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Abstract
Species exploiting seasonal environments must alter timings of key life-history events 
in response to large-scale climatic changes in order to maintain trophic synchrony with 
required resources. Yet, substantial among-species variation in long-term phenological 
changes has been observed. Advancing from simply describing such variation towards 
predicting future phenological responses requires studies that rigorously quantify and 
explain variation in the direction and magnitude of changing timings across diverse 
species in relation to key ecological and life-history variables. Accordingly, we fitted 
multi-quantile regressions to 59 years of multi-species data on spring and autumn bird 
migration timings through northern Scotland. We demonstrate substantial variation 
in changes in timings among 72 species, and tested whether such variation can be ex-
plained by species ecology, life-history and changes in local abundance. Consistent with 
predictions, species that advanced their migration timing in one or both seasons had 
more seasonally restricted diet types, fewer suitable breeding habitat types, shorter 
generation lengths and capability to produce multiple offspring broods per year. In 
contrast, species with less seasonally restricted diet types and that produce single 
annual offspring broods, showed no change. Meanwhile, contrary to prediction, long-
distance and short-distance migrants advanced migration timings similarly. Changes 
in migration timing also varied with changes in local migratory abundance, such that 
species with increasing seasonal abundance apparently altered their migration timing, 
whilst species with decreasing abundance did not. Such patterns broadly concur with 
expectation given adaptive changes in migration timing. However, we demonstrate 
that similar patterns can be generated by numerical sampling given changing local 
abundances. Any apparent phenology-abundance relationships should, therefore, be 
carefully validated and interpreted. Overall, our results show that migrant bird species 
with differing ecologies and life-histories showed systematically differing phenologi-
cal changes over six decades contextualised by large-scale environmental changes, 
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1  |  INTRODUC TION

Human actions have altered biotic and abiotic environments across 
the globe, driving recent decades of rapid climate and environmental 
changes that have caused dramatic and divergent changes in spe-
cies' life-history schedules (i.e. phenologies, Menzel et  al.,  2006; 
Root et al., 2003; Thackeray et al., 2010), spatial distributions (Chen 
et al., 2011; Gillings et al., 2015; Parmesan & Yohe, 2003) and abun-
dances (Martay et al., 2017). Now, a pressing challenge is to predict 
the impacts of continued large-scale environmental change on fu-
ture responses of diverse species, which will in turn influence spe-
cies interactions and population persistence (Urban et al., 2016).

Climate change currently constitutes a substantial component of 
environmental change, altering species phenology and threatening 
future species persistence (Bellard et al., 2012; Inouye, 2022; Post 
et al., 2018; Thomas et al., 2004). At mid-high latitudes, increasing 
temperatures are projected to drive increased durations of terres-
trial primary production, due to observed advances in the onset 
of spring plant growth alongside predicted delays to autumn ces-
sation (Gallinat et al., 2015; Menzel et al., 2006; Piao et al., 2019). 
Populations of species that depend on seasonal resources are pre-
dicted to decline if they cannot resynchronise their phenology with 
changing seasonal conditions (‘match-mismatch hypothesis’, Both 
et  al.,  2010; Burgess et  al.,  2018; Jones & Cresswell,  2010; Saino 
et al., 2011). In line with observed changes in spring plant phenology, 
diverse animal species have shifted timings of key life-history events 
and/or temporal space use over recent decades (birds: Newson 
et  al.,  2016; Rubolini et  al.,  2007; fish: Kovach et  al.,  2015; mam-
mals: Bischof et  al.,  2012; Severson et  al.,  2021; global synthesis: 
Cohen et al., 2018; Renner & Zohner, 2018; Thackeray et al., 2016), 
commonly attributed to changing climatic conditions (Gordo, 2007). 
Analyses of avian migration have also reported positive correla-
tions between changes in phenology and population size (Both 
et al., 2010; Møller et al., 2008; Visser & Both, 2005), as expected 
if failure to resynchronise results in trophic mismatches and demo-
graphic costs (Both et al., 2010; Burgess et al., 2018).

However, while such overarching generalisations have been 
drawn, the direction and magnitudes of observed phenological 
responses can vary substantially among species (Barrett,  2002; 
Hurlbert & Liang, 2012; Knudsen et al., 2007; Romano et al., 2023; 
Usui et al., 2017). Such variation could further complicate relation-
ships between phenology and population dynamics by disrupting 
synchronies among species involved in successive temporally sensi-
tive trophic and/or competitive interactions (e.g. Ahola et al., 2007; 

Saino et al., 2009; Samplonius et al., 2018), generating unexpected 
population outcomes (Iler et al., 2021; Ockendon et al., 2014; Renner 
& Zohner, 2018; Thackeray et al., 2010; Visser & Both, 2005). Given 
this complexity, successfully predicting impacts of continued large-
scale environmental change on population phenology and per-
sistence within and among diverse species requires that we identify 
basic ecological and life-history attributes that predict observed 
variation in phenological responses (Knudsen et  al.,  2011; Salido 
et al., 2012).

Migration, defined as reversible seasonal movements between 
discrete breeding and non-breeding locations, is one critical life-
history event where timings directly link periods of resource demand 
(e.g. reproduction) with spatially and temporally restricted resource 
abundance (Newton,  2008). Changes in migration timings, or lack 
of changes, could, therefore, severely disrupt trophic and/or com-
petitive synchronies and substantially impact individual fitness and 
population outcomes. Migration has consequently been a focal point 
of efforts to identify key biological attributes explaining among-
species variation in phenological responses over recent decades 
(Knudsen et al., 2011; Ockendon et al., 2014; Salido et al., 2012).

Trait-based analyses, which aim to identify common traits 
across species and populations that show similar responses, pro-
vide one route towards general prediction (Green et  al.,  2022; 
Urban et  al.,  2016). Such analyses can potentially identify types 
of species that need to respond to avoid trophic mismatches and/
or that have capabilities to respond. Such understanding will facil-
itate effective transformation of observed variation in past phe-
nological responses into predictions for future responses that can 
encompass wider ranges of species. Previous analyses of changing 
migration timings have focused on specific hypotheses relating 
to high-level ecological (e.g. diet, habitat use and/or specialism) 
and life-history traits (e.g. generation length, breeding duration, 
Table 1, Romano et al., 2023; Usui et al., 2017). Further, changes 
in population size have been hypothesised to affect, correlate 
with or result from species' phenological responses to chang-
ing seasonal conditions (Table 1, Chmura et al., 2019). However, 
most previous multi-species studies relied on meta-analyses of 
published estimates and/or data compilations from different sys-
tems (Bitterlin & van Buskirk, 2014; Møller et al., 2008; Romano 
et  al.,  2023; Usui et  al.,  2017). One resulting challenge is that 
pervasive methodological differences in how migration phenol-
ogy is quantified contribute to apparent among-species variation 
(Knudsen et al., 2007). Perhaps unsurprisingly, such studies report 
mixed support for hypothesised effects of species ecology and 

potentially facilitating future predictions and altering temporal dynamics of seasonal 
species co-occurrences.

