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Abstract

In many taxa, the most common form of sex-biased migration timing is protandry—the
earlier arrival of males at breeding areas. Here we test this concept across the annual cycle of long-
distance migratory birds. Using more than 350 migration tracks of small-bodied trans-Saharan
migrants, we quantify differences in male and female migration schedules and test for proximate
determinants of sex-specific timing. In autumn, males started migration about 2 days earlier, but this
difference did not carry over to arrival at the non-breeding sites. In spring, males on average
departed from the African non-breeding sites about 3 days earlier and reached breeding sites ca 4
days ahead of females. A cross-species comparison revealed large variation in the level of protandry
and protogyny across the annual cycle. While we found tight links between individual timing of
departure and arrival within each migration season, only for males the timing of spring migration was
linked to the timing of previous autumn migration. In conclusion, our results demonstrate that
protandry is not exclusively a reproductive strategy but rather occurs year-round and the two main
proximate determinants for the magnitude of sex-biased arrival times in autumn and spring are sex-

specific differences in departure timing and migration duration.

Keywords: annual cycle, geolocator, long-distance migrant, migration phenology, protandry,

protogyny
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Introduction

Billions of migratory animals travel vast distance between their breeding and non-breeding
regions to exploit seasonal changes in resource availability and secure their survival while increasing
reproductive opportunities [1-3]. Natural selection favours individuals that best match their annual
schedules with the phenology of their current environment [4] and gain prime access to resources
[5]. In many species, factors like intrasexual competition, sex-specific breeding roles, and individual
tolerance to suboptimal environmental conditions can induce differences in migration timing

between males and females [5-8].

Sex-biased migration timing has most often been demonstrated for arrival to the breeding
sites in spring. Protandry — the earlier arrival of males at the breeding location — is the most common
form of sex-biased migration timing in many taxa [9], while protogyny — female arrival ahead of
males — is less common and typically found in some species with reversed sex roles [10-12].
Protandry and protogyny have primarily been considered as reproductive strategies and seven
explanations have been brought forward of how natural selection can shape spring arrival protandry
[9]. Among those, the three principal adaptive hypotheses explaining protandry in birds are (1) the
mate opportunity hypothesis, (2) the rank advantage hypothesis, and (3) the susceptibility hypothesis
[5-7,9,13]. Under these hypotheses, protandry should prevail in territorial species with a high degree
of extra-pair paternity, in species with relatively larger male body size compared to females, and in
populations with male-biased sex ratio and higher fecundity for early breeding females. The level of
protandry also varies with migration strategy with smaller differences between the sexes in long-
distance migrants and larger differences in facultative and short-distance migrants [13—-18],

suggesting that processes other than reproduction play a role.

Measuring sex-biases upon arrival at the breeding sites [16,19-21] provides only brief
snapshots of the full annual cycles of migratory animals. Since life-history stages of migrants are
inextricably linked and shaped by environmental conditions at various locations [21-25], we need a
full annual perspective to better understand the driving forces that underlie sex-biased migration
timing and the consequences it may have for individuals and populations [26]. Several recent studies
have looked into sex-biased migration timing also at other annual stages, e.g. [21,27-33] frequently
showing earlier male departure from the non-breeding sites in spring, but ambiguous patterns for
autumn migration. However, sample sizes of such case studies are often small, and confirmation of
sex-biases in migration timing (or lack thereof) may often be masked by low statistical power. Thus,
whether sex-biased migration timing is a general pattern across the entire annual cycle of migratory

birds remains to be shown [34].
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Furthermore, due to difficulties in following individual migrants year-round, the proximate
causes behind sex-biased spring arrival times often remain obscure [35] . With advancing tracking
technologies, however, we gain more data on entire migration schedules of individual birds allowing
for detailed descriptions of sex-specific migration patterns, e.g. [29,36—38], and testing for proximate
causes that drive differences in spring arrival times. The three main proximate determinants, that
could explain sex-biases in arrival timing, are differences in (1) departure timing from non-breeding
areas, (2) migration distance, and (3) migration speed [35]. The causes are not mutually exclusive but
their relative contributions remain largely unknown for most species (but see [14,39]). If proximate
causes for arrival timing are similar for autumn and spring migration, we expect a similar pattern of
sex-biased arrival timing (i.e. protandry) and similar strength of ‘domino effect’ (a situation when the
timing of one annual phase affects the timing of any subsequent phase [33,40]) between migratory

departure and arrival in both seasons.

