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The start of migration correlates with arrival ®

Check for

timing, and the total speed of migration
increases with migration distance in

migratory songbirds: a cross-continental
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Abstract

Background: Anthropogenic changes in the climate and environment have globally affected ecological processes
such that the spatiotemporal occurrence of the main annual cycle events (i.e, breeding, wintering, moulting, and
migration) has shifted in migratory birds. Variation in arrival timing at migratory destinations can be proximately
caused by an altered start of migration, total migration distance, and/or total speed of migration. Quantifying the
relative contributions of these causes is important because this will indicate the mechanisms whereby birds could
potentially adjust their annual cycle in response to global change. However, we have relatively little quantitative
information about how each of these factors contributes to variation in arrival timing. My main aims are to estimate
how arrival timing is correlated with variation in the start of migration and the total migration distance and how
the total speed of migration may change with the total migration distance and body mass in a comprehensive
analysis including multiple species.

Methods: For this purpose, | considered individual tracks covering complete migrations from multiple species and
distinguished between within- and between-species effects.

Results: Assuming that the within- and between-species effects quantified under this approach agree with the effects
acting at the individual level, starting migration one day later or increasing the total migration distance by 1000 km would
result in later arrival timing by 04-0.8 days or 2-5 days, respectively. The generality with which the start of migration is
correlated with arrival timing within species suggests that this is the general biological mechanism regulating arrival
timing, rather than the total migration distance. The total speed of migration was positively correlated with the total
migration distance but not with the bird’s body mass.

Conclusions: As the start of migration is endogenously controlled and/or affected by hatching date, directional selection
can probably act on existing within-species/within-population variation to alter arrival timing. This factor and the
importance of variation in the start of migration for arrival timing suggest that migratory species/populations in which
there is sufficient variation in the start of migration and transgenerational processes affect the corresponding timing may
present an advantage over others in coping with anthropogenic-induced global changes.
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distance, Total speed of migration
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Background

Migrant birds cope with seasonal variation in the envir-
onment by breeding and wintering in habitats that are
temporarily favourable for their specific requirements. In
addition to breeding, moulting, and wintering, seasonal
movements account for a significant part of migrants’
annual cycle in terms of energy expenditure and time
[1]. Birds’ breeding strategies, moulting schemes, and
migrations are therefore well matched and adapted to
the ecosystems they inhabit within their annual cycle [2].
Anthropogenic-induced changes in climate and environ-
ment have altered ecosystems, significantly affecting eco-
logical processes such that the temporal and spatial
occurrence of essential resources has globally shifted [3].
These spatiotemporal changes have modified the sea-
sonal timing of migrants’ annual cycles [4-7], which
may reduce reproductive success (e.g., when migrants
arrive late and miss the time of optimal food abundance
for chick rearing) [8, 9].

Variation in arrival timing can occur because of variation
in three migratory traits (among others): the start of migra-
tion, the total migration distance, and the total speed of mi-
gration (ie., the total migration distance [km] covered per
unit of time [day], including periods of stopover) [10]. For
different species and seasons, it has been demonstrated in
several studies that (i) the earlier an individual starts its mi-
gration, the earlier it is expected to arrive at its migratory
destination [11-16]; (ii) the longer the total migration
distance, the later the bird is expected to arrive at its migra-
tory destination, given that the two other traits remain
unchanged [17]; and (iii) birds with a higher total speed of
migration arrive earlier than those with a lower speed [12].
Furthermore, the total speed of migration is positively
correlated with the total migration distance [18, 19] and
negatively correlated with body mass [20]. The latter corre-
lation has been shown for parts of the seasonal migratory
movements of different populations [21], for the total
migration of seven sandpiper species in spring [22], and in
general for flapping and soaring migrants [23]. Quantifying
the relative potential contributions of variations in these
traits to variation in arrival timing and to what degree the
total migration distance and body mass affect the total
speed of migration in a multiple species approach to iden-
tify within- and between-species effects is still a major chal-
lenge in ecology.

