
sets and is a seasonal biome where plant and insect phenologies are
known to be regulated by temperature (Larsen et al., 2022; Neupane
et al., 2022). We aggregated satellite-derived canopy green-up with
butterfly and migratory bird data within 74 equal-sized hexago-
nal cells (area of ~70,000km?) created with the R package dggridR
(Barnes, 2017). This aggregation was done to balance typical data
densities for butterflies and bird arrival within spatial bins where
climate variation is much lower within cells compared to between
cells (following Youngflesh et al., 2021; Figure 1). Bird breeding was
estimated at individual bird banding locations.

We estimated vegetation green-up from the Moderate
Resolution Imaging Spectroradiometer (MODIS) Land Cover
Dynamics MCD12Q2 v.6 data product, provided at 500m spatial
resolution (Friedl & Sulla-Menashe, 2019). This product has been
shown to be reliable for estimating vegetation phenology (Purdy
et al.,, 2023; Zhang et al., 2006). These data were first filtered by
land cover, to only those classified as ‘forest’ in the year 2017, as pro-
vided by the MCD12Q1 product (following Youngflesh et al., 2021).
Additionally, green-up values were only extracted from those pixels
as having data quality ‘good’ or ‘best’. Mid-green-up, the estimate of
the day of the year at which the Enhanced Vegetation Index reaches
its half-maximum, was selected as the specific metric to represent
green-up (see Youngflesh et al., 2021) as inflection points are more
reliable than other quantiles used to estimate a tail of a distribution
(Belitz et al., 2020). Green-up for a given cell and year was calcu-
lated as the mean of the green-up values for all pixels within a cell
meeting the above requirements. Cell-level green-up estimates were
estimated for 1184 year/cell combinations.

Phenology of Lepidoptera was based on the start of the adult
butterfly flight period as a proxy for caterpillar phenology, be-
cause adult butterfly phenology has been shown to covary with
caterpillar phenology (Di Cecco et al.,, 2023) and broad scale
caterpillar data remain scarce, despite recent efforts expanding
structured caterpillar surveys conducted by citizen scientists
(Hurlbert et al., 2019). Estimates of Lepidopteran flight phenol-
ogy were derived from Larsen et al. (2024). Their approach es-
timated Lepidopteran flight phenology using adult butterfly
occurrence records from three citizen science platforms: iNatu-
ralist (GBIF, 2021), eButterfly (Prudic et al., 2017) and the North
American Butterfly Association's ‘Butterflies I've Seen’ and
‘Recent Sightings’ programs (Taron & Ries, 2015). Species that
overwinter as adults or are migratory were excluded, as we were
interested in Lepidoptera in terms of their availability as caterpil-
lars, a key food resource for birds. The remaining butterfly obser-
vations were aggregated by overwintering stage (egg, caterpillar,
pupa). Aggregating across platforms increases precision through
greater data volume and mitigates program-specific biases (Belitz
et al., 2020), while trait-level aggregation captures different ob-
served phenological dynamics not strongly correlated with phy-
logenetic relatedness (Larsen et al., 2024). Phenological metrics
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FIGURE 1 Summary of data sources used in this study. The
timing of vegetation green-up, (a) butterfly emergence and (b)
bird arrival was estimated at the resolution of the cell, while the
(c) timing of bird breeding was estimated at individual survey
sites. The number of years with phenology estimates is denoted
by purple shading, while the number of bird species or butterfly
overwintering stages with phenology estimates are represented
by the size of points. Green-up estimates were produced for all
16years at all cells.

were estimated for each group of butterflies (egg, caterpillar,
pupa) pooled by overwintering stage for each year and cell com-
bination when at least 15 total occurrences were observed on at
least eight unique days. The timing of adult butterfly emergence of
each overwintering stage was estimated as the 5th percentile of all
butterfly observations across the flight season for each year-cell-
overwintering stage combination following Larsen et al. (2024). In
total, we estimate butterfly emergence for 1018 year/cell/over-
wintering stage combinations.