K E Y W O R D S
climate change, EltonTraits, life-history, long-term data, migration timing, migratory bird, 
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life-history on changes in migration timing (e.g. Bitterlin & van 
Buskirk,  2014; Romano et  al.,  2023; Usui et  al.,  2017), and lim-
ited support for associations between changes in phenology and 
population size (Both et  al.,  2010; Visser & Both,  2005, but see 
Møller et al., 2008). Such efforts have also focussed primarily on 
spring migration phenology. Relatively few studies have quanti-
fied changes in autumn migration timings (Gallinat et  al.,  2015; 
but see Romano et  al.,  2023). Even fewer have considered both 
seasons (but see Bitterlin & van Buskirk,  2014; Mills,  2005; 
Miles et al., 2017; van Buskirk et al., 2009), even though chang-
ing seasonality is predicted in both spring and autumn (Gallinat 
et al., 2015; Menzel et al., 2006). Predictions for effects of ecology 
and life-history on autumn phenology are consequently less well 
developed (Table 1), and an important first step is to quantify the 
degrees to which species' autumn migration timings are actually 
changing (Gallinat et al., 2015).

Progress in phenology research now requires that we rigor-
ously and comparably quantify changes in spring and autumn mi-
gration phenology across diverse species with diverse ecological 
and life-history characteristics. Historically, phenological changes 
were quantified by monitoring changes in single metrics of pheno-
logical distributions, typically the mean or median date on which 
some event occurred. Now, it is clear that shapes of phenologi-
cal distributions, and hence forms of within-population variation, 
can also change across years (Cadahía et  al.,  2017; Lehikoinen 
et al., 2019; Miles et al., 2017; van Buskirk et al., 2009). Multiple 
metrics describing these distributions (e.g. multiple quantiles) are 
consequently required to fully capture complex among-species 
variation in phenological change (Miles et  al.,  2017). However, 
such multi-metric approaches can generate misleading biases, be-
cause estimates of changes in different quantiles can be differ-
entially sensitive to changes in the numbers of individuals whose 
migration timings are observed, which may to some degree reflect 
changes in population size and/or distribution. Consequently, 
changes in abundance have often been viewed as confounding 
nuisance variables in analyses of phenology, when in fact they are 
also points of biological interest (Miller-Rushing et al., 2008; but 
see Møller et al., 2008; Newson et al., 2016). Robust quantifica-
tions of multi-species relationships between changes in phenol-
ogy and any measure of abundance, therefore, requires explicit 
estimation of the magnitudes of intrinsic sampling biases that 
can arise. Overall, advanced inferences on biological processes 
that influence species phenological responses to environmental 
change and population-level impacts now requires new analyses 
encompassing diverse species, multiple phenology metrics and 
both seasons and that consider systematic abundance biases in 
driving observed phenology patterns. This ambition requires long-
term datasets where migration phenology has been recorded for 
diverse species using consistent field methods across several de-
cades (Knudsen et al., 2007).

Such standardised multi-species data are most readily available 
from long-term single-site studies. Accordingly, we use 59 years 
of systematic observations from Fair Isle, Scotland, to quantify 

among-species variation in changes in spring and autumn migration 
timings across 72 diverse bird species, using standardised multi-
quantile analyses. We implement a trait-based phylogenetic compar-
ative approach to test whether observed among-species variation 
in migration timings is explained by five focal ecological and life-
history variables that are predicted to shape phenological responses 
to large-scale environmental change (namely migration distance, 
diet type, breeding habitat breadth, generation time and number 
of broods, summarised in Table 1). Further, we test the broad pre-
diction that changes in local migratory abundance and phenology 
will be positively correlated across species, such that species whose 
migration timing is changing are remaining stable or increasing in 
abundance, while species whose migration timing is not changing 
are decreasing. Here, we explicitly examine whether any observed 
phenology-abundance associations can be explained solely by nu-
merical sampling effects. Overall, our analyses reveal major ecolog-
ical and life-history predictors of observed among-species variation 
in long-term phenological change, and also highlight core challenges 
of definitively linking changes in phenology and local abundance.

2  |  MATERIAL S AND METHODS

2.1  |  Study system and species selection

Fair Isle (59°32′ N, 0°28′ W) lies between the Shetland and Orkney 
archipelagos in northern Scotland (Figure 1). It is an important mi-
gration passage site, used by diverse species on route to and from 
non-breeding areas in south-west Europe and Africa and breeding 
areas in Scandinavia and beyond. During spring and autumn migra-
tion seasons through 1955–2018, ornithological staff from Fair Isle 
Bird Observatory (FIBO) conducted daily surveys to count migrant 
birds following a standardised survey methodology (Supporting 
Information S1; Miles et al., 2017). In brief, Fair Isle is divided into 
three areas, and daily surveys are generally simultaneously carried 
out by three expert observers who each cover one area. Each ob-
server spends a minimum of 3 hours walking routes within their area, 
maximising coverage of main areas of habitat used by migrant birds 
(Miles et al., 2017). Observers subsequently collate counts, excluding 
obvious duplicate sightings. Fair Isle is well suited for observational 
surveys because its relatively small size (7.68 km2) and predomi-
nantly open habitat facilitate extensive daily coverage with rela-
tively high likelihood that birds present will be observed (Figure 1). 
The resulting database comprises estimates of the number of indi-
viduals of each species present on Fair Isle on each survey day. In 
all years, daily surveys were conducted during core survey periods 
designed to capture spring (start April–end June) and autumn (start 
August–end October) migrations. Surveys also extended into shoul-
der periods (March, July and November) in most years (Supporting 
Information S1). Since inspection suggested that data for 1955–1959 
were not completely comparable with subsequent years, and data 
collection since 2019 has been disrupted, current analyses used data 
for 1960–2018 (i.e. 59 years).
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To achieve the aim of quantifying changes in full distribu-
tions of species' migration timings, current analyses were re-
stricted to species that occurred relatively frequently in spring 
and/or autumn. An initial list of 81 species was compiled, guided 
by published summaries of sighting frequencies on Fair Isle 
(Dymond,  1991). The few migrant species that also frequently 
bred on Fair Isle (e.g. Wheatear [Oenanthe oenanthe], Meadow 
Pipit [Anthus pratensis], Skylark [Alauda arvensis], Oystercatcher 
[Haematopus ostralegus]) were excluded because full distributions 
of migration passage dates were not distinguishable from ob-
servations of settled breeders. Groups whose taxonomic status 
changed during the study period were also excluded, since re-
corded totals were not comparable across all years (e.g. Redpolls, 
Acanthis sp.). Further species were then excluded in spring and/or 
autumn if they failed to meet four criteria: (i) Sightings occurred in 
>80% of years; (ii) Mean number of sightings per season-year >5; 
(iii) Most sightings occurred well within the core survey periods; 
and (iv) Spring and autumn migrations were temporally distinct, 
with few sightings through mid-summer. This process resulted in 
exclusion of differing sets of 17 species in spring and in autumn. 
The final dataset contained 72 species spanning 12 orders and 25 
families, comprising 45 passerines (e.g. buntings, finches, hirund-
ines, chats, warblers, corvids) and 27 non-passerines (e.g. sandpip-
ers, rails, falcons, owls). Overall, 64 species were retained in each 
of the two seasons (spring and autumn), with 56 species included 
in both seasons and 16 species only included in one season (eight 

in spring and eight in autumn). Full lists of species and exclusions 
are in Supporting Information S2.