Here, I focus on migrant songbirds, a group that has been
widely studied in relation to anthropogenic changes [24—
26]. The first objective is to jointly quantify the relative con-
tributions of the start of migration and total migration
distance to variation in arrival timing separately for spring
and autumn. For statistical reasons, the total speed of migra-
tion was not included because it is an arithmetic function of
the start of migration, arrival timing, and total migration dis-
tance and would therefore lead to spurious results. I
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consider individual migration data detailing movements for
complete migratory seasons and distinguish between within-
species and between-species effects [27]. By quantifying the
relative contributions of the start of migration and total mi-
gration distance to the variation in arrival timing, we can
carefully predict how much a certain change in one of these
migratory traits potentially affects arrival timing given that
the other remains unchanged. This is a simplification be-
cause the start of migration may affect the total speed of mi-
gration [28] and current environmental conditions influence
the start of migration [29] and the total speed of migration
[30, 31], probably evoking more complex reactions that are
limited by species-specific constraints on migration [32].
However, it allows us to cautiously discuss the magnitude of
adjustment that would be required to separately explain the
0.2- to 1-day per year advance in breeding area arrival tim-
ing observed in many migrant songbirds (i.e., 4 to 20 days in
the last 20 years) [5, 6, 33, 34].

The second objective is to quantify the observed effect of
the total migration distance [18, 19] and the predicted effect
of body mass [20] on the total speed of migration. Since
the total speed of migration is an arithmetic function of the
total migration distance, one may expect the latter to be
positively correlated with the total speed of migration, cf.
La Sorte et al. [21]. Body mass has been negatively corre-
lated with the total speed of migration in three studies [21—
23]. However, it remains unknown whether these patterns
may influence the individual total speed of migration for
songbirds in a similar way when accounting for complete
migration periods.

Despite recent advances in miniaturized tracking
devices, the sample sizes of repeatedly tracked individual
songbirds are still rather small [11, 35, 36]. At present, it is
therefore not possible to determine within-individual ef-
fects on variation in arrival timing. As an alternative
option, I assumed that the effects acting at the individual
level are captured by between-individual comparisons
within and across different species, cf. La Sorte et al. [21]. I
considered published data for 26 different songbird species
detailing the timing of the main annual cycle events and
providing individual estimates of the total migration dis-
tance and total speed of migration across five continents
(Table 1, Fig. 1). In assessing the above expectations with
the individual tracking data, the main aims were to esti-
mate within- and between-species effects of how arrival
timing is correlated with variation in the start of migration
and total migration distance and how the total speed of
migration may change with the total migration distance
and body mass in a multi-species approach.

Methods

Field studies and study species

For the analyses, I considered studies individually tracking
the start of the spring and/or autumn migration (departure
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Fig. 1 Simplified migration routes of the study species. Breeding areas and wintering grounds are connected by a straight line; thus, the “true”
migration routes differ from the presented ones. For each species/population, the average longitude and latitude of the breeding area and wintering
ground were considered. For pied flycatchers (Ficedula hypoleuca, orange), northern wheatears (Oenanthe oenanthe, green), and barn swallows
(Hirundo rustica, grey), the location estimates are given for the population-specific breeding areas. The species-specific colours are given in Table 1

from the wintering ground or breeding area, respectively),
the corresponding arrival time at the migratory destination,
the total migration distance, and the total speed of migra-
tion during at least one complete seasonal migration
(Table 1). Only species with data for more than three indi-
viduals within one season were considered. Two studies
involving species not belonging to the order of songbirds
(Passeriformes), one in the Eurasian cuckoo (Cuculus
canorus, Cuculiformes) and another in the European roller
(Coracias garrulus, Coraciiformes), were included because
the migration ecology of these species is similar to that of
songbirds [61, 62]. Two populations of the northern
wheatear (Oenanthe oenanthe) were tracked [39, 40]. I
treated these populations separately (i.e., as different “spe-
cies”) because of the apparent differences in their move-
ment ecology and migration distance (from Sweden to
western Africa [40] or from Alaska to eastern Africa
[39]) (Table 1). The tawny pipit (Anthus campestris),
the linnet (Linaria cannabina), and the snow bunting
(Plectrophenax nivalis) are typical diurnal migrants,
while the ortolan bunting (Emberiza hortulana) migrates
during the night and during the day [63]. All the others
are nocturnal migrants, but some may prolong their
migratory flights into the day [64] and/or cross the Sahara
Desert non-stop [64—67].