Estimates of the arrival dates of migratory birds were derived
from Youngflesh et al. (2021). Their approach used generalized addi-
tive models in conjunction with intrinsic autoregressive spatial mod-
els in a Bayesian framework to estimate arrival from citizen science
data from Project eBird (Sullivan et al., 2014). Estimates of arrival
phenology were available for 56 migratory forest or near-forest
dwelling birds that breed in eastern North America. We restricted
estimates to cells within a species' breeding and migratory range, ex-
cluding cells where they overwinter, using range maps from BirdLife
International (Data Zone BirdLife International, 2019). A full descrip-
tion of this approach can be found in Youngflesh et al. (2021). In
total, we estimated arrival dates for 20,168 year/cell/species combi-
nations for 56 bird species.

Estimates of the timing of bird breeding were derived from the
Monitoring Avian Productivity and Survivorship (MAPS) program
(DeSante et al., 2004). MAPS is a long-term bird-banding effort
conducted during the breeding season, with systematic, constant-
effort protocols and stations located across North America
(DeSante et al., 2004). Bird breeding phenology was calculated
as the mean date of capture across all juvenile (defined as a bird
hatched in that year) birds of a particular species at a given banding
location in a given year (following Saracco et al., 2019; Youngflesh
et al., 2023). Repeat captures of the same individual after its initial
capture were excluded in our calculation of breeding bird phenol-
ogy. Estimates of bird breeding phenology were made at the level
of individual banding stations for each species, while predictor
variables were calculated at the larger cell level to coincide with
metrics used for our other phenological measures. In total, we
estimated bird breeding phenology for 1641 year/station/species
combinations for 30 bird species, all of which were also included in
the arrival analysis. No ethical approval was required for this data

synthesis study.

2.2 | Climate data

We used climate data to calculate spatially explicit measures of
spring accumulated growing degree days (GDD), a metric that ap-
proximates the amount of heat available to ectotherms such as
plants and insects for growth. GDD is calculated based on each
day's minimum and maximum temperature over a fixed time
(Bonhomme, 2000). Yearly spring accumulated GDD was calcu-
lated at the resolution of the cell using daily temperature data pro-
vided at 0.5 degree latitude x0.5 degree longitude resolution by
NOAA Physical Sciences Laboratory's Climate Prediction Center
(NOAA PSL, 2021). First, we averaged daily minimum and maxi-
mum temperature values across all pixels within each cell. Next,
for each year, we summed the total GDD values of each cell using a
single-sine approximation of daily temperature curves within ther-
mal limits of (10, 33°C) (Abarca et al., 2024; Cayton et al., 2015)
for all days between the Northern Hemisphere spring equinox
(mid-March) and summer solstice (mid-June). Although these
thermal limits were informed by Lepidoptera-specific studies,
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these thresholds are similar to those used in plant-focused studies
(Dethier & Vittum, 1967).

2.3 | Statistical analysis
We used a hierarchical Bayesian approach to estimate the pheno-
logical sensitivity of green-up, butterfly emergence, arrival of mi-
gratory birds and bird breeding phenology to our abiotic metric of
interest, spring accumulated growing degree days (GDD). We define
sensitivity as the magnitude of phenological change per one unit
change in GDD. In each case, we modelled phenology as a func-
tion of GDD and further estimated if this sensitivity varied across
latitudes. For butterfly phenology, we quantified the sensitivity to
GDD of adult butterfly emergence for each of the three different
overwintering stages (egg, larvae and pupae). We estimated sensi-
tivity for bird arrival and breeding at the species level and further
quantified the relationship that life-history traits had on sensitivity.
The date (day of year) of vegetation green-up (y) in year i at cell

was modelled as normally distributed, as a function of GDD
yi ~ N(uj. o)

uy = a; + f; x GDDy,

where ¢ is the process error at this level of the model, « is the inter-

cept (mean green-up date at mean GDD) for each cell and g is the

effect of GDD on green-up. Parameter « was modelled as normally
distributed,

aj ~ N(Mw"a)y

where u, represents the mean green-up date for each cell and o, is
the standard deviation. Parameter p was itself modelled as normally

distributed as a function of latitude,
ﬁj ~ N(ﬂﬂlraﬂ)

Hy, =y +6xLlat,

where parameter y represents the effect of GDD on green-up at the
mean latitude across all cells, 8 is the degree to which latitude medi-
ates the effect of GDD and o, is the process error at this level of the
model. GDD values were centred within each cell (mean=0), while lat-
itude values were centred across all cells. Similar models were used
for each of the phenological metrics, with slight modifications that are
described in detail below.