2.2  |  Covariate data

We compiled data on the six focal ecological and life-history vari-
ables (Table 1) for all 72 species using standardised databases. Diet 
type was extracted from the EltonTraits 1.0 Database (Wilman 
et al., 2014), where species are assigned to one of five diet catego-
ries, comprising predominantly: (i) invertebrate, (ii) plant-seed, (iii) 
fruit-nectar, (iv) vertebrate, fish and/or scavenger (hereafter ‘ver-
tebrate’) and (v) omnivore. No species included in our study had a 
predominantly fruit-nectar diet, leaving four diet types for analysis. 
Species classed as omnivores use multiple other categories, with 
no single category exceeding 50% of the diet, and hence explicitly 
represent diet generalists. Our ‘vertebrate’ group, which includes 
scavengers, can also be considered relatively generalist, with a less 
strongly seasonally restricted diet compared to the invertebrate and 
plant-seed groups.

Species were categorised as either long- or short-distance migrants 
reflecting whether they winter south or north of the Sahara Desert, 
respectively, based on species-level breeding and non-breeding range 
information (Table  1, BirdLife International,  2020; BTO BirdFacts, 
Robinson, 2005). This coarse two-level division is commonly applied 
in migration research (e.g. Jonzén et  al.,  2006). Since breeding and 

F I G U R E  1 Maps showing the location 
of (a) UK within Europe and (b) Fair Isle 
within the UK, and images of (c) Fair Isle 
(taken from a western elevation) and (d) 
the open local grassland habitat. Map 
data are from R package ‘rnaturalearth’ 
(Massicotte & South, 2023). Photo credits: 
(c) Jill Andrews, (d) Sarah Fenn. Map 
lines do not necessarily depict accepted 
national boundaries.
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non-breeding locations of passage populations are typically not known 
exactly, migration distances cannot be quantified more precisely.

Breeding habitat breadth was quantified as the total number 
of habitat types classed as ‘suitable’ or above for each species by 
BirdLife International (2020); higher values represent greater breadth. 
Habitat types were defined following the IUCN Habitats Classification 
Scheme (2012) at the broadest level (Level 1). Marine habitats were 
collapsed into a single category, leaving ten habitat types: forest, grass-
land, shrubland, wetland (inland), rock and/or cave, marine, artificial 
terrestrial, artificial aquatic, savannah & desert.

Species were categorised as single-brooded or multi-brooded 
depending on whether they are apparently limited to production of 
a single brood per season (not including replacement broods, BTO 
BirdFacts, Robinson,  2005). The multi-brooded group, therefore, 
comprises both obligate and facultative multi-brooded species. 
Generation length, defined as mean age (in years) of breeding adults, 
was extracted from BirdLife International (2020).

High-quality standardised data on changes in breeding popula-
tion sizes for all focal species through the study period are not avail-
able at a relevant spatial scale. This is because Fair Isle is a passage 
site for populations travelling to and from diverse non-breeding and 
breeding grounds. Consequently, to examine the degree to which 
changes in migration timings were associated with changes in local 
migratory abundance, we computed a standardised measure of 
change as the slope of a linear regression of the total number of 
sightings of each species on Fair Isle in each season in each year on 
year (hereafter ‘change in local migratory abundance’, denoted βLMA, 
Supporting Information S3). To ensure that estimates of βLMA were 
robust, regressions were re-fitted after removing outliers with high 
leverage (defined as Cook's distance >0.5), which arose due to oc-
casional unusually large migratory ‘falls’ of some species. Estimates 
were insensitive to outlier removal in most species. However, where 
outliers occurred near the start or end of the study period, remov-
ing them improved model fit, and corresponding estimates of βLMA 
were retained. Estimates of βLMA were then standardised to ac-
count for substantial among-species variation in mean abundances. 
Specifically, we divided each estimate by the species' season-
specific mean number of sightings across years, giving βLMA as a pro-
portion of the species' mean local migratory abundance (Supporting 
Information S3).

Standardised data on the focal variables were not available for 
all species, or were not applicable (e.g. Cuckoo [Cuculus canorus] is 
a brood parasite and hence has no brood number). In such cases, 
variable values were defined as missing and species excluded from 
respective analyses (Table 1 shows final species sample sizes; fur-
ther details in Supporting Information S2).

2.3  |  Statistical analyses

Two-step quantile regression analyses were used to quantify changes 
in location and shape of sighting distributions across the selected 

species in both seasons (Miles et  al.,  2017). First, seven metrics 
were extracted from the daily survey data for each species in each 
season-year. These comprised the ordinal spring and autumn days 
by which the 5th, 10th, 25th, 50th, 75th, 90th and 95th quantiles of 
each sighting distribution had occurred. This set of seven quantiles 
was selected to satisfactorily summarise changes across full sight-
ing distributions (Supporting Information  S4) and ensure consist-
ency with previous analyses (Miles et  al.,  2017). Data collected in 
all core and shoulder survey periods were used. However, the few 
sightings between the end of June and mid-July were excluded. 
These often reflected occasional summering or breeding individuals, 
for example an occasional breeding pair of swallows (Hirundo rus-
tica), rather than ongoing migration. Second, separate linear mixed 
models (LMMs) were fitted to estimates of each quantile metric in 
each season across all species, with year as a fixed linear covariate 
and random species effects on intercepts and slopes (Supporting 
Information  S4). The fixed regression slopes on year quantify the 
overall mean change in migration timing across all species over the 
study period for each quantile. The random intercept and slope vari-
ances, respectively, quantify the among-species variance in migra-
tion timing at the study start, and in the change across years, for 
each quantile. The intercept-slope correlation quantifies the associa-
tion between the original migration timing and the change in timing 
across species.

Effects of focal ecological and life-history variables (Table  1) 
on changes in migration timing, and associations with standardised 
βLMA, were then quantified by additionally including each focal vari-
able, and the two-way interaction with year, as fixed effects in the 
LMMs. Here, the interaction terms capture differences in the direc-
tion and/or magnitude of change in migration timing across years 
at different factor levels or covariate values. Estimates from LMMs 
excluding phylogeny were first used to quantify changes in migra-
tion timings across the species in our dataset. Then, to explicitly test 
hypotheses regarding the effects of our focal variables, we fitted ad-
ditional models with random phylogeny effects, thereby controlling 
for shared evolutionary history (i.e. phylogenetic dependencies) be-
tween species (hereafter PLMMs).