Light-level geolocation

All birds were tracked by light-level geolocation. For any
given site, light intensity changes specifically over the year
with respect to a standard time, which allows positions to
be estimated twice per day [68, 69]. The light-level data

were analysed by different analytic procedures in the
original studies, resulting in different yet unquantifiable
levels of accuracy and precision for the location estimates.
Light-level geolocators accordingly do not track daily fine-
scale movements and provide only “inexact” approxima-
tions of the general migratory route [70, 71]. Furthermore,
location estimates may be even less accurate at high
altitudes during summer [71], especially if they are not
analysed in a sophisticated way [72, 73]. To assess the
accuracy and precision of the location estimates, many
studies apply ground truthing in breeding areas or win-
tering grounds. However, these values cannot necessarily
be generalized for other periods of the annual cycle in the
considered studies, but see Rakhimberdiev et al. [74].
Habitat-specific shading characteristics and season-
specific behaviour (e.g., barn swallows (Hirundo rustica)
often roost in reed beds during the non-breeding period)
both alter the actual recorded light intensity in compari-
son with the ground-truthing period [71]. Therefore, even
if the accuracy and precision of the location estimates
were provided in the original studies, they would not
capture the uncertainties of the location estimates
obtained away from the ground-truthing site.

In most of the included species, individuals over-
wintered in one defined area (Table 1), while some indi-
viduals of the veery (Catharus fuscescens), the great reed
warbler (Acrocephalus arundinaceus), the tawny pipit
(Anthus campestris), the Western kingbird (Tyrannus
verticalis), and the common cuckoo visited multiple
areas during this period [47, 49, 52, 60, 62]. If the traits
of interest were not individually detailed in the original
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publications, I considered the departure from the last win-
tering ground as the start of migration and the distance
from the last wintering ground to the breeding area as the
total migration distance for those individuals. Likewise, ar-
rival at and the distance to the “first” wintering ground
were considered to estimate the corresponding traits in
autumn. In doing so, we obviously missed the first migra-
tory fuelling period, which includes the energy accumula-
tion and adjustment of organs (e.g., muscle) for migration
[75] that takes place in the immediate vicinity of the
breeding areas/wintering grounds. The total duration of
migration is underestimated depending on the duration of
this first migratory fuelling period, and consequently, the
total speed of migration is overestimated. Migratory tracks
derived from light data represent simplified and smoothed
routes of real movements [70, 71]. Therefore, the total mi-
gration distance is always underestimated, and conse-
quently, the total speed of migration is also
underestimated. In the studies that did not provide the
total migration distance, I simplified this parameter as the
cumulative great circle distance between the breeding
area, stopover sites, and wintering ground. The coordi-
nates of the individual location estimates for individual
birds were extracted from the studies or, when not given,
were approximated from map locations using Google
Earth, cf. Finch et al. [76]. In summary, the estimates of
the total speed of migration used in this study are subject
to some inaccuracies because both the total duration of
migration and the total migration distance are underesti-
mated. Because it is unlikely that these two inaccuracies
will cancel each other out, we should keep in mind that
the total speed of migration may be higher or lower when
discussing the results.

The latitude of the wintering grounds was significantly
correlated with the total migration distance (Im: 95%
Crl: -0.005 — -0.003 °/km, n =270), but the within-
species variation in latitude was low and therefore was
not considered.

Body mass

The body mass of a migratory songbird can vary by up
to or even more than 100% compared with lean condi-
tions (i.e., without any migratory energy stores) over the
course of the year [77]. Hence, the body mass measured
at a certain date within a year in the considered studies
does not provide a representative scale for the species’
speed of migration. I dealt with this issue by using the
lowest body mass given in the corresponding species
description in the Handbook of the Birds of the World
(HBW) (e.g., del Hoyo, Elliott & Christie [78]) (Table 1).
This approach using the species’ “lean body mass”
eliminated the bias that occurs when body mass
measurements are taken within the annual cycle and ex-
cluded potential species-specific differences in the
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physiological capacity to accumulate energy. However,
the lowest HBW body mass estimate per species may
not necessarily perfectly capture the true lean body mass
of that species.

