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Abstract

Advances in spring migratory phenology comprise some of the most well-documented
evidence for the impacts of climate change on birds. Nevertheless, surprisingly lit-
tle research has investigated whether birds are shifting their migratory phenology
equally across sex and age classes—a question critical to understanding the potential
for trophic mismatch. We used 60years of bird banding data across North America—
comprising over 4 million captures in total—to investigate both spring and fall migra-
tory phenology for a total of 98 bird species across sex and age classes, with the exact
numbers of species for each analysis depending on season-specific data availability.
Consistent with protandry, in spring (n =89 species), adult males were the first to
arrive and immature females were the last to arrive. In fall (n =98), there was little
difference between sexes, but adults tended to depart earlier than juveniles. Over
60years, adult males advanced their phenology the fastest (-0.84 days per decade, 95
Crl = -1.22 to -0.47, n =36), while adult and immature females advanced at a slower
pace, causing the gap in male and female arrival times to widen over time. In the fall,
there was no overall trend in phenology by age or sex (n =57), driven in part by high
interspecific variation related to breeding and molt strategies. Our results indicate
consistent and predictable age- and sex-based differences in the rates at which spe-
cies' springtime phenology is shifting. The growing gap between male and female mi-
gratory arrival indicates sex-based plasticity in adaptation to climate change that has

strong potential to negatively impact current and future population trends.
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1 | INTRODUCTION

Every year, billions of birds migrate to temperate latitudes in the
Northern Hemisphere to breed (Horton et al., 2019). This annual
migration has captured the imagination of people for millennia
(Mynott, 2018), and the timing—or phenology—of bird migration
has been studied for well over two centuries (Margary, 1926). Due
to these long historical records, changes in spring bird arrival
times formed the backbone of the earliest arguments for a perva-
sive ecological response to global warming (Bradley et al., 1999;

Root et al., 2003; Sparks, 1999; Walther et al., 2002). Over the
ensuing decades, consistent advances in spring migratory phe-
nology (Bitterlin & Van Buskirk, 2014; Lehikoinen et al., 2019;
Usui et al., 2017) have been found across Europe (Cotton, 2003;
Newson et al., 2016; Saino et al., 2011; Sparks et al., 2005) and
North America (Horton et al., 2020; Mayor et al., 2017; Zimova
et al., 2021), and these advances are invariably linked to increases
in global temperatures (Cotton, 2003; Horton et al., 2020; Hurlbert
& Liang, 2012; Lehikoinen et al., 2019; Marra et al., 2005; Sparks
et al., 2005). Variation exists within migratory birds, however, with
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greater phenological advances and tighter ties to vegetation phe-
nology for short-distance migrants compared to Neotropical, trans-
Saharan, or Southeast Asian migrants (Bitterlin & Van Buskirk, 2014;
Horton et al., 2019; Hurlbert & Liang, 2012; Lehikoinen et al., 2019;
Nakata et al., 2011; Tattrup et al., 2012; Usui et al., 2017; Youngflesh
etal., 2021; Zimova et al., 2021).

Our knowledge of phenological trends in fall is far less certain
(Gallinat et al., 2015), at least partly due to overall fewer numbers of
published studies and available data on fall phenology. In birds, fall
migration trends are more variable (Bitterlin & Van Buskirk, 2014;
Haest et al., 2019; Morris et al., 2016; Newson et al., 2016), with
many studies showing no trends in departure dates (Covino, Horton,
et al., 2020; Van Buskirk et al., 2009; Zimova et al., 2021), and
high interspecific variability driven in part by migration distance
(Ellegren, 1993; Jenni & Kéry, 2003; Van Buskirk et al.,, 2009),
breeding strategy (Jenni & Kéry, 2003), and exogenous cues (Haest
etal, 2019). Birds are also harder to study in the fall, as many species
have more cryptic plumage and inconspicuous behaviors to avoid
predation, making them harder to observe (e.g., through citizen sci-
ence programs).

Despite the preponderance of studies on migratory phenol-
ogy, few have examined how temporal trends in migratory phe-
nology might vary among different demographic groups (Cadahia
et al., 2017; Covino, Horton, et al., 2020; Mgller, 2004; Tattrup &
Thorup, 2008). Age and sex, in particular, could affect both gen-
eral migratory phenology, as well as phenological trends. In spring,
males are expected to arrive earlier than females (protandry) to
compete for territories and secure more mating opportunities
(Canal et al., 2012; Coppack et al., 2006; Kokko et al., 2006; Morbey
& Ydenberg, 2001; Rubolini et al., 2004; Saino et al., 2010), and
protandry has been widely documented in Europe (Spina et al., 1994;
Tottrup & Thorup, 2008), Asia (Nam et al., 2011; Wobker et al., 2021),
and North America (Covino, Horton, et al., 2020; Covino, Morris,
et al., 2020; Francis & Cooke, 1986; McKinnon et al., 2016; Morris
& Glasgow, 2001; Swanson et al., 1999). Although there has been
no wide-scale appraisal of sex-specific phenology during fall migra-
tion (Stegman et al., 2017), single-species studies have documented
protogyny (females depart first; Mills, 2005), protandry (McKinnon
et al., 2016), and no discernable sex-specific differences (Covino,
Horton, et al., 2020; Mills, 2005; Morris & Glasgow, 2001). Sex-
specific differences in fall migratory phenology could result from
differences in territoriality or parental roles (McKinnon et al., 2016;
Mills, 2005; Newton, 2008, 2011), for example if males seek to de-
fend their territory until after the females have left, or if females
invest more in post-fledging provisioning—requiring more time post-
breeding to recuperate lost energy.