Effects of each focal variable were modelled separately, in 
different univariate models. Proximately, this was necessary be-
cause not all variables were quantifiable for all species (Supporting 
Information S2, sample sizes in Table  1). Further, standard predic-
tions (Table  1) do not specify interactions between explanatory 
variables. Additional analyses also showed that few variables were 
strongly correlated with, or nested within, each other (Supporting 
Information S5). This implies that effects of one focal variable can-
not generally be strongly confounded with effects of other variables 
estimated independently. Indeed, multivariate models fitted to 
the subset of species for which all covariates were quantified re-
turned similar results and conclusions as the main univariate mod-
els (Supporting Information S6). One exception, that the plant-seed 
and vertebrate diet groups were nested within the short-distance 
migrant group, is further dissected in Section 4.
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Previous work highlighted that apparent differences in direction 
or rate of change in migration timing across quantiles could con-
ceivably arise as an artefact of changing abundance across years, 
because extreme quantiles are more sensitive to sampling variance 
(Miller-Rushing et  al.,  2008). To avoid such artefacts, we did not 
quantify changes in the first and last sighting dates of each species in 
each season, which are known to poorly represent full sighting distri-
butions (Goodenough et al., 2015). We additionally re-ran analyses 
weighting quantile values by the number of sightings in each season-
year (Wi). This weighting (Wi) was designed to simultaneously control 
for systematic changes in abundance through the study period, and 
to reduce the relative influence of quantile estimates for years with 
fewer total sightings, which may be less precise. However, model 
estimates and hence conclusions remained similar irrespective of 
whether weightings were included (Supporting Information S7).

For analyses testing for associations between βLMA and changes 
in migration timing, abundance changes remain an inferential con-
cern. Here, βLMA represents changes in local abundance over time, and 
hence changes in the numbers of individuals from which phenological 
changes were estimated. To test for resulting biases that might alter 
interpretations of estimated effects, we quantified effect sizes arising 
from purely random sampling of observation dates given observed 
changes in local migratory abundance in each season across years 
(Supporting Information S8). In brief, all sightings were pooled across 
all years for each species in each season, generating overall species 
and season-specific distributions of observation dates. Values were 
then randomly drawn (with replacement), with samples sizes for each 
species in each season-year equalling the total number of sightings 
of the focal species in each season-year in the real dataset, thereby 
replicating observed changes in local abundance. Further LMMs were 
then fitted to the randomly sampled datasets, thereby revealing null 
associations between βLMA and changes in migration timing that simply 
reflect data structure due to changing local abundance. This process 
was repeated for 20 iterations. Results were highly consistent across 
iterations, meaning that further iterations were not required. Mean 
estimates and 95% confidence intervals (1.96 × standard deviation of 
pooled mean estimates) were calculated across the 20 replicates, al-
lowing assessment of whether associations between βLMA and migra-
tion timing estimated from the real data exceeded that which could 
arise solely due to sampling in the absence of any true association 
(Supporting Information S8). For reference, a diagram summarising our 
overall workflow is provided in Supporting Information S9.

2.4  |  Implementation

Bayesian LMMs and PLMMs were fitted in package MCMCglmm 
(Hadfield, 2010) in R version 3.6.1 (R Core Team, 2019). Phylogenetic 
data from BirdTree (Jetz et al., 2012, www.​birdt​ree.​org, Supporting 
Information  S10) were fitted using the ‘ginverse’ argument 
(Supporting Information  S11 and S12). Inspection of standard di-
agnostic plots confirmed that model residuals were approximately 

normally distributed with little evidence of directional changes 
in variance through the study period, and no overall evidence of 
major non-linearities. To facilitate parameter estimation and inter-
pretation, βLMA was z-score standardised across species within each 
season (i.e. mean-centred and divided by the standard deviation). 
Accordingly, values of zero denote stable local migratory abundance, 
while positive and negative values indicate increases and decreases, 
respectively.

For models estimating effects of fixed multi-level factors 
(Table 1), posterior mean slope estimates quantifying level-specific 
changes in migration timing per year were initially extracted from 
models without phylogenetic controls (LMMs) and are presented 
with 95% credible intervals (95% CIs). Significant directional changes 
in migration timings for species groups on Fair Isle were inferred if 
95% CIs from LMMs did not include zero. For models estimating 
effects of fixed continuous covariates (Table 1), significant effects 
were similarly inferred if 95% CIs for covariate by year interaction 
terms did not include zero. We then used PLMMs to ascertain 
whether observed effects were still supported after controlling 
for phylogeny (shown by asterisks on results figures). To maintain 
consistency between plots of fixed factors and covariates and aid 
interpretation, effects of focal covariates (Table 1) were visualised 
by extracting posterior mean slope predictions from LMMs at se-
lected covariate values. Autumn is depicted above spring so that the 
interval between seasons reflects the net change in time spent in 
breeding regions across years. We did not explicitly test for differ-
ences in changes in migration phenology between spring and au-
tumn because different species were included in each season. All 
presented posterior mean slope estimates and 95% CIs represent 
changes in days per year for each factor level or covariate value. To 
facilitate biological understanding, we additionally comment on pre-
dicted changes in migration timings across 10 years (decades). Full 
details of model fitting, estimate extraction and pMCMC-values are 
provided in Supporting Information S11 and S12. All phenology and 
covariate data and code underlying our analyses are available in Dale 
et al. (2024).

3  |  RESULTS

3.1  |  Among-species variation in changes in 
migration timings

The initial LMMs quantified the forms and magnitudes of changes 
in migration timings across all 72 focal species over the last six dec-
ades (Figures  2 and 3). Overall, the 5th to 50th quantiles of the 
distributions of spring and autumn sighting dates, representing the 
first halves of the seasonal sighting distributions, on average ad-
vanced slightly (i.e. birds migrated earlier, Figure 3a,b). For exam-
ple, the 5th quantile sighting date advanced by 0.85 and 0.71 days/
decade in spring and autumn, respectively, while the 50th quantile 
(i.e. median) sighting date advanced by 0.53 days/decade in spring 

http://www.birdtree.org
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and 0.35 days/decade in autumn. However, similar overall advances 
did not occur across the second halves of the seasonal sighting dis-
tributions, and effect sizes decreased towards zero across the 75th 
to 95th quantiles (Figure 3a,b). Together, these results imply that 
species' seasonal passage durations have extended over the last six 
decades.