Statistical analyses

The statistical analyses were implemented using R [79].
All data and R scripts needed to completely reproduce the
analyses are made available (Additional files 1, 2 and 3).

The data include different species with measurements for
different individuals within a species; thus, the data exhibit
two levels of aggregation (i.e., within and between species).
The measurements within a species are not independent be-
cause of species—/population-specific innate migration pro-
grammes [80, 81] and habitat/food requirements. To avoid
the problem of pseudoreplication and to distinguish be-
tween within-species and between-species effects (i.e., to not
erroneously generalize within-species effects to between-
species effects or vice versa), I followed the statistical ap-
proach detailed by van de Pol & Wright [27].

The variation in arrival timing (y) among individuals of
different species was modelled separately for spring and
autumn using a linear mixed-effect model run with func-
tions provided in the R package “/me4” [82] and assuming
normally distributed errors. Arrival timing [Julian date]
(y), the start of migration [Julian date] (x), and the total
migration distance [km] (z) were each scaled separately
for spring and autumn across all species. Within-species
variation in the start of migration (x) and total migration
distance (z) was captured by within-species centring per-
formed separately for spring and autumn. Centring
around species means effectively eliminates any between-
species variation, which provides two new fixed effects ex-
pressing only the within-subject variation in the start of
migration (x;-%;) and total migration distance (z;-Z;).
To express only the between-species variation, I generated
two other new fixed predictor variables, which were sim-
ply the species’ means for the start of migration (¥;) and
the total migration distance (z;). Species were included in
each model as a random intercept (u;). To quantify the
amount of between-species variation in within-species
slopes around the start of migration, I added correspond-
ing random slopes for the start of migration (uy;). The in-
clusion of these random slopes allows the investigation of
whether there is between-species variation in the slopes of
the within-species effects of the start of migration [27]. I
did not add random slopes for the total migration distance
because between-individual variation within a species was
low, and thus, including these random slopes would yield
an overly complex random structure that would not be
supported by the data. I applied the following regression
equation to model the variation in arrival timing separ-
ately for spring and autumn:
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Yy = (Bo+ o)) + (@w + uwy) (%5-%;) + as¥;

+ (rw) (25=2)) + 7s2; + €0y (1)

with the intercept, Sy, the within-species effect of the
start of migration, ay, the between-species effect of the
start of migration, ap, the within-species effect of the
total migration distance, yyw, and the between-species ef-
fect of total migration distance, yz. The random inter-
cept, ugy;, the random slope, uy; and the residual term,
eg;, are assumed to be drawn from a normal distribution
with a mean of zero and between-species variance of

o’ , between-species variance of oftwj, and within-

L
species variance 030;;" respectively. The explanatory vari-
ables of each model were all tested against one another
within each species for collinearity with the “vif’ func-
tion in the R package “usdm” [83]. If the collinearity
(variance inflation factor) was lower than 3, then the ex-
planatory variables were treated as not collinear [84].
The explanatory variables were collinear in six species in
spring and in four species in autumn. These species were
excluded from the two corresponding models (Add-
itional file 2).

The variation in the total speed of migration [km/d]
(y) among individuals of different species was modelled
using a linear mixed-effect model and assuming nor-
mally distributed errors. Here, the species that were ex-
cluded due to collinear explanatory variables in the
above two models were included (Additional file 2).
Since not all individuals and species were tracked in
both seasons, I ran the model separately for spring and
autumn. The total speed of migration (y) and total mi-
gration distance (z) were both logl0-transformed. By fol-
lowing the statistical approach described above, one new
fixed effect expressing only the within-subject variation
in the total migration distance (z;-Z;) and one express-
ing only the between-species variation in the total
migration distance (z;) were generated. Species was in-
cluded in each model as a random factor to allow ran-
dom intercepts for the total migration distance (vq)). To
quantify the amount of between-species variation in
within-species slopes around the total migration dis-
tance, I added corresponding random slopes for the total
migration distance (vy;) [27]. I applied the following re-
gression equation to model the variation in the total
speed of migration separately for spring and autumn:

Vi = (Bo+v0j) + (rw +vw) (25-%)) + ysZ; + eoy
(2)
with the intercept, Sy, the within-species effect of the

total migration distance, yyw, and the between-species
effect of the total migration distance, yz. The random
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intercept, vy, the random slope, vy; and the residual
term, eg; are assumed to be drawn from a normal distri-
bution with a mean of zero and between-species
variance of O‘%O/, between-species variance of 0‘12,%, and
within-species variance of 0?01/, respectively.