The date of butterfly emergence (y) in year i, at cell j, for over-
winter stage k, was modelled as normally distributed as a function of
GDD and number of occurrence records,

Vi ~ N(hij 0)

Hik = @+ By x GDDy + 2 x Obsy,
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where a is the intercept for each cell/overwintering stage combination
and g1 is the effect of GDD. $2 is the effect of the distinct number
of days with occurrence records used to generate butterfly emer-
gence phenology metrics, which was included because unique obser-
vation days are known to be important model predictors when using
presence-only data (Belitz et al., 2023). Parameter @ was modelled as

normally distributed,

Ajg NN(M{;:%):

where p, represents the mean emergence date for each cell/overwin-
tering stage and o, is the standard deviation. Parameter 1 was mod-
elled as normally distributed,

Bly ~ N(”ﬂljk‘o—ﬂ>

Hp1, =7k + 0, X Laty,

where parameter y represents the effect of GDD on butterfly emer-
gence at the mean latitude for each overwintering stage, and 0 is
the degree to which latitude mediates the effect of GDD for each
overwintering stage. GDD values were mean centred within each
cell/overwintering stage combination. Latitude values were mean
centred within each overwintering stage. The number of unique
days with occurrence records used to generate butterfly emergence
estimates was mean centred across all year/cell/overwintering stage
combinations.

The date of migratory bird arrival (y) in year i, at cell j, for species

k, was modelled as a normally distributed function of GDD,
Yir ~ N(pie o)

Hijk = X + ﬁjk X GDDijk’

where « is the intercept for each cell/species combination and g is the

effect of GDD. Parameter a« was modelled as normally distributed,

ajk ~ N(Ma’o'a)’

where yu, represents the mean date for migratory bird arrival of each
species/cell and ¢, is the standard deviation. Parameter g was mod-

elled as normally distributed,
Bic~ N(”ﬂ;k’aﬂ)

Hp, =Yk + 0 X Laty,

where parameter y, represents the effect of GDD on migration arrival
at the mean latitude for each species, and 6, is the degree to which
latitude mediates the effect of GDD for each species. Parameter y, was
modelled as normally distributed,

Vi~ N(”rk'gr)

Hy =K+ @X Traits,,
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where k represents the effect of GDD on arrival at mean Traits value,
and ¢ represents the effect of migratory traits on species-level GDD
effect. Traits represents the first axis of a principal component anal-
ysis describing correlated migratory traits for which positive values
are associated with faster migration pace, later arrival dates and more
southerly overwinter latitudes (derived from Youngflesh et al., 2021).
GDD values were mean centred within each cell/species combination.
Latitude values were mean centred within each species. Traits values
were mean centred across species. The date of bird breeding was
modelled using the same approach as migration arrival, but phenology
data were collected and modelled at the station level, rather than the
cell level. GDD values were mean centred within each station/species
combination. Latitude values were mean centred within each species.
Traits values were mean centred across species.

We tested phylogenetic autocorrelation in the residuals of the
top level of both bird phenology models (i.e. migratory arrival and
breeding). We did so by first generating a phylogenetic covariance
matrix using the phytools package in R (Revell, 2012). This matrix was
calculated for the individual bird species included in each model from
each of 100 consensus phylogenetic trees obtained from BirdTree
(Jetz et al., 2012). We calculated the y residual by subtracting y, from
Hy,e We used Pagel's lambda (Pagel, 1999) to test for phylogenetic
signals in these residuals based on the phylogenetic covariance of
the bird species included in each model. No evidence of phylogenetic
signal in the y parameter was detected in either model.

Analyses were run using R version 4.2.3 (R Core Team, 2023), re-
lying on the R packages MCMCuvis (Youngflesh, 2018) and cmdstanr
(Gabry et al., 2024) to interface with Stan (Carpenter et al., 2017).
Our models were run using four chains and 4000 iterations with a
warmup of 2000 iterations. All parameters were given weakly infor-
mative priors. No models had divergent transitions, and Rhat values
were below 1.02 for all parameters. We used graphical posterior
predictive checks to ensure the models were similar to the data
(Gabry et al., 2019). Data estimated from the posterior predictive
distribution were similar to the observed data.