These LMMs also demonstrated among-species variation in 
the intercept and slope of the regression of migration timing on 
year in all quantiles in both seasons (Figures  2 and 3; Supporting 
Information S11). There was greater variance in both intercept and 
slope in the earlier quantiles in both seasons (Figure 3a–f). Notably, 
the intercept-slope correlations were always negative, especially 
for early quantiles in spring (Figure  3g,h). Species that originally 
migrated through Fair Isle later within each season have, therefore, 
advanced their migration timing more than species that originally 
migrated earlier.

3.2  |  Effects of ecological and life-history variables

Changes in migration timings did not differ markedly between 
long-distance and short-distance migrants for any quantiles in ei-
ther spring or autumn (Figure 4). Long-distance migrants tended to 
show greater advances in the 5th to 25th quantiles of spring sighting 
dates than short-distance migrants (Figure  4b,d), but these differ-
ences were not strongly statistically supported. Advances for both 
distance groups were greater in these early quantiles than subse-
quently (Figure 4).

In contrast, changes in migration timings differed quite mark-
edly between groups of species with different diet types (Figure 5). 
Specifically, spring sighting dates advanced for species with pri-
marily invertebrate and plant-seed diets, but not for omnivores 
(Figure  5b,d,f). Meanwhile, the vertebrate diet group showed a 
notable delay (Figure 5h). Broadly similar patterns were evident in 

F I G U R E  2 Illustrative examples of linear mixed models (LMMs) quantifying among-species variation in migration timings across the study 
period. Mean regression lines for the 10th (a, d red), 50th (b, e black) and 90th (c, f blue) quantiles of the sighting distributions on Fair Isle 
for 64 species in autumn (a–c) and spring (d–f) are shown. Thin grey lines represent regressions for individual species. Study years run 0–58 
(representing 1960–2018). Ordinal days are counted from January 1st. Estimates are from LMMs without phylogeny.
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autumn, except that sighting dates for the vertebrate diet group 
tended to get earlier rather than later, and there was weaker over-
all evidence for among-group differences (Figure 5a,c,e,g). Across 
groups that showed changes in timings, predicted effect sizes were 
larger in spring. For example, posterior mean slope estimates for 
the 50th quantile ranged from −1.3 to +1.1 days/decade in spring 
and −0.8 to −0.2 days/decade in autumn (Figure 5). Estimates were 
also commonly larger for earlier quantiles, and decreased towards 
zero for later quantiles. This pattern is especially pronounced for 
the invertebrate diet group in both seasons (Figure 5c,d). Models 
controlling for phylogeny (PLMMs) further supported the effect of 
diet on changes in spring migration timing, showing differences be-
tween the vertebrate and omnivore diet groups for the 50th–95th 
quantiles.

Mean breeding habitat breadth values were 2.9 ± 1.2SD (range 
1–5) across species included in spring, and 2.8 ± 1.2SD (range 1–7) 
in autumn. In spring, species with lower values (i.e. breeding habi-
tat specialists) advanced their migration timing more than species 

with higher values (i.e. breeding habitat generalists, Figure 6b,d). 
The PLMMs supported effects of habitat breadth on changes in 
migration timing for the 5th to 25th quantiles of spring sighting 
distributions (Figure 6b,d). However, no such effects were evident 
in autumn (Figure  6a,c). Here, advances in migration timing oc-
curred across earlier quantiles, but not later quantiles, irrespective 
of habitat breadth.

Migration timings of single-brooded species have not, on av-
erage, changed for any quantile in either season (Figure 7a,b). In 
contrast, sighting dates for species capable of producing multi-
ple offspring broods per year advanced across the 5th to 75th 
quantiles in both seasons, by 0.5–1.2 days/decade (Figure  7c,d). 
However, PLMMs only weakly supported the presence of a dif-
ference between the two groups for the 10th and 25th quantiles 
in spring (Figure 7d) and the 75th quantile in autumn.

Mean generation lengths were 5.4 ± 1.8SD years (range 3.5–
11.3) across species included in spring, and 5.5 ± 2.1SD years (range 
3.5–12.3) in autumn. In spring, species with shorter generation 

F I G U R E  3 Posterior mean (a, b) slope (days/year), (c, d) intercept variance, (e, f) slope variance and (g, h) intercept-slope correlation for 
regressions of the 5th, 10th, 25th, 50th, 75th, 90th and 95th quantiles (coloured red to blue) of migrant sighting distributions on Fair Isle on 
year, in (a, c, e, g) spring and (b, d, f, h) autumn. 95% credible intervals are also shown. These slope and intercept estimates are from linear 
mixed models with fixed year effects only, without phylogeny, and together describe the among-species variation in trajectories of migration 
phenology across the study period. Note that the x-axis scale is not linear.
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lengths advanced their migration timings more than species with 
longer generation lengths (Figure 8b,d). The PLMMs supported ef-
fects of generation length on changes in migration timing for the 
5th to 50th quantiles of spring sighting distributions (Figure 8f), but 
there was again no evidence of such effects in autumn (Figure 8a,c). 
Rather, autumn sighting dates got earlier across early quantiles, but 
not across later quantiles, largely independent of generation length 
(Figure 8a,c).

3.3  |  Associations between changing 
phenology and changing local migratory abundance 
(βLMA)

Mean βLMA, measured as the proportional change in local mi-
gratory abundance per year relative to the overall mean, was 
0.00 ± 0.02SD (range −0.05 to 0.04) in spring and 0.01 ± 0.02SD 
(range −0.03 to 0.05) in autumn (Figure  9). The focal species, 
therefore, showed diverse local abundance trajectories, rang-
ing from a 4.9% (95% CIs: 2.7%–7.1%) increase to a 4.6% (95% 
CIs: 2.6%–6.5%) decrease per year in spring or autumn. Overall, 
95% CIs for 24 of 63 species in each season did not overlap zero, 

indicating significant directional changes. Hence, given the ob-
served among-species variation in changes in migration timings 
(Figure 3), there is considerable opportunity for associations be-
tween changes in timings and βLMA.

In both seasons, changes in migration timing covaried with βLMA, 
and the direction of effects varied across quantiles (Figure  10). 
Specifically, species with positive βLMA (i.e. increasing local migratory 
abundance on Fair Isle) advanced their migration timing more than 
species with negative βLMA (i.e. decreasing local migratory abun-
dance) for the 5th to 25th quantiles in spring, but delayed more for 
the 90th and 95th quantiles (Figure  10b,d). Similar patterns were 
evident in autumn, but PLMMs only supported effects for the 90th 
and 95th quantiles (Figure  10g). Overall, this implies that passage 
time windows within each season have increased for species with 
increasing βLMA, but tended to decrease for species with decreasing 
βLMA.