To model the variation in the total speed of migration
in relation to body mass, individual tracking data were
aggregated based on the species/population, breeding
latitude, and season to estimate the corresponding mean
values. For the pied flycatcher and the barn swallow, dif-
ferent populations exhibited substantially different total
migration distances, and these species were therefore
split into different populations for this analysis. The vari-
ation in the total speed of migration between different
species/populations was modelled using a linear mixed-
effect model assuming normally distributed errors. The
body mass of each species/population and the season
and their corresponding two-way interaction were used
as explanatory variables. All numeric variables were
logl0 transformed. The bird family was included as a
random factor (intercept) to account for phylogenetic
non-independence [21]. To account for differences in
sample size and in the accuracy and precision of esti-
mates between species/populations, the inverse of the
standard error of the total speed of migration estimate
was included as a species—/population-specific weight in
the model. The two-way interaction was not significant
and, thus, was omitted from the final model.

Comparative analyses including different species re-
quire control for the effect of the species’ phylogenetic
relationships. As multivariate regressions considering
sampling errors of more than one explanatory variable
are, to the best of my knowledge, not yet available [85], I
could not account for shared ancestry. Nevertheless, to
model the variation in the total speed of migration, I ran
a generalized least squares (GLS) regression model ac-
counting for the phylogenetic relationships between spe-
cies by including a within-group correlation structure
defined by the phylogenetic tree of the species being
considered (Additional file 1). The results were in agree-
ment with the outcome of the model of the total speed
of migration in relation to body mass (Additional file 2).

The diagnostic residual and random effect plots of all
models indicated that the data did not violate the model
assumptions (Additional file 2). To assess the uncer-
tainty of the model estimates and model predictions, I
used Bayesian methods to obtain uncertainty estimates
of the model parameters. In all models, I used improper
prior distributions: p(B) ~ 1 for the coefficients and p(B)
~1/0 for the variance parameters, following Korner-
Nievergelt et al. [86] and using the corresponding R
package “blmeco”. To obtain the posterior distribution, I
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directly simulated 5000 values from the joint posterior
distribution of the model parameters using the function
sim of the R package “arm” [87]. The means of the simu-
lated values from the joint posterior distributions of the
model parameters were used as estimates, and the 2.5
and 97.5% quantiles were used as lower and upper limits
of the 95% credible intervals (CrI). I declared an effect
to be significant if the corresponding 95% CrI did not in-
clude zero or the 95% Crls of the compared groups did
not overlap. Within-species effects (ay, yw) were treated
as being significantly different from the corresponding
between-species effects (ap, yz) if the corresponding 95%
Crls did not overlap.

Results

The spring model of variation in arrival timing included
17 bird species (161 individuals), and the autumn model
included 21 species (241 individuals). The start of migra-
tion was significantly and positively correlated with ar-
rival timing within and between species in both seasons
(Table 2; Fig. 2). The species differed in how strongly
their start of migration was associated with their arrival
timing, but for all but three species, the effect was posi-
tive and below 1 (Fig. 3). The back-transformed slopes
demonstrated that varying the start of migration by 1
day would potentially shift arrival timing by
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approximately 0.4 days within species (both spring and
autumn) and by 0.6 (breeding area) and 0.8 days (winter-
ing ground) between species (Table 2).

The total migration distance was positively correlated
with arrival timing within and between species in both
seasons, though it was not significantly associated with
wintering ground arrival timing within species (Table 2;
Fig. 2). According to the back-transformed slopes, a
1000 km-shorter/longer migration distance would poten-
tially shift arrival timing by approximately 2 days for the
breeding area (within and between species) and by
approximately 5 days for the wintering ground (only be-
tween species) (Table 2).