To gain a general insight into migration timing of males and females across the entire annual
cycle, we compiled already published and unpublished tracking data on complete annual schedules

of various Afro-Palearctic long-distance migrant landbirds.

(i) We test by how much and how consistently males migrate ahead of females in
spring [5,9,13,35] and whether the timing of autumn migration is also sex-biased. If
protandry is solely a reproductive strategy [9], we expect it in spring, but not in
autumn; if sex-biased timing prevails also in other parts of the annual cycle,
additional processes besides breeding should be in play.

(ii) We evaluate multiple proximate causes — departure timing, migration distance,
duration, and speed — as potential drivers for sex-biased migration timing [13,35]. If
departure timing is the primary proximate driver for spring arrival protandry [14,39],

we expect a clear domino effect between timing of different migration stages.

Methods

We studied migration phenology of male and female long-distance migratory landbirds
travelling within the Afro-Palearctic bird migration system. For our analyses, we used data from
studies where individual birds had been tracked between breeding and non-breeding sites using
light-level geolocators or solar-powered PTT-tags (for Common Cuckoo Cuculus canorus and Roller
Coracias garrulus from Spain; see [41,42]). We included only individuals with complete annual track
recordings from which information on all four major migration transition times could be extracted —
departure from breeding site, arrival at (first) non-breeding site, departure from (last) non-breeding

site, and arrival at breeding site. This allowed for a year-round comparison of relative migration

4
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timing of the same individuals. Since annual migration schedules can vary considerably between
years in response to varying environmental conditions at breeding and non-breeding sites as well as
en route [24,43], we only included data from years where at least one male and one female had been
tracked from the same breeding population. Our dataset included 14 passerine and near-passerine
species from 25 European breeding populations which had been tracked between 2009 and 2017
(Table S1). The breeding sites spanned across Europe ranging from 37°N to 60°N latitude and from

8°W to 28°E longitude (Supplementary Fig. S1).

Compilation of individual migration data

In addition to individual migration schedules, we extracted coordinates of breeding and
estimated non-breeding sites for each individual. If individuals resided at multiple non-breeding sites,
we considered the first non-breeding site as the arrival site in autumn and the last non-breeding site
as the departure site in spring. We calculated individual migration distances (great circle distances
between individual breeding and non-breeding sites), migration duration (days) and speed (km/day).
Since individual duration of pre-departure fuelling cannot be quantified using current tracking
technologies, migration duration was defined as the time between departure and arrival at the final
destination and should not be considered as total migration duration [44]. Consequently, individual
migration speed is defined as migration distance divided by migration duration, which is likely an
overestimate and should not be viewed as absolute migration speed sensu stricto [44]. Furthermore,
locations of non-breeding sites as inferred from light-level geolocators inherently include positional
error of up to a few hundred km [45], slightly affecting the estimates of individual migration

distances and speeds.

Since we found an effect of age on the timing of autumn migration with juvenile birds
migrating later than adult conspecifics (B = -10.56 + 4.65 SE, t166 = —2.27, p = 0.026), we restricted
our analyses to adult birds and excluded 12 juvenile hoopoes (Upupa epops) from the dataset. Thus,
our final sample size consisted of 354 complete annual tracks (195 males; 159 females) of 340

individuals (repeated tracks: 8 males, 6 females; Table S1).

We also compiled information on the species’ morphological and ecological traits (data
source: [46]), namely sexual size dimorphism (SSD; using wing length as a proxy for overall body size),
moult strategy (region where complete post-breeding moult is undertaken — Europe or Africa), and
foraging mode (aerial or terrestrial feeder). Phylogenetic relatedness between the species was

assessed using Ericson-backbone tree from Jetz et al. [47] downloaded from www.birdtree.org.
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Data analyses

As species and populations may differ in migration timing, distance, duration and speed, we
used their relative values (Ax) as inferred from tracking data, i.e. individual migration parameters
were expressed as the difference to their species-, population-, and year-specific means. Values of Ax
< 0 represent relatively earlier migrations, shorter distances and durations, or slower migration
speed, while Ax > 0 represent relatively later migrations, longer distances and durations, or faster

migration speeds. All data analyses were done in R [48].