Among different age groups, a distinction is drawn between im-
matures/juveniles (i.e., birds <1 year old) and adults. In spring, adults
tend to arrive earlier than immatures (Covino, Horton, et al., 2020;
Francis & Cooke, 1986; Spinaetal., 1994; Stewartetal.,2002; Wobker
et al., 2021), perhaps due to competitive interactions between these
two age categories (Marra et al., 1993; Sherry & Holmes, 1989), or
due to adults being more experienced leading to higher migratory

efficiency (Ellegren, 1993). In fall, young have been demonstrated to
migrate earlier in at least two species (Covino, Horton, et al., 2020;
McKinnon et al., 2016), explained by the logic that immatures post-
fledging tend to be well-fed and fully feathered—and so ready to
migrate—while their parents may still need to molt and regain fat and
muscle before migrating (Newton, 2008; Pyle et al., 2018). Given
the myriad potential differences in migratory phenology between
spring and fall migration, between males and females, and between
adults and immatures, it is important to assess migratory phenology
at larger geographic and taxonomic scales.

The consequences of changes in phenology (or a lack thereof)
could be severe for fitness. During spring, it is critical that migratory
birds time their breeding to coincide with green-up and peak food
abundance (Both et al., 2006; Mayor et al., 2017). Advances in phe-
nology are therefore advantageous for species tracking temperature-
sensitive resources, such as insects. Failure to track resources may
lead to trophic mismatches, which, in turn, can cause population
declines (Both et al., 2006, 2010; Jones & Cresswell, 2010; Mgller
et al., 2008; Saino et al., 2011). If males and females or adults and
immatures differ in their phenological trends, this could produce
mismatch differentials, with more negative consequences for cer-
tain demographic groups. A recent study in North America (Covino,
Horton, et al., 2020) found that male and female Black-throated Blue
Warblers (Setophaga caerulescens) showed similar levels of pheno-
logical shifts in both spring and fall, but we do not know how this
pattern varies across a wider ecological and phylogenetic spectrum
of migratory birds. Assessing sex- and age-specific differences in
migratory phenology and trends across many bird species requires
large quantities of data with suitable geographic and taxonomic
coverage. Large databases, such as eBird, have proved fruitful for
estimating phenological trends in avian arrival (Horton et al., 2019;
Hurlbert & Liang, 2012; Youngflesh et al., 2021), but such datasets
tend to lack systematic information on sex and age. Since 1920, the
U.S. Geological Survey has run the Bird Banding Laboratory (BBL),
a continental-scale program that distributes bird bands and collates
banding data. BBL has amassed a dataset of millions of bird band-
ing records for hundreds of species from across North America and,
importantly, most of these records contain data on age and/or sex.

Here, we use the BBL dataset to assess the phenology and
phenological trends of a suite of North American migratory
birds. Dividing the data into spring and fall migration, we use
sampling-corrected phenological estimates and Bayesian hierar-
chical random effects models to quantify sex- and age-dependent
differences in overall migratory phenology for 98 species, and
to quantify sex- and age-dependent trends in phenology for 54
species. Following published literature, we predicted that males
migrate earlier in spring than females and adults migrate earlier
than immatures. As previous studies have not found consistent
differences in phenological trends between demographic groups
(Covino, Horton, etal., 2020; Tgttrup & Thorup, 2008), we pre-
dicted that spring arrival would advance at an equal rate across
groups. In the fall, we predicted high interspecific variability in
departure dates as consistent patterns have rarely been found
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across studies (Bitterlin & Van Buskirk, 2014; Zimova et al., 2021).
For this reason, we also predicted that there would be no over-
all trends in fall phenology, as the varied phenological trends of
different species would cancel each other out. Ultimately, upon
finding species-specific variation in phenological trends, we ex-
plored several trait-based hypotheses that sought to explain this

variation post hoc.

2 | METHODS

2.1 | Datafiltering

All data filtering and analyses were conducted in R v. 4.1.1 (R
Core Team, 2021). From the USGS BBL, we requested spring and
fall bird banding records for all migratory land bird species pre-
sent in North America, which comprised nearly 27 million band
records of 234 species for the years 1960-2019. Records for
122 eastern species were received on 16 July 2020 and the re-
mainder were received on 26 August 2020. We chose to focus
on long-distance Neotropical migrants to investigate a group of
well-studied species with similar migratory ecologies that have a
definitive entry into and exodus from the United States and/or
Canada each year. We therefore removed species that overwin-
ter in the United States or Canada (e.g., chickadees, Poecile; most
wrens, Troglodytidae; many sparrows, Passerellidae; Northern
Cardinal, Cardinalis cardinalis; and American Robin, Turdus migra-
torius). We also removed swallows (Hirundinidae), as they seldom
fly into mist nets unless targeted, and when they do, they often
do so as a flock. We then applied a series of stringent filters for
analysis inclusion, building off previous methods studying phenol-
ogy with banding data (Covino, Horton, et al., 2020). To focus on
bird phenology in the portions of North America, where BBL sam-
pling has been densest, we removed data below 24° latitude and
west of -140° longitude and removed any sites located outside of
the United States or Canada. After this initial restriction, the data
contained records from over 37,000 localities, but many of these
sites focused banding efforts on periods outside of migration, did
not operate for many years, or focused only on certain species.
We therefore defined the migratory seasons as March 1-June 15
(spring) and July 15-November 15 (fall) and removed localities
where >50% of records occurred outside of these migration sea-
sons (Covino, Horton, et al., 2020). We then separated the data by
season into spring and fall datasets and applied subsequent filters
to each dataset separately. Next, we removed locality-year combi-
nations which began banding well after migration had begun (date
of first capture >30 April for spring, >30 August for fall) or ended
banding well before migration had ended (last bird captured <30
May for spring, <30 September for fall). We also removed locality-
years that ran <10 banding days, spanned a period <30days, or
banded at a rate <1day per week. We then removed all species
with <100 total records across each dataset (spring or fall). The
resulting spring dataset (hereafter “spring phenology dataset”)
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contained 1,158,497 records of 89 species (Table S1) and the fall
dataset (hereafter “fall phenology dataset”) contained 3,539,157
records of 98 species (Table S1).