However, although they differed from zero, estimated ef-
fect sizes for the interaction between year and βLMA fell within 
the range of those generated with randomly resampled observa-
tion dates (Figure  10, full simulation results shown in Supporting 
Information  S8). This implies that observed associations between 
changing migration timings and βLMA arose because changing local 

F I G U R E  4 Posterior mean regression slopes (days/year, with 95% credible intervals) of the 5th, 10th, 25th, 50th, 75th, 90th and 95th 
quantiles (coloured red to blue) of sighting date distributions on year for (a, b) long-distance and (c, d) short-distance migrants in (a, c) 
autumn and (b, d) spring. Dashed lines emphasise zero (i.e. no change in timing). Numbers of species included in each group in each season 
are shown. Asterisks denote p-values (*p < .05; **p < .01; ***p < .001) from phylogenetically controlled models (PLMMs) for the difference 
between each factor level and the leftmost level (here, long-distance migrants). An absence of asterisks correspondingly denotes no 
statistical support. Note that the x-axis scale is not linear.
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abundances affected estimation of the quantile dates describing mi-
gration timings.

4  |  DISCUSSION

Many species are showing directional long-term changes in migra-
tion timings, concurrent with rapid changes in large-scale seasonal 
climatic conditions (Knudsen et al., 2011). But, it is now clear that 
the direction and magnitude of such phenological changes var-
ies substantially among species (Usui et  al.,  2017; van Buskirk 
et  al.,  2009). Identifying ecological, life-history and population 
parameters that explain, or covary with, observed variation in 
phenological changes is now required to facilitate the transition 
of phenology research from description to prediction (Knudsen 
et al., 2011; Salguero-Gómez et al., 2018). Our analyses of a 59-
year multi-species dataset on bird migration timings support hy-
pothesised effects of diet seasonality and habitat specialisation, 
and life-history traits such as generation length and annual repro-
ductive capacity, on changes in migration phenology. However, 
they also revealed nuanced patterns of variation across quantiles 
within seasons, across seasons, and with trajectories of local sea-
sonal migratory abundance. Overall, our results reveal how broad 
ecological and life-history categorisations can underlie complex 
variation in long-term phenological changes across a diverse set 

of migrant bird species, manifested in the context of wider large-
scale environmental changes.

4.1  |  Effect of diet and habitat

Associations between species' breeding season ecology and changes 
in migration timing were evident, with greater advances in spring and 
autumn sighting dates of species with more seasonal diet types (in-
vertebrate, plant-seed), and in spring sighting dates of species with 
narrower breeding habitat breadths. Meanwhile, omnivores, whose 
diets are presumably less seasonally constrained, did not advance in 
either season. These results broadly concur with expectations under 
the match-mismatch hypothesis (Table  1), which predicts that mi-
grant species that specialise on highly seasonal diets (e.g. insects, 
plants, seeds) or habitats will be under stronger selection to track 
changes in seasonal conditions, since trophic synchrony will other-
wise be rapidly lost (Both et  al.,  2010). Intensive breeding season 
research has proved that this conjecture holds for insectivorous mi-
grant bird species, demonstrating a link between changing migration 
timing and breeding success (Both et  al.,  2006, 2010). Yet, multi-
species studies and meta-analyses have so far found mixed support 
for associations between diet type or habitat breadth and changes 
in migration timings, including the predicted effects (Bitterlin & 
van Buskirk, 2014; La Sorte & Graham, 2021), no effect (Askeyev 

F I G U R E  5 Posterior mean regression slopes (days/year, with 95% credible intervals) of the 5th, 10th, 25th, 50th, 75th, 90th and 95th 
quantiles (coloured red to blue) of sighting date distributions on year for species with (a, b) omnivore, (c, d) invertebrate, (e, f) plant-seed 
and (g, h) vertebrate diet types in (a, c, e, g) autumn and (b, d, f, h) spring. Asterisks denote p-values (*p < .05; **p < .01; ***p < .001) from 
phylogenetically controlled models (PLMMs) for the difference between each factor level and the leftmost level (here, omnivores). An 
absence of asterisks correspondingly denotes no statistical support. Note that the x-axis scale is not linear.
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et al., 2023; Usui et al., 2017) and even opposite effects (Romano 
et al., 2023; Végvári et al., 2010).

Both Végvári et  al.  (2010) and Romano et  al.  (2023) reported 
greater advances in spring migration timings of species with more 
generalist diet types, suggesting that greater diet flexibility could re-
duce constraints at passage sites. However, a recent meta-analysis 
of mean spring migration timings reported no effect of diet (Usui 
et al., 2017). Such contradictions could partly reflect different mea-
sures of diet and habitat breadth. Indeed, Usui et  al.  (2017) sim-
ply divided species into those with a predominantly invertebrate 
diet versus all others. In contrast, we defined four diet categories 
(Table  1). This makes conceptual sense because diet types other 
than invertebrate, such as plant-seed, are also highly seasonal and 
might consequently experience strong selection to adjust migra-
tion timing, while more generalist omnivores might not. Further, our 
analyses unexpectedly showed that spring migration timings for the 
defined vertebrate diet group (including scavengers) got notably 
later, by ~1.1 days/decade on average. Pooling all ‘non-invertebrate’ 
diet types into a single group would, therefore, obscure interesting 
and ecologically important opposing changes in migration timings. 

Indeed, additional analyses demonstrate that we would have failed 
to reveal strong underlying associations between diet type and 
changing migration timing in both seasons if we had pooled diet 
groups in this way (Supporting Information S13). Future compara-
tive studies on phenological changes should consequently strive for 
finer definitions and greater methodological consistency in quanti-
fying species' ecological and life-history traits, as previously called 
for (Knudsen et al., 2007). Use of standardised trait databases, such 
as EltonTraits1.0 (Wilman et al., 2014), will facilitate such advances. 
Such future studies could then interrogate our interesting result that 
our ‘vertebrate’ diet group (i.e. raptors, piscivores and scavengers) 
have apparently delayed spring migration. Such analyses could in-
clude replication in other systems and stopover sites, and investiga-
tion of underlying ecological mechanisms.

4.2  |  Effect of migration distance

Migration onset in long-distance migrants has been hypothesised to 
be relatively unresponsive to proximate conditions (Table 1). However, 

F I G U R E  6 Posterior mean regression slopes (days/year, with 95% credible intervals) of the 5th, 10th, 25th, 50th, 75th, 90th and 95th 
quantiles (coloured red to blue) of sighting date distributions of migrants on year given relatively (a, b) low and (c, d) high habitat breadth 
values in (a, c) autumn and (b, d) spring. Breadth values of 2 and 4 are illustrative examples, representing approx. 25th and 75th quantiles 
of the covariate range in both seasons. Dashed lines emphasise zero (i.e. no change in timing). Interactions (e, f) represent the effect sizes 
estimated for the covariate (here, habitat breadth) by year interaction from phylogenetically controlled models (PLMMs) across quantiles and 
seasons. Asterisks denote associated p-values (*p < .05; **p < .01; ***p < .001). An absence of asterisks correspondingly denotes no statistical 
support. Note that the x-axis scale is not linear.
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our study showed no major difference in the change in migration tim-
ing between defined long-distance and short-distance migrants in ei-
ther season; both groups showed some advance in early but not later 
quantiles. This further refutes the view that long-distance migrants 
are unable to adjust their migration timing (Gwinner,  1996; Jonzén 
et al., 2006; Végvári et al., 2010), and adds to already conflicting litera-
ture regarding relationships between migration distance and changing 
timing (reviewed by Knudsen et al., 2011). Several studies found greater 
advances in spring migration timing in short-distance versus long-
distance migrants (Bitterlin & van Buskirk, 2014; Horton et al., 2019; 
Miller-Rushing et al., 2008; Romano et al., 2023; Usui et al., 2017), and 
greater delays in autumn (Jenni & Kéry, 2003; van Buskirk et al., 2009). 
However, some studies found no difference between the two groups 
(Hüppop & Hüppop, 2003; Zalakevicius et al., 2006), or even showed 
greater advances in long-distance migrants (Jonzén et  al.,  2006; 
Lawrence et al., 2022).