We first tested for differences in migration timing between males and females and then
whether these differences could be explained by differences in departure time, migration duration,
distance, and speed. For both tests, we used mixed-effect models (LMM) and accounted for the non-
independence of hierarchical data by including species, population (nested within species) and year
(nested within species and population) as random factors. LMM analyses were run with the R-
package ‘Ime4’ [49]; p-values were obtained via R-package ‘ImerTest’ [50]. Finally, we also evaluated
the relationship between individual migratory departure and arrival times (relative values Ax) across

the annual cycle using simple linear regressions.

Using the R-package ‘MCMCglmm’ [51], we tested the roles of several biological species-
traits in explaining the average differences in male and female migration timing (in days) for each
species. Foraging strategy and moulting region were included in the models as binary variables while
SSD was a continuous variable. Phylogenetic relatedness between the species was included in the
model as a random effect, thus, we could account for non-independence of data due to shared
ancestry of the species. In all models, we used inverse-Gamma priors (V =1, nu = 0.002) as non-

informative priors.

As the number of male and female tracks differed between species, populations and years,
our ultimate sample was male-biased, which may potentially have confounded mean and relative
migration parameters. To test whether this affected our results, we repeated the analyses with a
reduced dataset that contained a random sample of individuals of the more common sex to match
the number of the less common sex. Consequently, this reduced dataset contained a balanced
number of males and females from each population and year and thus, the same total number of
individuals per sex (n = 128 males + 128 females). To avoid effects from the identity of these
individuals in the selection, we repeated the random selection and analyses 99 times. Using this
reduced dataset, we recalculated the relative values for migration timing, distance, duration, and

speed. Results from the reduced dataset analyses are presented in the Online Supplementary Files.
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Results

Annual schedules

Our analyses revealed that migration schedules of males and females differed in both
migration seasons, i.e. in spring and autumn (Fig. 1). In autumn, males departed from their respective
breeding sites on average 1.7 days earlier than females (LMM with species, population and year as

random effects: B = -1.73 + 0.85 SE, t1,35; = -2.03, p = 0.043; Fig. 1, Supplementary Fig. S2). However,

we found no significant differences in relative arrival dates at the non-breeding sites between males
and females originating from the same breeding sites (B =0.17 + 1.13 SE, t1 352 = 0.15, p = 0.881).
Note that the non-breeding sites are individual-specific, and birds of the same breeding origin did not
necessarily migrate to the same destination. In spring, males departed from their non-breeding sites
on average 2.9 days earlier than females (B =-2.94 £ 1.16 SE, t1,352 = -2.52, p = 0.012). The difference
in relative arrival times at the breeding site was even greater with males arriving on average 3.9 days

earlier than females (B = -3.86 £ 0.98 SE, t1352 = -3.94, p < 0.001).

The overall patterns were similar when using the reduced dataset; yet, the differences in
male and female annual migration schedules were larger (average difference + SD; breeding
departure: 2.0 £ 0.5 days; arrival non-breeding: 0.4 + 0.6 days (females earlier); departure non-

breeding: 3.2 £ 0.7 days; arrival breeding: 4.1 + 0.4 days; Supplementary Figure S2 boxplots).

Proximate causes of arrival timing

Our models identified sex-specific differences in departure timing and migration duration as
the most important predictors for sex-biases in arrival times (protandry or protogyny) at non-
breeding and breeding sites (Table 1). Migration distance and speed were similar for males and
females during both migration seasons and did not account for sex-biased arrival times (Table 1; Fig.

2).