3 | RESULTS

The effect of yearly spring accumulated GDD (a measure of tem-
perature accumulation) on phenology was stronger for vegetation
green-up and butterfly emergence than for bird arrival and breed-
ing (Figure 2a). For each additional GDD accumulated during the
spring of a given year, green-up advanced approximately 0.07 days
(posterior median=-0.075, 95% Cl: -0.081, -0.070). Butterflies
responded similarly to spring GDD (posterior median=-0.082),
although this phenological event had the least precise posterior
distribution (95% Cl: -0.168, 0.002). Migratory bird arrival and
bird breeding phenology were similarly influenced by spring GDD,
both advancing phenology by approximately 0.01 days for each ad-
ditional GDD accumulated during the spring (bird arrival posterior
median=-0.011, 95% Cl: -0.013, -0.008; bird breeding posterior
median=-0.011, 95% Cl: -0.019, -0.003).

BELITZ T AL.
(a)
Green-up +
Butterfly |
Emergence
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FIGURE 2 (a) The effect of spring accumulated growing degree
days (GDD) at mean latitude for vegetation green-up, Lepidoptera
emergence, bird arrival and bird breeding. (b) The effect of
latitude on GDD sensitivity for vegetation green-up, Lepidoptera
emergence, bird arrival and bird breeding. Each vertical line
represents the posterior median, thin error bars represent 95%
credible interval (Cl) and thick error bars represent 50% CI.

The sensitivity of phenological events to spring GDD differed
across space (Figure 2b; Figure 3), with vegetation green-up and
bird arrival being more affected by GDD accumulated during the
spring in higher latitudes. The effect of latitude on phenological
sensitivity was stronger for vegetation green-up (posterior me-
dian=-0.004, 95% Cl: -0.004, -0.003) than bird arrival (posterior
median=-0.001, 95% Cl: -0.001, -0.001; Figure 2b). The degree
to which latitude mediates the effect of spring GDD on butterfly
emergence was similar to its effect on green-up given their posterior
medians; however, both the 95% and 50% Cl encompass zero for the
butterfly emergence model (Figure 2b). The direction of the effect of
latitude on GDD sensitivity for bird breeding phenology was the op-
posite of green-up, butterfly emergence and bird arrival (Figure 2b).
Bird breeding phenology was less sensitive to spring GDD in higher
latitude locations (posterior median=0.003, 95% Cl: 0.000, 0.008),
meaning breeding phenology changed less in response to changes in
GDD in more northerly cells (Figure 3).

There was greater variation among bird species in sensitivity
to spring GDD at mean latitude for the arrival of migratory birds



BELITZ T AL. 723

(@ Green-up (v) Butterfly Emergence (Larval OWS)

Sensitivity to GDD

0.00

-0.01
-0.02
-0.03
-0.04
-0.06
-0.08
-0.10
-0.15
-0.20

() Bird Arrival (Common Yellowthroat)

- 800 km [T ]

FIGURE 3 (a)Spatial variation in phenological sensitivity of green-up to spring accumulated growing degree days (GDD). (b) The effect
of spring GDD on Lepidoptera emergence for an example group of species with larval overwintering strategy (OWS). (c) The effect of spring
GDD on spring arrival of an example species, the common yellowthroat, Geothlypis trichas, and (d) the effect of spring GDD on the breeding
phenology of common yellowthroat across space. Common yellowthroat photos by iNaturalist users @insectology and Steve Holmes @
holmesfras.

compared to breeding phenology (Figure 4; Figure S1). Bird species later arrival and a more southerly overwintering range (posterior
with traits associated with slower migration pace, earlier arrival and median=0.004, 95% Cl: 0.002, 0.006; Figure 4a). However, traits
a more northerly overwintering range shifted the timing of their mi- associated with migration distance and breeding timing did not show

gration arrival more than species associated with faster migration, a strong relationship with how sensitive a bird species' breeding
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FIGURE 4 Sensitivity of bird arrival (a) and bird breeding (b)
phenology to spring accumulated growing degree days (GDD) across
trait scores related to correlated migration traits. Positive trait scores
for the bird arrival model are associated with species with a faster
migration pace, later arrival dates and more southerly overwinter
latitudes. Each point represents one species, thin error bars
represent 95% Cl and thick error bars represent 50% CI. The black
line represents the median community effect of PC1 on sensitivity to
spring GDD, and the grey ribbon represents the 95% Cl.

phenology was to spring GDD (posterior median=0.002, 95% ClI:
-0.006, 0.010; Figure 4b).