To assess differences in phenological trends in migration over
time, we applied some additional filters based on data coverage
over the study duration to create a “spring trends dataset” and
a “fall trends dataset.” For each species, we removed localities
where that particular species was banded in <20 unique years or
where there were <10 records per year on average. We also re-
moved species with <300 records across the whole dataset (i.e.,
minimum 5 records per year over 60years). The spring trends
dataset contained 495,284 records of 36 species over 97 sites and
the fall trends dataset contained 1,816,531 records of 53 species
over 271 sites.

As we wanted to analyze the effects of both age and sex on
phenology, we needed to filter the data to known ages and to cat-
egorize the sexes. When filtering based on age, we removed “local”
birds (i.e., immediately post-fledging) and records with missing age
data. For spring, we also removed hatch-year birds and catego-
rized the remaining records with known ages as immature (second
year) or adult (after second year) birds. For fall, we categorized all
records as either juvenile (hatch-year) or adult (after hatch-year).
For sex, species were considered dichromatic if they could be reli-
ably sexed in the hand based on plumage (Pyle, 1997) or otherwise
monochromatic (Table S1). Most dichromatic species were sexed
when banded, but some individual records remained “unknown.” Of
the monochromatic species, a small proportion of individuals were
sexed when banded, however these were usually based on breeding
characteristics (e.g., brood patches and cloacal protuberance). These
breeding characteristics have their own phenologies which tend to
occur later than arrival dates and could confound migratory phenol-
ogy. We did not want to determine arrival dates based on breeding
phenology and therefore re-categorized all monochromatic species
as sex “unknown.”

For each season, we aggregated data into 10-minute hexagonal
grid cells (provided in the BBL dataset). Subsequently, in the spring
and fall phenology datasets, we filtered out data where a particular
species/sex/age combination was caught <10 times in a given cell,
and in the spring and fall trends datasets we filtered out data where
a species/sex/age combination was caught <10 times over <5days in
a given year and cell. After applying these filters, the spring phenol-
ogy dataset contained 1,009,620 records, the fall phenology dataset
contained 3,030,611 records, the spring trends dataset contained
385,448 records, and the fall trends dataset contained 1,399,798
records (Table 1). The fall phenology dataset (i.e., the dataset with
the most species) contained 60 dichromatic species and 38 mono-
chromatic species spread over 13 avian families.

2.2 | Phenology estimation

Estimating phenological events, such as the arrival times of birds,
can involve a variety of metrics (hereafter “phenometrics”). At
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TABLE 1 Sample sizes for migratory phenology estimates for 98 North American bird species over 60years. Records of birds from the
Bird Banding Lab (a) were aggregated into grid cells and categorized based on age and sex. From these data, Weibull-corrected phenometrics
(b) were calculated for every species, cell, sex, and age. Spring and fall phenology datasets were used to estimate general phenology

across the study period; spring and fall trends datasets were used to estimate changes in migratory phenology during the study period and
resulted from more stringent filters. In spring, ages were categorized as adult (after second year) or immature (second year); in fall, ages were
categorized as adult (after hatch-year) or juvenile (hatch-year). Sexes were categorized as female (F), male (M), or unknown (U)

A Total No. species No. cells Adult-F
Spring phenology 1,009,620 89 1015 198,047
Spring trends 385,448 36 59 65,965
Total Adult-F
Fall phenology 3,030,611 98 1391 203,798
Fall trends 1,399,798 53 134 53,785
B Total Adult-F Adult-M
Spring phenology 12,179 2712 3496
Spring trends 11,797 2316 2747
Total Adult-F Adult-M
Fall phenology 24,863 2708 2860
Fall Trends 32,949 1787 2162

the simplest level, phenometrics such as the first (Miller-Rushing
et al., 2008) or median dates provide a rough approximation of
phenology (Covino, Horton, et al., 2020). More complex phe-
nometrics, such as estimating the day when migration reaches
half of its maximum value, provide a more robust estimation of
migratory phenology (Youngflesh et al., 2021); however, such
methods are data hungry, requiring sufficient data per species
and site to produce annual phenology curves. Based on these
trade-offs, we opted to use Weibull-parameterized estimators
of phenology from the R package phenesse (Belitz et al., 2020).
These phenometrics use Weibull distributions to correct for bias
and calculate accurate estimates of phenology for any percen-
tile of a distribution—therefore representing a compromise be-
tween simple phenometrics, where biases are not accounted for
(Miller-Rushing et al., 2008), and more complex phenometrics
based on large quantities of presence/absence data (Youngflesh
et al., 2021). The estimates are also accompanied by bootstrapped
confidence intervals to provide a measure of error.

For the spring datasets, we chose the 1st quartile (Q1) of ordi-
nal day to represent the onset of spring migration (hereafter “ar-
rival dates”). For the fall datasets, we chose the 3rd quartile (Q3) to
represent the offset of fall migration (hereafter “departure dates”)
and to avoid high capture rates during the tail end of the breeding
season. For the spring and fall phenology datasets, we calculated
the Weibull-corrected arrival/departure dates for every species,
cell, sex, and age. For the spring and fall trends datasets, we calcu-
lated the Weibull-corrected dates for every species, cell, year, sex,
and age. Estimates were based on 100 iterations and confidence
intervals were calculated over 100 bootstraps. The spring phe-
nology dataset contained 12,179 estimates (Appendix S1), the fall
phenology dataset contained 24,863 estimates (Appendix S2), the
spring trends dataset contained 11,797 estimates (Appendix S3), and

Adult-M Adult-U Imm-F Imm-M Imm-U
275,090 256,028 81,897 145,974 52,584
88,788 88,545 40,668 75,299 26,283
Adult-M Adult-U Juv-F Juv-M Juv-U
223,436 233,930 483,262 595,768 1,290,427
73,563 88,931 222,937 268,151 692,431
Adult-U Imm-F Imm-M Imm-U
3329 792 1299 551
2457 1334 2064 879
Adult-U Juv-F Juv-M Juv-U
3294 3621 4108 8272
2830 5665 6583 13,922

the fall trends dataset contained 32,949 estimates (Appendix S4;
Table 1).