The biological trait model showed that differences between male and female migration
timing were greater in species with larger SSD (Fig. 3), particularly upon spring arrival at the breeding
sites. Foraging mode was not a significant predictor of differences in male and female migration

timing throughout the entire annual cycle (Supplementary Figure S3). Moult strategy was only a

significant predictor for departure from non-breeding sites with species undergoing complete moult
in Africa showing smaller differences between male and female spring departure timing

(Supplementary Figure S3).
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Relationship between individual timing of consecutive migration episodes

We found the strongest positive relationships between breeding site departure and non-
breeding site arrival time as well as between non-breeding site departure and breeding site arrival
time (autumn: B =0.20 + 0.04 SE, F1 35, = 25.7, R = 0.07, p < 0.001; spring: B = 0.58 + 0.05, Fy 35, =
115.6, R = 0.25, p < 0.001; Fig. 4). Thus, the strongest domino effect between timing of migration
events was found within, rather than across, autumn and spring migrations. There were also positive
relationships between arrival and departure time at non-breeding sites, and non-breeding site arrival
and breeding site arrival time — yet, to a lesser extent (Fig. 4a). In males, domino effects of migration
timing were similar to the general pattern described above with the strongest relationship between
non-breeding site departure and breeding site arrival time in spring (B = 0.47+ 0.08, F1 103 =37.3,r* =
0.16, p < 0.001; Fig. 4b). In females, migration timing in autumn and spring was not related, yet
departure from non-breeding and arrival at breeding sites were strongly related (8 =0.71 + 0.08,
F1157 = 80.3, r2=0.33, p < 0.001; Fig. 4c). Analyses of the reduced dataset yielded similar results

(Supplementary Figure S4).

Discussion

Sex biases in annual schedules

Taking a full annual perspective on sex-biased timing of migration, we observed earlier male
migration for three out of four main migration stages. Protandry in breeding site arrival was largely
explained by an earlier departure of males from the non-breeding sites [14,35] and sex-specific
differences in migration duration, whereas migration speed and distance contributed insignificantly.
In autumn, males departed earlier from the breeding sites than females, but since the sexes also
differed in migration duration, timing of arrival at the non-breeding sites was similar for both sexes.
The species composition in our study comprise various taxonomic orders and families with variable
moulting strategies, degree of territoriality, foraging modes, and SSD, and therefore, we feel

confident to generalize our results to most long-distance migrants.

Our findings suggest that in Afro-Palaearctic migratory landbirds males arrive at the breeding
sites on average only a few days ahead of females. Earlier male arrival in spring has been shown in
many migratory species with differences ranging between two weeks in some short-distance
migrants and 2—8 days in long-distance migrants [18,20]. Furthermore, protandry in spring arrival is
largely caused by males departing earlier from the non-breeding sites. This finding confirms the
suggestion of several earlier case studies [14,21,27,39,52,53]. Earlier departure in males seems to be

endogenously driven, as under constant day length conditions males show earlier onset of migratory
8
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restlessness than females [54]. Additionally, our findings also shed new light on sex-specific
differences in migration duration as a primary contributor to sex-biased arrival timing. Migration
duration is clearly an interaction between migration speed and distance, thus, these three
parameters are partially masked within one another. However, the differences between average
migration speed and distance of males and females were negligible contributing only insignificantly

towards sex-biased migration arrival times.

We also found that in autumn males generally depart from the breeding sites earlier than
females, but these differences ceased upon arrival at the non-breeding sites. Hitherto, our
understanding of sex-biased timing of bird autumn migration has largely been based on data from
ringing stations. Several of such studies reported no sex-differences or even protogyny (earlier
female migration) in long-distance migrants during autumn [12,55], which would be in contrast to
our results. However, an inherent pitfall of data from ringing stations is that they capture birds on
passage and typically their origin and destination are unknown. Thus, any differences between the
sexes that such ringing-station data might suggest, could be cofounded by variable migration timing
of individuals that come from, or head to, different locations. Naturally, this is resolved in our dataset
(and individual tracking data in general) and we can directly compare breeding site departure and

non-breeding site arrival of individuals from the same breeding populations.