The effect of spring GDD at mean latitude was similar for but-
terfly assemblages regardless of overwintering stage (Figure S2).
Although the posterior median response was largest for butterflies
that overwinter as eggs (posterior median=-0.091, 95% Cl: -0.172,
-0.038), the 50% and 95% Cls overlapped those for butterflies that
overwinter as pupae or larvae (Figure S2). Latitude influenced the
sensitivity of butterfly emergence to GDD accumulated during
the spring for species that overwinter as pupae, with these spe-
cies having emergences more sensitive to GDD in higher latitudes
(Figure S3; posterior median=-0.008, 95% Cl: -0.017, -0.000).
However, our model did not provide evidence that latitude affected
GDD sensitivity of butterfly emergence for species that overwinter

as a larva or egg (Figure S2).

4 | DISCUSSION

Synthesizing a diverse set of co-located data under a unified frame-
work, we quantified how multi-trophic phenological responses to
climate change vary across broad spatial and temporal extents.

We provide evidence supporting the hypothesis that ectotherms
exhibit stronger sensitivity to changes in temperature than endo-
therms (Cohen et al., 2018). In line with our prediction, butterflies
and vegetation green-up had similarly strong sensitivity to spring
GDD (a metric of temperature accumulation in a given year), while
birds had lower sensitivity. GDD is known to directly regulate the
timing of both vegetation green-up and the development of ec-
tothermic insects (Cayton et al., 2015; Neupane et al., 2022; Piao
et al., 2015), but bird phenology is likely only indirectly related to
heat accumulation and instead is presumed to be proximally driven
by food resource availability (Bison et al., 2020; Shutt et al., 2019;
Visser et al., 2012), though the mechanisms behind this temperature
phenology relationship for birds are still not fully understood (Caro
et al., 2013). Still, we found that the arrival and breeding of migra-
tory birds were earlier in warmer years and later in cool years, in
line with our expectations (DeSante & Saracco, 2021; McDermott
& DeGroote, 2016; Socolar et al., 2017). Given the differences in
sensitivity across trophic levels, our results indicate that birds are
not adjusting to the changing phenology of lower trophic levels
that are directly influenced by temperature changes (Youngflesh
et al., 2021). Because breeding productivity declines when these
bird species fail to breed during optimal periods of time (Youngflesh
et al., 2023), it is likely that some constraint on their phenological
sensitivity exists.

Our work provides a needed basis for identifying potential loca-
tions and taxonomic groups most at risk of phenological asynchrony
and the potential associated demographic consequences over a lat-
itudinal gradient spanning more than 24 degrees. We particularly
highlight the potential for mismatch (i.e. demographic consequences
resulting from temporal asynchronies), including the production
of fewer young, as highlighted by Youngflesh et al. (2023), as bird
sensitivity to spring accumulated GDD is weaker than that of plants
and Lepidoptera. Our result that vegetation green-up and bird ar-
rival were more sensitive to spring GDD in higher latitudes aligns
with previous studies (Prevéy et al., 2017; Youngflesh et al., 2021).
However, the effect of latitude on spring GDD sensitivity has rarely
been compared across trophic levels. Here, we show that not only is
spring GDD sensitivity higher at lower trophic levels but also the de-
gree to which this sensitivity changes across a latitudinal gradient is
greater at lower trophic levels. In plants, our finding of greater sensi-
tivity at higher latitudes might be due to the fact that small changesin
temperature represent relatively larger increases in thermal budgets
for plants in cold environments (Prevéy et al., 2017). Migratory birds,
which cannot assess local climate conditions at breeding grounds
prior to arrival, may be better able to adjust behaviour during migra-
tion based on immediate environmental conditions, likely by shifting
stopover duration (Schmaljohann & Both, 2017). Birds that migrate
to more northerly cells have the opportunity to track plant growth
across greater distances (Thorup et al., 2017), though these adjust-
ments are not enough to perfectly track changes in the timing of
green-up. More work is still needed to understand mechanisms de-
termining sensitivity across environmental gradients and taxa. Here,

we use temperatures across a static window for the calculation of
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spring accumulated GDD, but this time period may be more relevant
for some trophic levels or cells than others (e.g. at more northerly
cells compared to more southerly cells).