2.3 | Modeling
Migratory phenology was modeled in a Bayesian hierarchi-
cal random effects framework (see Appendix S5 for code) using
Markov Chain Monte Carlo simulation from the program JAGS
(Plummer, 2003) via the R package R2jags (Su & Yajima, 2021). Our
general modeling strategy was to hierarchically model all species
at once, using species-specific random slopes and species- and
location-specific random intercepts. For each model, this provided
inference on a ‘general effect’ across all included species, while
still allowing individualized phenological responses for species
over time and space. We ultimately ran four different statistical
models to answer our questions: how migratory (1) spring arrival
and (2) fall departure differ by age and sex and how the rate of
phenological advancement or delay differs by age and sex in (3)
spring and (4) fall.

To model the effects of age and sex on migratory phenology, we
used an identical model structure for both spring and fall, as follows:

y;~ Normal(z;, ;)

z;~ Normal(y;,0,)

Hij = Qi+ Ay i 2 g€ + ap j o SeXF + atjpir e age e sexF + ayy ;  sexM

+ jing; * dg€* SEXM,

where the Weibull-estimated migratory phenometric (i.e., ar-
rival or departure date), y; for species i in cell j was modeled as a
normally distributed random variable with mean z; and standard
deviation oy. In this parameterization, z; is the true and unknown
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phenometric, while ojjis observed data, calculated as the width of
the 95% confidence interval of the Weibull-estimated phenomet-
ric divided by 3.92 (to approximate a standard deviation). This pa-
rameterization allowed the uncertainty in the Weibull-corrected
phenometrics to be propagated throughout the Bayesian hier-
archical models. To place phenometrics within a linear-modeling
framework, z; was then modeled as a normally distributed random
variable with mean y; and standard deviation ¢,, where mean y;

was a linear combination of an intercept, a;, for adults of unknown

ip

sex and five offsets: ;... measures the effect of age (binary, O for

imm,i
adults and 1 for immature/juvenile birds), ar; measures the rela-
tive effect of being female (sexF; O for unknown or male and 1 for
females), ay,; measures the relative effect of being male (sexM; O
for unknown or female and 1 for males), a;,; measures the inter-
action between age and sexF, and a;,,,; measures the interaction
between age and sexM. To account for species-specific variation in
migration date and phenological trends, we used a random effects
approach, where all of the species-specific parameters (a,»j, Cinmis
A jy i Apgio Xingm,) Were drawn from hierarchical normal distribu-
tions with associated means and standard deviations. In addition,
we accounted for the fact that phenology varied as a function of

latitude by drawing the following global intercept term,
a;” Normal(uaj,aa)

from a linear equation where
Haj=7+ 0 lat;,

such that ¢, represents random noise and the expected cell-specific
intercepts across all species, Hajp WETE estimated as a linear function of
latitude with intercept y and slope 6. For both spring and fall models,
we used vague priors (i.e., normal with mean of 0 and standard devia-
tion of 100).

Similar to our year-independent models of phenology, to model
the effects of age and sex on phenological trends, we used an iden-
tical model structure for both spring and fall:

yi~ Normal(z, o)
.~ Normal (g, o)

Hijke = ®jj + Xy i #0g€ + ap j » SEXF + e ;  age « sexF
+ay ;e sexM+aj, ;o agessexM+ p;; e year
+ imm,i *dg€ year + fi ;e sexF eyear+ ;e ; « age« sexF « year

+ By esexMeyear + B +age s sexMeyear,

where the Weibull-estimated migratory phenometric, yy, for species
iin cell j during year k was modeled as a normally distributed random
variable and z; is the true unknown phenometric with mean y. In
turn, py was a linear combination of an intercept, @; (for adults of un-
known sex) and a slope, By for the effect of year on phenology, plus
five intercept offsets (as above) and five slope offsets: f;,,,; measures
the year-specific effect of age, fr; measures the relative year-specific

oo, MOEMIE

effect of being female, §,,; measures the relative year-specific effect
of being male, ,,,r; measures the interaction between age and sexF on
the year-slope, and f;,,; measures the interaction between age and
sexM on the year-slope. In this model, the slope parameters (ﬁ,-j, Bimmv
BEj» Bintr.r Bmj» Bintm) Were drawn from hierarchical normal distributions
with associated means and standard deviations. In addition, we al-

lowed the global slope to vary as a function of latitude,

B~ Normal(yﬁj,aﬂ),

where
Hp =@+ @ lat;,

such that the expected cell-specific slopes across all species, Hy, Were
estimated as a linear function of latitude with intercept w and slope ¢.
For these models, we used informed priors for the six a terms, where
the parameters were drawn from a normal distribution with a mean
and standard deviation equal to the mean and standard deviations of

the posteriors from the first set of models:
Xmodel2 ~Normal (a"mot:lelly Uarmodell)'

All other priors were vague, as in the first model set.

We ran each of the four Bayesian hierarchical models with three
chains of 3000 iterations each and a burn-in of 1000 and thinned
half of the posteriors. From the posterior draws of the phenology
models, we calculated the mean and 95% credible intervals of the
phenometrics of each demographic group overall, as well as for each
species. For the trend models, we calculated the mean and 95%
credible intervals of the intercepts and slopes of each demographic
group overall, as well as for each species. Certainty of effect was
based on whether or not a 95% credible interval included 0. We also
report, where applicable, probabilities of effects based on the pro-
portion of posterior samples relative to key indices. Even though the
models will estimate them, we do not present species-specific phe-
nology estimates or trends for demographic groups with no data. For
example, there are no data on male and female trends for monochro-
matic species so we do not present them. This affects the number of

species with estimates in each demographic group.