Two issues could be raised about our results and their interpretation, namely that (1)
tracking devices might affect females more than males and thus delay their migration; (2) earlier
arriving males might be easier to recapture than late arriving ones. Although it has been shown that
tracking devices can have more negative effects on female rather than male apparent survival in
aerial foragers [56], no sex-specific effects on the timing of migration have been found (Brlik et al.
accepted). As to the recapture probability of early- and late-arriving individuals, most of our study
species breed in nestboxes or natural cavities, which are regularly inspected during the entire
breeding season. Thus, late-arriving breeders are as likely to be recaptured as early-arriving breeders.
However, recapture probabilities might differ if late-arriving males are unable to breed, e.g. if all
territories are already occupied [21]. We recognize that a general constraint inherent to individual-
based archival bio-logging devices is that the dataset contains only successfully migrating and

surviving individuals and cannot infer or analyse the migration timing of unsuccessful birds.
Full annual perspective on adaptive hypotheses for protandry

Protandry has primarily been considered a reproductive strategy [9] and therefore, most
research has focused on sex-biases in arrival times at the breeding site, largely neglecting the timing
of other annual stages. We further discuss the three leading adaptive hypotheses for protandry in

migratory birds [13] and put them in the context of full annual cycles.
9
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The susceptibility hypothesis predicts that males arrive earlier in spring because they are
better able to withstand adverse weather conditions (e.g., due to their larger body size) en route or
at the breeding sites early in the season [7]. In long-distance migrants, however, this applies only to
the breeding site arrival in spring as Afro-Palearctic migratory birds typically do not experience cold
conditions at other parts of the annual cycle. Thus, the susceptibility hypothesis alone cannot explain

the observed differences in male and female migration timing at other annual stages.

In the mate opportunity hypothesis, earlier arrival of males provides direct fitness benefits
via polygyny, and theoretical models have convincingly demonstrated the mate opportunity
hypothesis to be the most plausible explanation for spring protandry in migratory animals [6]. If
males and females migrate at similar speeds and over similar distances (as shown in Fig. 2), this
hypothesis also justifies why males should depart from the non-breeding sites ahead of females.
However, applying this hypothesis to explain the protandry pattern during autumn migration is not
that straightforward. Since no mating takes place after autumn migration, the mate opportunity
hypothesis predicts no sex-biased arrival times at the non-breeding site which is in line with our
findings. The mate opportunity hypothesis, however, fails to explain why males should leave the

breeding sites earlier than females.

The rank advantage hypothesis argues that male—male competition for access to prime
breeding sites is the main driver of spring arrival protandry [5]. While this hypothesis could also
explain why males start spring migration earlier than females, an extension of the rank-advantage
model by including also female—female competition sometimes resulted in protogyny, rather than
protandry — contrasting our findings [6]. This is because early in spring, female—female competition
can be stronger than male—male competition, as females compete for a resource that is relatively
scarcer — territories occupied by males — than the resource contested for by males — vacant
territories. Autumn migration is additionally characterized by the presence of male—female
competition for access to high quality non-breeding sites, as spending the non-breeding residency
period in good conditions can be of uttermost importance for survival, preparing for spring
migration, and future reproductive success [57]. Introducing intersexual competition in the rank-
advantage model eliminates sex-biased arrival at the non-breeding sites — a pattern found in our
study — as both sexes are expected to advance their arrival up to a point where increased costs of
premature or excessively fast migration counteract the benefits of an even earlier arrival [5].
Competition for resources at the non-breeding sites would also lead to early departure from the
breeding sites in autumn as early-departing individuals (or populations) would gain a head-start over
those who depart later [30]. Thus, both sexes should advance their departure date from the breeding

sites to arrive early at the non-breeding sites. Earlier departure of males found in our study may be

10
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attributed to females investing more energy and/or time in reproduction, which delays their post-
nuptial moult and preparation for migration [22]. Indeed, for species that moult before post-
breeding migration, males have been shown to start post-nuptial moult earlier than females [58,59]
—an important prerequisite for timely departure from the breeding sites in autumn. Thus, timing of
moult might set an important constraint for timing of migration across the annual cycle generating

sex-biased migration schedules (see Supplementary Figure S3).

Links between consecutive annual stages

In both migratory seasons, timing of departure and arrival at the destination were positively
correlated, indicating that late departure from one site cannot be fully compensated for but rather
leads to late arrival at the next site with potential downstream consequences [40,60,61]. Such
cascading effects have been shown in barn swallow where females that departed early from the non-
breeding areas, also bred earlier and had higher fecundity; yet, no such relationships were found in
males [62]. Thus, the start of spring migration bears stronger consequences for reproductive success
in one sex than the other, which is in line with our finding of tighter relationship between spring

departure and arrival dates in females compared to males.