This lack of consensus could stem from multiple sources, but our 
study highlights potential effects of latitude and confounding nested 
variables such as diet type. First, since spring onset is advancing 
more rapidly at higher latitudes (Parmesan, 2007), populations mi-
grating to northerly destinations, such as those moving through Fair 
Isle, might be under stronger selection to advance their migration 
timing. Indeed, other evidence of advancing timing in long-distance 
migrants has also come from high latitude Scandinavian populations 
(Hüppop & Hüppop, 2003; Jonzén et al., 2006). Such advances may 
be facilitated by increasing temperatures in Europe, improving mi-
gration conditions and allowing long-distance migrants to increase 
their rate of progress (Gordo, 2007; Marra et al., 2005). Data from 
multiple rather than single stopover sites, or continent-wide data 

such as those increasingly available from large citizen science ef-
forts (e.g. La Sorte & Graham, 2021; Robertson et al., 2024), will be 
required to quantify such effects.

Second, in our dataset, the plant-seed and vertebrate diet groups 
were nested within the short-distance migrant group (Supporting 
Information S5). Such nesting, combined with detected differences 
in changes in migration timing between different diet groups, im-
plies that simply quantifying migration distance in a coarse dichoto-
mous way risks confounding (or obscuring) effects of distance with 
effects of nested variables. In fact, with our dataset, changes in 
migration timing still did not differ between distance groups when 
models were re-run after excluding the nested plant-seed and verte-
brate diet groups (thereby testing for distance effects solely within 
the invertebrate and omnivore groups). However, more detailed 
population-specific distance data are ideally required to fully test 
hypotheses regarding links between migration distance and chang-
ing timing without coarse categorisations, but such data are not yet 
generally available (but see Koleček et al., 2020).

4.3  |  Effect of life-history

While species with shorter generation lengths, and multi-brooded 
species, have advanced their migration timing through Fair Isle in 
early spring quantiles, there was less evidence of such changes for 
species with longer generation lengths and single-brooded species. 
Effects of generation length on phenological changes have been 
postulated and tested for traits other than migration timing (Table 1). 
For example, Thackeray et  al.'s  (2010) meta-analysis reports 

F I G U R E  7 Posterior mean regression 
slopes (days/year, with 95% credible 
intervals) of the 5th, 10th, 25th, 50th, 
75th, 90th and 95th quantiles (coloured 
red to blue) of sighting date distributions 
of migrants on year for (a, b) single-
brooded and (c, d) multi-brooded 
species on Fair Isle in (a, c) autumn and 
(b, d) spring. Asterisks denote p-values 
(*p < .05; **p < .01; ***p < .001) from 
phylogenetically controlled models 
(PLMMs) for the difference between each 
factor level and the leftmost level (here, 
single-brooded). An absence of asterisks 
correspondingly denotes no statistical 
support. Note that the x-axis scale is not 
linear.
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evidence of greater changes in phenology of diverse seasonal bio-
logical events for species with shorter generation lengths. However, 
such effects have rarely been quantified for migration timing, ex-
cept for effects of population turnover in single species studies (e.g. 
Gill et al., 2013). Our observed effects of brood number on spring 
migration timing are broadly consistent with previous multi-species 
analyses (e.g. Møller et al., 2008; Végvári et al., 2010), and with the 
hypothesis that multi-brooded species might advance migration in 
spring to extend their breeding season and increase reproductive 
output (Table 1). This in turn implies that return autumn migrations 
might also be delayed (Jenni & Kéry, 2003). However, few previous 
studies on brood number have examined both seasons, or hence 
tested the dual predictions of advanced spring and delayed autumn 
migrations in multi-brood species, allowing extended reproduction 
(but see Bitterlin & van Buskirk, 2014; van Buskirk et al., 2009). Our 
analyses showed no evidence that multi-brooded species are now 
migrating later in autumn. Instead, in common with most of our 
analyses, the directions of changes in spring and autumn migration 
timings are similar. This is perhaps unsurprising given evidence that 
Scandinavian breeding populations are contracting their breeding 

periods (Hällfors et al., 2020). Indeed, predicted extensions of late 
autumn growing periods in these systems (Gallinat et al., 2015) do 
not necessarily equate to protracted suitable breeding conditions 
for migrant populations.

4.4  |  Associations between changing 
phenology and changing local migratory abundance

Our analyses revealed strong apparent associations between chang-
ing migration timings and changing local migratory abundances 
(βLMA); species with stable or increasing local abundances are on av-
erage advancing their migration timings to much greater degrees. 
These patterns broadly concur with previous evidence that species 
that are changing their migration timing are increasing in abun-
dance, whilst species that are not changing their timing are declining 
(Møller et  al.,  2008; Salido et  al.,  2012). Such observations are in 
turn broadly in line with wider expectations that adjusting migra-
tion timing will be adaptive, implying direct links between changing 
timing and population stability or growth (Both et al., 2006; Møller 

F I G U R E  8 Posterior mean regression slopes (days/year, with 95% credible intervals) of the 5th, 10th, 25th, 50th, 75th, 90th and 95th 
quantiles (coloured red to blue) of sighting date distributions of migrants on year given (a, b) short and (c, d) longer generation lengths in (a, 
c) autumn and (b, d) spring. Generation length values of 4.0 and 6.3 are illustrative examples, representing approx. 25th and 75th quantiles 
of the covariate range in both seasons. Dashed lines emphasise zero (i.e. no change in timing). Interactions (e, f) represent the effect sizes 
estimated for the covariate (here, generation length) by year interaction from phylogenetically controlled models (PLMMs) across quantiles 
and seasons. Asterisks denote associated p-values (*p < .05; **p < .01; ***p < .001). An absence of asterisks correspondingly denotes no 
statistical support. Note that the x-axis scale is not linear.
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et al., 2008). However, the hypothesis that changing migration tim-
ing prevents population decline is very difficult to explicitly test, es-
pecially using large-scale observational data (such as is available for 
migratory bird assemblages).