2.4 | Phylogeny

We conducted a check for phylogenetic signal in our results, as
models assumed that all species were randomly drawn from a
normal distribution. From birdtree.org (Jetz et al., 2012), we
downloaded 500 phylogenetic trees with the Hackett backbone
for the full complement of species. We then created a consensus
tree using the function “Is.consensus” from the R package phy-
tools (Revell, 2012). For each demographic group (i.e., age and sex
groupings), we assessed the phylogenetic signal in the spring and
fall phenometrics. For each group, we pruned the consensus tree
to include only species with representative data in the dataset.
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For example, monochromatic species were removed from the
trees for males and females, and so forth. We used the mean es-
timates from the posteriors of the first set of Bayesian models to
represent the mean phenology of each species and demographic
group. We then calculated Pagel's 1 (Pagel, 1999) as a measure of
phylogenetic signal and tested for significance. We repeated this
exercise for the species-specific slopes from the models of phe-
nological trend. We also tested for phylogenetic signal in age and
sex-based differences in the phenometrics and the phenological
trends. To test for age-based differences in phenometrics, we sub-
tracted mean estimates for adults from immatures/juveniles. For
sex-based differences, we subtracted adult male estimates from
adult female estimates. We repeated this process for differences

in phenological trends.

2.5 | Posthoc tests across species

In light of our results (see below), we conducted additional analyses
seeking to explain some of the species-specific variation in modeled
outcomes. These tests were necessarily simple due to the relatively
low number of species available for comparison (e.g., only dichro-
matic species produce estimates for males and females). In addition,
there are multiple ways to compare groups (e.g., adult males/adult
females, immature males/immature females) and so we avoided
complications arising from multiple comparisons. Thus, these post
hoc results may indicate interesting patterns that warrant further
investigation, but we caution that post hoc analyses do not provide
strong scientific inference.

We used a one-way ANOVA to test whether age-based differ-
ences in fall departure dates across species varied as a function of
molt strategy. We categorized the molt strategy (Pyle et al., 2018;
Pyle, pers. comm.) of all species (Table S1) as: breeding (occurring
mostly on breeding grounds), fall (occurring either during fall migra-
tion or on both breeding and wintering grounds), or winter (occurring
mostly on wintering grounds). Additionally, we used a simple linear
model to test whether sex-based differences in spring arrival trends
across species (female trend minus male trend) varied as a func-
tion of breeding latitude and hand-wing index (HWI). To calculate
breeding latitude for each species, we downloaded breeding range
polygons from eBird Status and Trends (Fink et al., 2020), sampled
10,000 points from each range, and calculated the mean latitude
of the sampled points. HWI, a proxy for dispersal ability (Sheard
et al., 2020), was extracted from AVONET (Tobias et al., 2022). We
removed Ruby-throated Hummingbird (Archilochus colubris) from
this test as it has dramatically higher HWI than all other species in
our sample.

Finally, we examined correlations among trend differentials in
common species across our analyses. We tested whether age- or sex-
based differences in spring arrival trends across species were cor-
related (Pearson's correlation) with the corresponding differences in
fall departure trends. For example, is the difference between adult
female and adult male arrival trends in spring correlated with the

difference between adult female and adult male departure trends
in fall? To explain the high variation in fall phenological trends, we
also tested whether age- and sex-based differences in fall departure
dates across species were correlated with differences in fall depar-
ture trends. For example, for species where the adults leave before
the juveniles, are adults also advancing their fall phenology relative
to juveniles?

3 | RESULTS

During spring migration at the mean latitude (Figure 1a), the earliest
demographic group to arrive was adult males (posterior mean across
all species = day 127.5, 95% credible interval [95 Crl] = 125.8-129.3),
followed by immature males (129.5, 95 Crl = 127.6-131.5), adult fe-
males (132.3, 95 Crl = 130.8-133.9), and finally immature females
(133.5, 95 Crl = 131.9-135.1). Model posterior distributions indi-
cated complete certainty (Pr = 1.0) that adult males arrived earlier
than all other demographic groups. Birds of unknown sex had spring
arrival dates intermediate to known sexes within the respective age
group (adults = 130.4, 95 Crl = 128.8-131.9; immatures = 132.6, 95
Crl =130.9-134.3).

During fall migration (Figure 1b), adult birds tended to depart
earlier (female = 248.0, 95 Crl = 245.0-251.1; male = 247.6, 95
Crl = 244.5-250.7; unknown = 247.0, 95 Crl = 244.0-249.9) than
juvenile birds (female = 252.6, 95 Crl = 249.3-255.9; male = 253.6,
95 Crl = 250.2-257.2; unknown = 250.5, 95 Crl = 247.2-253.7).
However, differences in departure date between the sexes de-
pended on age, with high probability (Pr = 0.798) that adult males
departed before adult females, but no evidence (Pr = 0.064) that
juvenile males departed before juvenile females.