Contrary to our expectation, we found that bird breeding phe-
nology was less sensitive to spring GDD in higher latitudes. These
results contradict a study that found the date of hatching of a long-
distance migrant, the European pied flycatcher Ficedula hypoleuca, in
Sweden has advanced more in northern locations than in southern
areas (Vega et al., 2021). It may be that some phenomena studied
across smaller spatial extents in colder regions do not apply broadly
across larger extents in warmer ones. The effect of latitude on GDD
sensitivity for insect phenology is also relatively unknown, although
it likely mirrors plant responses with greater sensitivity to GDD in
higher latitudes. Our median posterior distribution estimate sug-
gests such a response, with higher spring GDD sensitivity in more
northerly cells for butterfly emergence, but this parameter estimate
has high uncertainty. Butterfly species that overwinter as pupae, the
latest overwintering life stage included in this study, displayed the
greatest effect of latitude increasing spring GDD sensitivity, align-
ing with other studies that found earlier season insects are more
responsive to spring conditions (Buckley, 2022). Among the three
overwintering groups examined in our study, pupae overwintering
species will emerge as adults on the landscape before egg or larva
overwintering species (Belitz et al., 2023).

Birds with fast migration pace, late arrivals and more southerly
wintering latitudes may be particularly vulnerable to potential mis-
match because the arrival of these species was the least sensitive
to spring accumulated GDD (Figure 4a). This result aligns with prior
work that showed the arrival of migratory birds of short distance and
early arriving species is more sensitive to fluctuations in green-up
compared to species that migrate longer distances and arrive later
(Youngflesh et al., 2021). However, we did not find evidence that
those traits were important in estimating species-specific sensi-
tivity to spring GDD for breeding dates, in contrast to Youngflesh
et al. (2023) who found species that migrate shorter distances and
breed earlier in the season were more sensitive to green-up fluctua-
tions. This is likely due to the smaller spatial and taxonomic extent of
our study compared to Youngflesh et al. (2023), and the use of GDD
instead of green-up. These differences highlight the importance of
considering geographic scope, taxonomic breadth and the specific
environmental variables when interpreting phenological sensitivity
across studies.

The differences in how data are aggregated across different
monitoring tools cannot be overlooked and represent a key chal-
lenge going forward. Here, bird arrival and breeding were the
only phenological events measured at the species level. Even with
these measures, our measure of bird breeding captures variation in
the fledging date of birds, which will be influenced by the survival
rate of nests that might vary according to nesting date. That is, it
is an imperfect measure of the timing of bird breeding. Our other
events—adult butterfly emergence and vegetation green-up—are
community-wide proxies rather than species-specific measure-

ments. Furthermore, the diet of most, though not all, nestling birds
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also consists not of adult butterflies but of larval moths. Previous
work has demonstrated that adult butterfly observations can serve
as reasonable proxies for caterpillar onset phenology (Di Cecco
et al.,, 2023). However, it is unclear when these proxies might be
inappropriate. The appropriateness of these measures might vary
across latitude, across years and exhibit different dynamics during
outbreak events that affect only certain caterpillars, which may or
may not be preferred by specific bird species. While we expect these
factors to add noise to our analyses, we do not expect these to intro-
duce substantial biases into the inference we derive from our results.

Finally, we note that numerous questions well suited for mac-
roecological data synthesis remain unanswered within this, or any,
tri-trophic system. For example, although the seasonal abundance
of insects has important effects on bird demography (Grames
et al., 2023), the importance of an interaction between the abun-
dance and phenology of insects on bird breeding success remains
relatively unknown (Weir & Phillimore, 2024). Simply put, is the
demography of birds only impacted by asynchrony in years with
low resource abundance? Continuing to fill data gaps and inte-
grate diverse workflows is critical given that widespread popula-
tion declines have been reported in both birds (Pollock et al., 2022;
Rosenberg et al., 2019) and Lepidoptera (Forister et al., 2021; Habel
et al., 2019; Warren et al., 2021), and phenological mismatch has
been proposed as one of the major causes of these declines (Jones
& Cresswell, 2010; Larsen et al., 2024; Visser & Gienapp, 2019).
Continued sharing of phenological data across trophic levels gener-
ated via experimental and observational approaches, along with im-
proved monitoring, promises to play a crucial role in closing the many
remaining gaps in our knowledge, particularly how these dynamics
vary spatially, temporally and across taxonomic groups.
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