First, standardised long-term data on breeding population sizes 
of multiple migrant species are rarely available. This challenge cer-
tainly applies in our case; exact breeding locations of populations 
migrating through Fair Isle are unknown, and presumably include re-
mote geographical areas where breeding birds are not systematically 
surveyed. Our measure βLMA will capture changing population sizes 
occurring at large spatial scales to some degree. Indeed, species with 
strongly negative βLMA values in spring (≤−0.02, Figure 9) include UK 
Red Listed species that are known to have undergone substantial 

large-scale population declines over recent decades (e.g. Cuckoo [C. 
canorus], Turtle Dove [Streptopelia turtur], Tree Sparrow [P. monta-
nus] and Whinchat [Saxicola rubetra], Supporting Information  S3). 
Further, species with strongly positive spring βLMA values (≥0.02, 
Figure  9) include species that have shown substantial population 
increases in UK and/or north-western Europe more widely (e.g. 
Blackcap [Sylvia atricapilla], Chiffchaff [Phylloscopus collybita], Reed 
Warbler [Acrocephalus scirpaceus], Siskin [Carduelis spinus]). However, 
βLMA will of course also capture changing non-breeding and breed-
ing distributions and migration routes of focal populations, which 
may independently affect migration timings (Anderson et al., 2023). 
βLMA could also be affected by changing local stopover durations, al-
though available data show no evidence of major long-term changes 

F I G U R E  9 Estimated regression slopes for changes in (a) autumn and (b) spring standardised local migratory abundance (βLMA) (sightings/
year, with 95% confidence intervals) on year. Red dashed lines emphasise zero (i.e. no change in βLMA across years). Positive and negative 
values denote increasing and decreasing βLMA, respectively. Species are ordered alphabetically (left–right) according to common English 
names. Not all species are included in both seasons.
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in stopover durations on Fair Isle (Miles et al., 2017). Our substantial 
estimated associations between βLMA and changing migration tim-
ings are also notable given the error implicit in βLMA estimates, which 
will likely cause statistical underestimation of any true underlying 
effect sizes (i.e. statistical attenuation).

Second, irrespective of all challenges inherent in measuring 
population trends, our analyses reveal further general challenges of 
inferring any association between changing phenology and chang-
ing abundance that arise because changes in local abundance can 
directly affect the estimation of changes in phenology. This issue 
arises because, given a stationary distribution, estimation of outer 
quantile points depends on sample size. This sampling effect poten-
tially biases estimates of any true biological association between 
changing phenology and changing abundance. Indeed, our simula-
tions show that our estimated effect sizes did not exceed those that 
could be generated through random sampling from a stationary phe-
nology distribution with changing abundances alone. Our results, 
therefore, reinforce that future analysts will need to carefully dissect 
overall relationships between changing phenology and any measure 
of changing abundance (e.g. Miller-Rushing et al., 2008), which can 
reflect combinations of numerical sampling and important biological 
effects. Further verification will require explicit tests of links be-
tween absence of change in migration timing and local abundance 

declines for subsets of species where independent population cen-
sus data are available (Iler et al., 2021; Newson et al., 2016). Such 
advances are required before any general conclusions on adaptive 
phenological changes can be drawn.

4.5  |  Overall changes in migration timing and 
implications

Overall, the estimated magnitudes of changes in migration timing 
through Fair were often greater in spring than autumn, involving sev-
eral quantiles and traits (e.g. most notably the vertebrate diet type). 
Such seasonal differences might be expected if migration timing is 
under stronger selection in spring, due to the need to synchronise 
reproduction with peak resource availability, or due to intraspecific 
competition for breeding territories and mates (Newton, 2008; e.g. 
Gordo et al., 2013; Velmala et al., 2015).

Changes in migration timing varied substantially among quan-
tiles in both seasons, highlighting the value of multi-metric analy-
ses for quantifying phenological responses (Knudsen et  al.,  2007; 
Miles et  al., 2017). Predicted advances were typically greatest for 
early quantiles, and decreased towards zero across later quantiles. 
This ‘fan-shaped’ pattern signifies an overall increased duration of 

F I G U R E  1 0 Posterior mean regression slopes (days/year, with 95% credible intervals) of the 5th, 10th, 25th, 50th, 75th, 90th and 95th 
quantiles (coloured red to blue) of sighting date distributions of migrants on year given illustrative values of βLMA of (a, b) mean −1 standard 
deviation (negative, representing decreasing LMA), (c, d) mean +1 standard deviation (positive, representing increasing LMA), in (a, c) autumn 
and (b, d) spring. Circular points represent estimates from the real Fair Isle dataset, and triangular points represent estimates from randomly 
resampled dataset. Posterior mean effect sizes (with 95% credible intervals) for the βLMA by year interactions across quantiles estimated 
from (e, f) phylogenetically controlled models (PLMMs) using the real Fair Isle dataset, and (g, h) from the randomly resampled dataset, in (e, 
g) autumn and (f, h) spring. Dashed lines emphasise zero (i.e. no change in timing). Asterisks denote associated p-values (*p < .05; **p < .01; 
***p < .001). An absence of asterisks correspondingly denotes no statistical support. Note that the x-axis scale is not linear.
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passage through Fair Isle for many species during the 59-year study 
period. It concurs with previous analyses of 13 long-distance mi-
grant species though Fair Isle (Miles et  al.,  2017), and with other 
studies on species breeding in the Northern Hemisphere (Bitterlin & 
van Buskirk, 2014; Lehikoinen et al., 2019; van Buskirk et al., 2009). 
Such patterns could reflect multiple processes, including within-
season variation in selection, constraints on migration dates and/or 
changing compositions of migrants from different sub-populations 
with distinct breeding and/or non-breeding locations.

The strong negative intercept-slope correlations highlight a 
further general pattern, whereby species that originally migrated 
through Fair Isle relatively late in each season have advanced their 
migration timing more than species that originally migrated earlier. 
Such intercept-slope correlations are rarely reported in studies on 
migration phenology, but could reveal interesting forms of chang-
ing temporal assemblage structure with respect to key ecologi-
cal variables (but see Stemkovski et  al.,  2022). For example, our 
analyses show that species with predominantly invertebrate diets 
were originally late spring migrants through Fair Isle and have ad-
vanced their migration timing, whilst species with vertebrate diets 
were originally early spring migrants and have got later (Supporting 
Information S11). Such opposing changes in timing will alter the de-
gree of temporal overlap of different groups of migratory species, 
here presumably increasing spring overlaps between species with 
predominantly invertebrate versus vertebrate diet types. Our cur-
rent analyses, therefore, highlight how species-specific variation in 
changing migration timings could alter key properties of the over-
all composite migrant assemblage, with dynamic knock-on conse-
quences for species interactions and patterns of co-occurrence at 
non-breeding, passage and breeding grounds (Inouye, 2022).
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