The spring migratory phenology of all demographic
groups advanced over time (Figure 2a,c) with high certainty
(Pr[slope<0] = 0.999). Adult males advanced the fastest
(-0.84 days per decade, 95 Crl = -1.22 to -0.47, Pr = 1.0) followed
by adult females (-0.64, 95 Crl = -1.02 to -0.27, Pr = 1.0) and
immature males (-0.63, 95 Crl = -1.03 to -0.24, Pr = 1.0), with
the slowest being immature females (-0.59, 95 Crl = -1.00 to
-0.17, Pr = 0.996). Of unknown sex species—largely comprising
monochromatic species—adults (-0.61, 95 Crl = -1.01 to -0.23,
Pr = 1.0) and immatures (-0.66, 95 Crl = -1.09 to -0.25, Pr = 1.0)
advanced with intermediate speed. Models showed high certainty
that adult males advanced their spring arrival faster than other
demographic groups (Pr = 0.951). Focusing on species-specific
estimates (Figure S1a), of the 24 dichromatic species, no species
significantly delayed their spring phenology, but adult males of 17
species, adult females of 14 species, immature males of 12 spe-
cies, and immature females of 12 species advanced their spring
phenology with high confidence (Pr>0.95). Of these species,
the fastest advancing species and group was adult male Black-
throated Green Warblers (Setophaga virens), which advanced their
arrival by an average of -1.57 days per decade (95 Crl = -2.16 to
-1.00). Of the 12 monochromatic species, adults of six species and
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immatures of five species advanced their spring phenology with
high certainty (Figure S1a), the fastest being immature Warbling
Vireo (Vireo gilvus; -1.83, 95 Crl = -2.57 to -1.15). One species,
the Gray-cheeked Thrush (Catharus minimus), delayed its spring
migratory phenology (adults: 0.85, 95 Crl = 0.37-1.32).

There was no clear trend in fall migratory phenology overall
(Pr[slope <0] = 0.59) or across demographic groups (Figure 2b,d;
adultfemales: Pr[slope < 0] =0.58;juvenile females: Pr=0.50; adult
males: Pr = 0.21; juvenile males: Pr = 0.42). Most groups showed
little overall change in phenology (max change = 0.24 days per de-
cade for adult males), although adults (-0.43, 95 Crl = -0.99-0.17,
Pr = 0.92) and juveniles (-0.39, 95 Crl = -1.01 to 0.22, Pr = 0.89)
of unknown sex tended to advance their departure. However,
there was a large amount of variation in trends between species,
with both phenological advances and delays in the timing of fall
departure. Of 33 dichromatic species (Figure S1b), adult females
of one species, juvenile females of eight species, and adult males
of six species advanced their fall phenology, while adult females
of two species, juvenile females of four species, adult males of
three species, and juvenile males of four species delayed their
fall phenology. Of the 20 monochromatic species, adults of two
species and juveniles of three species advanced their fall phenol-
ogy (Figure S1b). Juvenile female Prairie Warbler (Setophaga dis-
color) was the fastest group to advance its fall phenology (-2.89,

95 Crl = -4.54 to -1.20). Juvenile male Black-headed Grosbeak
(Pheucticus melanocephalus) was the fastest group to delay its fall
phenology was (4.95, 95 Crl = 2.97-7.16).

In the species-specific spring phenology estimates (Figure S2),
adult females (1 = 0.51, p = 0.021) and adult males (1 = 0.59,
p = 0.002) showed significant phylogenetic signal, but no other
groups did (4 <0.4, p >0.05; Figure S2). The difference between
adult male and female arrival (Figure 3a) also showed significant
phylogenetic signal (1 = 0.59, p = 0.002), unlike the difference be-
tween immature and adult arrival (Figure 3b). In the fall, there was
high phylogenetic signal across all demographic groups (Figure S3),
as well as between males and females (Figure 3c), and between ju-
veniles and adults (Figure 3d; 1 = 0.58-0.78, p <0.011). There was
little phylogenetic signal in either the species-specific spring and fall
phenology trends (4 <0.1, p >0.05) or the age and sex-based differ-
ences in phenology trends (1 <0.1, p >0.05).

Exploring species-specific variation post hoc, we found that molt
strategy had a significant effect on age-based differences in depar-
ture date (one-way ANOVA: Fa90 =25.88, p <0.001), with adults
more likely to leave first in species that molt during migration or on
the wintering grounds compared to species that molt on the breed-
ing grounds (Figure 4a). We also found that the rate of increase in
protandry—that is, the number of days per decade by which males
were advancing faster than females—was positively associated with
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FIGURE 2 Trends in migratory phenology over 60years as a function of age and sex for 54 North American bird species. Phenology
estimates were based on the Weibull-corrected 1st and 3rd quartile estimates of capture records for spring and fall, respectively. Species-
specific rates of phenological shift (days per decade) are shown for (a) spring (n = 36 species) and (b) fall (n = 53 species), along with global
means (black points), for each demographic group. Species points (a, b) are colored based on the ranked phenological trend of immature
females, from fastest advance (yellow) to slowest delay (purple), with each species colored consistently across demographic group within
each panel (a, b). Points are colored gray when the trend was not certain, that is, where the 95% credible interval overlapped 0. Trends
over time are also shown collectively for each demographic group in (c) spring and (d) fall. Thick lines represent global mean trends for each
group and dashed lines represent the 95% credible intervals. Trend lines for unknown sex are not shown for simplicity. For sex, F = female,
U = unknown, and M = male; for age, imm = immature (second year), juv = juvenile (hatch-year).

breeding latitude (Figure 4b; 0.022+0.010 SE, n = 21, t = 2.17,
p = 0.044) but not with HWI (0.004 +0.010 SE, t = 0.39, p = 0.698).

When comparing sex-based differences in spring arrival trends
with corresponding differences in fall departure trends, we found
little correlation between spring and fall for sex-based differences
in adult trends (n = 20, Pearson's r = 0.03) or sex-based differences
in immature trends (n = 18, r =-0.33). There was also little correla-
tion (Figure S4) between spring and fall for age-based differences in
males (n = 17,r =-0.21) but moderate inverse correlation for females

(n =16, r =-0.46) and unknown sex (n = 9, r =-0.55). Thus, overall,
there was little evidence to suggest that differences in trends among
demographic groups carried over from spring to fall, except perhaps
between females or unknown sex individuals where spring trends
were anticorrelated with fall trends. When comparing age-based dif-
ferences in departure dates with age-based differences in departure
trends (Figure S5a), we found positive correlation between the two
(females: n = 24, r = 0.51; males: n = 25, r = 0.61; unknown: n = 22,
r = 0.55). Similarly, we found a positive correlation (n = 22, r = 0.45)
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between sex-based differences in departure dates and sex-based
differences in departure trends for adults (Figure S5b). Thus, the de-
mographic group that departs first in fall was more likely to advance

in phenology relative to the group that departs second.