In females, spring migration schedules were not dependent on the timing of their previous
autumn migration, while in males, arrival time at the non-breeding site and timing of spring
migration were still positively related. Studies on short-lived migrant species suggest that effects
from the previous migration season do not carry-over to influence the timing of the subsequent
spring migration [21,22,33,63,64]. The non-breeding period potentially serves as a buffer dissolving
the rank order of individuals from the autumn migration. The sample size of these case studies,
however, may sometimes be insufficient for comparing different demographic groups within the
populations. Our results suggest that males and females experience different level of domino effects

between timing of consecutive migration season [62].

Conclusion

Our study has advanced the knowledge of a long-debated subject — differences in year-round
migration schedules of males and females in long-distance migratory birds. We show that sex-biased
timing is not restricted to spring arrival at breeding sites, but males and females differ in migration
schedules across the annual cycle. The magnitude of spring arrival protandry is primarily driven by
earlier male departure from the non-breeding sites and sex-specific differences in migration
duration. Earlier male departure in autumn, however, does not translate into earlier arrival at the
non-breeding sites. Although, our understanding of the selective advantages of spring protandry and

their trade-offs has advanced during the last decades, e.g. [39,61,62,65] the ultimate causes of sex-

11
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345 be rank advantage in acquiring non-breeding territories or home ranges for optimal moult and

346  maintenance of good body condition.
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Tables
Table 1

Summary statistics of linear-mixed effects models examining proximate determinants of the

magnitude of protandry (measured in days) at (a) autumn arrival at the non-breeding sites and (b)

spring arrival at the breeding sites. Species, population (nested in species), and tracking year (nested

in species and population) were included in the models as random effects. All explanatory variables

were scaled.

Fixed effects estimate SE t-value p-value
(a) Sex-specific differences in autumn arrival time
Intercept 0.709 0.002 337.7 <0.001
Departure time 7.254 0.003 2830.0 <0.001
Migration duration 13.696 0.003 5433.2 <0.001
Migration speed 0.001 0.002 04 0.665
Migration distance -0.001 0.002 -0.2 0.876
(b) Sex-specific differences in spring arrival time
Intercept -4.938 0.008 -605.4 <0.001
Departure time 7.962 0.009 827.4 <0.001
Migration duration 9.641 0.012 785.8 <0.001
Migration speed -0.006 0.011 -0.6 0.586
Migration distance 0.001 0.009 0.1 0.898
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572 Figures

573  Figure 1

574  Differences in male (blue) and female (orange) migration timing of Afro-Palearctic long-distance

575 migratory birds (values below 0 correspond to earlier migration; measured in days). (A) departure
576  from the breeding site, (B) arrival at the non-breeding site, (C) departure from the non-breeding site,
577 (D) arrival at the breeding site. Average values of relative migration times are indicated by black dots
578  within interquartile ranges given as coloured bars. Bold fonts for axis scales indicate statistically

579  significant differences between male and female migration timing.
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582  Figure 2
583  Comparison of relative migration (a) distance, (b) duration, and (c) speed between males and females
584 in autumn and spring. Boxplots show median values with interquartile ranges (IQR; boxes), whiskers

585 extend to 1.5 times the IQR, outliers are given as dots.
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594

595

Figure 3

Differences in male and female migratory transition times among species (mean difference + SD) and

their relationship (£ 95% Cl — shaded area) with sexual size dimorphism as inferred from wing length.

Differences below 0 denote cases of males being earlier, while values above 0 indicate female being

earlier. The order of species in the figure legend corresponds to the order from left to right in the

four individual plots.
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596 Figure 4

597 Relationships between individual timing of migration events. (a) A matrix showing simple linear

598 regressions between individual migratory departure and arrival times in autumn and spring for males
599  and females combined, (b) for males only, and (c) for females only. Non-significant regressions are
600  marked with ‘X’. A detailed example of the relationship between individual timing of migration

601  departure and arrival is presented for autumn (d) and spring (e). Lines correspond to simple linear
602 regressions: black for both sexes combined, blue — males, orange — females. Boxplots show median +
603 interquartile range (IQR — boxes; whiskers extend to values within 1.5 times the IQR and dots depict

604  outliers) of x- and y-axis values for each sex.
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