4 | DISCUSSION

The advancing pace of bird migration in spring is one of the most
well-documented responses to recent global climate change, yet
little research has assessed whether these advances are consist-
ent across sexes and age groups, while phenological trends in fall
migration are often neglected (Gallinat et al., 2015). In this study,
we found that adult male birds are advancing their spring arrival
times (by an average of -0.84 days per decade) substantially faster
than other demographic groups (between -0.64 and -0.59 days per
decade). This imbalance in shift rates is the average result across 24
dichromatic species over 60years in North America (Figure 2a,c), a
result that has not been demonstrated before at this geographic and
taxonomic scale. In Europe, spring phenological trends have been
found to be similar between males and females for eight species over
22years (Tgttrup & Thorup, 2008), but male Barn Swallows (Hirundo
rustica) showed an advance in phenology while females did not
(Mgller, 2004). In North America, trends in spring migratory phenol-
ogy have been documented for both male and female Black-throated

Blue Warblers, but an interaction between sex and year has not been
tested (Covino, Horton, et al., 2020). The trends that we estimated
for male (adults: —0.72; immatures: -0.37) and female (adults: -0.57;
immatures: -0.46) Black-throated Blue Warblers corroborate those
estimated by Covino et al. (5th percentile: -1.16, median: -0.45), but
suggest that this species additionally shows sex and age-based dif-
ferences in phenological trends.

Our general finding of advancing spring migratory phenol-
ogy supports the substantial literature on phenological trends
(e.g., Bitterlin & Van Buskirk, 2014; Lehikoinen et al., 2019; Usui
et al., 2017). Estimates of phenological advance show high varia-
tion between studies, ranging from -0.6days per decade (Horton
etal., 2020) to -2.67 days per decade (Cotton, 2003). Many factors
can affect the estimation of phenological trends, so any individual
estimate should be considered in context. For example, studies
examining the first or early (5th percentile) arrival date may find
stronger trends than those examining the median or mean arrival
date (Bitterlin & Van Buskirk, 2014; Covino, Horton, et al., 2020;
Lehikoinen et al., 2019; Van Buskirk et al., 2009). While earlier
arrival dates are more sensitive to outliers, median arrival dates
may be slower to shift, and so our use of 1st quartile arrival date
is a compromise that better represents the onset of migration
(Belitz et al., 2020), similar to (but less computationally intensive
than) the half-max of arrival (Youngflesh et al., 2021). Moreover,
the use of Weibull-corrected estimates minimizes potential bias
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in the data (Belitz et al., 2020). Another important aspect that
can affect trend estimation is the temporal scale of the study
(Kolarova et al., 2017). Whereas our study spans 60years of phe-
nological variation, other studies covering shorter time spans may
find stronger signals of advance due to more recent acceleration
in climate warming (Mayor et al., 2017). Despite variation in the
magnitude of individual trend estimates, our results are definitive
on the direction of trends in spring migratory phenology with high
confidence (Pr=1) of advancing trends across demographic groups
and for ~90% of species.

In support of other studies (Francis & Cooke, 1986; Spina
et al., 1994; Tattrup & Thorup, 2008), we found a general pattern
of protandry (Figure 1a), with adult males arriving 4.8days earlier
than adult females across 58 dichromatic species. We also found
high phylogenetic signal in the degree of protandry (Figure 3a).
Males are expected to arrive earlier than females to establish ter-
ritories and gain more mating opportunities once females arrive
(Kokko et al., 2006; Morbey & Ydenberg, 2001; Rubolini et al., 2004;
Saino et al., 2010), including extra-pair paternity (Canal et al., 2012;
Coppack et al., 2006). This selection on protandry may be facilitated
by latitudinal segregation on and earlier departure from wintering
grounds (Briedis et al., 2019; Coppack & Pulido, 2009), and shorter
duration at stopover sites (Seewagen et al., 2013). We also found
across 89 species that adults tended to arrive earlier than immatures
(males by 2.1days, females by 1.2days, on average), corroborating
other studies (Francis & Cooke, 1986; Spina et al., 1994; Stewart
et al., 2002). Adults are known to migrate faster than immature birds
(Ellegren, 1993) and tend to outcompete young birds in the winter-
ing grounds, enabling adults to feed more efficiently than immatures
prior to migration (Marra et al., 1993).

Understanding the mechanisms and drivers of earlier male and
adult arrival helps to both explain the sex and age-based trends in
phenology and interpret their consequences. For example, as males
often winter farther north than females (Coppack & Pulido, 2009;
Komar et al., 2005), they could be exposed to different migratory
cues. Temperatures in more northerly wintering grounds may cor-
relate better with temperatures on breeding grounds, allowing males
to more accurately track increasing temperatures (Bauer et al., 2020).
Alternatively, because they depart the wintering grounds earlier
(Briedis et al., 2019; Coppack & Pulido, 2009), males may have more
time to adjust their migration speed en route. Future studies should
attempt to quantify age and sex-based trends in wintering latitude
and spring departure times to see whether they correlate with our
observed phenological trends. Interactions on the wintering grounds
could also be responsible for the faster advancement of males. If cli-
mate change causes conditions to worsen on the wintering grounds,
increased competition between adults and immature birds could re-
sult in larger differentials in body condition, which, in turn, affects
migration timing (Marra et al., 1993).

While protandry is probably adaptive, the degree of protandry
is likely under balancing selection between the costs of arriving too
early and the benefits of arriving before other males and/or females
(Morbey et al., 2012; Saino et al., 2010). Climate change could be re-
ducing the cost of arriving earlier and, given that sexual selection is
an important driver of protandry, increasing the degree of protandry
(Mgller, 2004). However, if increasing protandry reflects a greater
inability of females to track climate change, this could have import-
ant consequences for reproduction. Despite shifts in phenology,
migratory birds are not currently keeping track with increasing tem-
peratures (Saino et al., 2011) or earlier green-up (Mayor et al., 2017),
and this is thought to result in trophic mismatches, whereby the
timing of hatching does not coincide with the timing of peak food
abundance (Both et al., 2006, 2010). Copulation, laying, and rearing
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can obviously not occur until females have arrived, and the growing
gap between male and female arrival could be causing us to under-
estimate the degree of trophic mismatch. Population declines asso-
ciated with lags in phenological change (Mgller et al., 2008) may be
driven more by lags in female arrival than male arrival, and future
studies could test this relationship. In addition, our post hoc test in-
dicated that the growing degree of protandry is greater for species
that breed farther north. Perhaps the mechanisms that drive these
phenological trend differentials occur during migration itself, and
are exacerbated for species that need to migrate farther. Or per-
haps the mechanisms occur on the breeding grounds and are more
pronounced in the colder north. These are important avenues for
future research.

During the fall, we did not find strong overall trends in phenol-
ogy (Figure 2b,d). In particular, females showed almost no change
in departure date. Males, however, did show a slight trend toward
earlier departure. A lack of overall trend is consistent with other
studies (Van Buskirk et al., 2009; Zimova et al., 2021), as is a lack
of difference in departure times (Figure 1b) between males and fe-
males (Covino, Horton, et al., 2020; Morris & Glasgow, 2001). The
earlier departure of adults in our study, however, contradicts the
hypothesis that juveniles should leave earlier given that they molt
before their parents (Covino, Horton, et al., 2020; Newton, 2008;
Pyle et al., 2018)—although species-specific results do support ear-
lier juvenile departure in Black-throated Blue Warblers (Covino,
Horton, et al., 2020). The reason why our finding of earlier adult de-
parture differs from previous studies could be the choice of pheno-
metric. While juveniles are expected to depart earlier, they are also
expected to have a more protracted migratory period than adults
(Morris et al., 2016). By choosing the 3rd quartile of departure
dates—that is, the offset of migration—we are capturing a different
part of the curve than most previous studies, where the wider dis-
tribution of juvenile departure could lead to apparently later depar-
ture dates. Another explanation could be the existence of breeding
adults at banding stations. We deliberately chose the 3rd quartile of
departure dates to distance ourselves from the breeding season but,
inevitably, breeding adults are captured at the start of the migration
season, and they could be biasing the phenology estimates to earlier
in the season. Ultimately, capture dates provide only a single glimpse
into the migration of individual birds; with the continued miniatur-
ization of bird-mounted tracking technology, future work will be able
to provide greater understanding of the complex dynamics of fall
migration.

Despite a lack of overall trends during the fall, we found high
interspecific variation in both departure dates and departure trends
(Figures 1 and 2; Figure S1), with strong phylogenetic signal in de-
parture dates (Figure S3). This variation could be driven by species-
specific differences in territoriality or molt strategy. For example,
many of the species in our dataset with adults departing first are
hummingbirds (Trochilidae) and flycatchers (Tyrannidae), while
warblers (Parulidae) dominate the species whose juveniles depart
first—a trend supported by high phylogenetic signal in age-based dif-
ferences in departure dates (Figure 3d). Adult hummingbirds tend to
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molt on their wintering grounds, while many flycatchers undergo a
protracted prebasic molt, mostly occurring on the wintering grounds
(Pyle, 1997). By contrast, the adult prebasic molt of warblers oc-
curs over a short period on the breeding grounds. Thus, while adult
warblers must molt prior to migration—departing after juveniles—
hummingbirds and flycatcher adults can leave immediately post
breeding—before their offspring. Indeed, we found that adults were
statistically more likely to leave first in species that molt during mi-
gration or on the wintering grounds (Figure 4a).

What does this mean for fall phenological trends? In species
where adults leave earlier, adults may be able to advance their de-
parture, while in species where adults need to molt before leaving,
juveniles may advance their departure relative to adults. Indeed,
we found a positive correlation between age-based differences
in departure dates and age-based differences in departure trends
(Figure S5a). Similarly, in species where females depart first, females
were also more likely to advance their departure dates (Figure S5b).
Sex-based differences in departure dates could result from a num-
ber of factors. For example, male hummingbirds do not provision
for their offspring, so can depart before females. Conversely, the
males of some species may continue to defend territories even after
the females have left (Mills, 2005). The important take-away is that
age and sex-based gaps in departure phenology have increased over
time, and these shifts are likely driven by the selective forces that
shaped those gaps over evolutionary time. However, there was little
evidence that differences in departure trends were correlated with
differences in spring arrival trends, suggesting that the forces driv-
ing variation in phenological trends vary from spring to fall. Better
understanding of these mechanisms will substantially improve pre-
dictive models of phenological change.

In summary, we demonstrate consistent sex- and age-based dif-
ferences in spring migratory phenology for bird species over 60years
across North America. Adult males are advancing their arrival times
faster than other demographic groups and this has important im-
plications for conservation, as the gap between male and female
arrival widens. In the fall, a lack of overall trend in phenology hides
important interspecific variation driven by differences in breeding
and molt strategies. Understanding the implications of these autum-
nal changes will require a more nuanced, species-specific approach

that integrates climate change with life history.
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