The total migration distance was significantly and
positively correlated with the total speed of migration
within species in both seasons, while the between-
species effect was only significant in spring (Table 3;
Fig. 4). Back-transforming the average between-
species effect of the spring model clarified that an
increase in the total migration distance of 100 km was
associated with an increase in the total speed of mi-
gration by 3 km/d for “short” total migration distances
(1300 km) and by 2km/d for “long” total migration
distances (10,000 km) (Fig. 4). In autumn, the within-
and between-species effects differed significantly from
each other, with a stronger effect being observed
within species (Table 3).

Table 2 Results of the spring and autumn models of arrival timing. The within- and between-species effects of the start of migration
and total migration distance on arrival timing at the breeding areas (Nspecies/poputations = 17; Nindividuals = 161) and wintering grounds
(Nspecies/populations = 21; Nindividuats = 241) in migrant songbirds. Numeric variables were scaled. Significant effects are displayed in bold. To
evaluate the biological effects of the estimates, the corresponding slopes were back-transformed into the original units of the equivalent

traits (effect)

Fixed effects Modelling breeding area arrival timing

Modelling wintering ground arrival timing

Estimate 95% Crl Effect [Julian date / Estimate  95% Crl Effect [Julian date /
unit of migratory trait] unit of migratory trait]
Bo (intercept) [Julian date] 0.51 0.36-0.65 - 0.29 0.04-0.54 -
ayy, (within-species effect of the 0.28 0.12-0.43 039 0.33 0.16-0.49 041
start of migration) [Julian date]
yw (within-species effect of the 0.10 0.06-0.14 0.0023 0.02 -0.01 -0.06 0.0012
total migration distance) [km]
ag (between-species effect of the  0.40 0.27-0.53 0.56 0.62 0.39-0.85 0.77
start of migration) [Julian date]
v (between-species effect of the  0.10 0.03-0.17 0.0021 0.10 0.05-0.16  0.0048
total migration distance) [km]
Random effects
Groups Names Std. dev. Std. dev.
Study species intercept 0.064 0.065
Slope: within-species effect 0.244 0.263
of the start of migration
Residuals 0.055 0.048
Marginal R? 0.54 0.39
Conditional R? 082 079
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I found no effect of “lean” body mass (95% CI: —0.15
— 0.41 km/g) on the total speed of migration (Fig. 5a).
The latter parameter was significantly higher in spring
than in autumn (95% CI: 0.11-0.26 km, the reference
category for season was spring; both numeric variables
were logl0-transformed) (Fig. 5b).

Discussion

The generality with which the start of migration corre-
lated positively with arrival timing within and between
species suggests that this is the general biological mech-
anism regulating arrival timing but not the total migra-
tion distance (Figs. 2 and 3). Through comprehensive
analyses, this study further quantified how variation in
the start of migration and the total migration distance
may influence arrival timing at the migratory destination
during spring and autumn (Table 2, Fig. 2) if the within-
and between-species effects quantified by the models

(Table 2) realistically represent the effects acting at the
individual level. If appropriate, these findings may allow
season-specific estimates of how variation in one migra-
tory trait quantitatively alters arrival timing. Putting this
into the ecological context of advanced arrival timing is
an important step towards understanding the mecha-
nisms whereby birds could potentially adjust the timing
of their annual cycle in response to anthropogenic
changes in the climate and environment. The generality
with which the start of migration potentially explains ad-
vanced/delayed phenologies suggests that regulating ar-
rival timing by variation in the start of migration is an
important biological mechanism, cf. Ouwehand & Both
[13]. At the same time, the suggested less-than-
proportional advancement and the proposed limited effect
of the total migration distance revealed a biologically sig-
nificant contribution of the total speed of migration to ar-
rival timing. How the start of migration, total migration
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Fig. 3 Between-species, within-species, and species-specific effects of the start of migration on arrival timing. For spring (a) and autumn (b), back-
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on arrival timing. Based on the random-factor structure, species-specific slopes for the explanatory variable were calculated by adding the
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explanatory variable (Additional file 2). Species were ordered based on the phylogenetic tree of the included species derived from TIMETREE
(http://timetree.org, Additional file 1). Corresponding individual sample sizes are provided above the x-axis

distance, and total speed of migration are quantitatively
related to arrival timing seems to be species specific (Fig.
3). In accordance with previous observations [18, 19], the
total speed of migration increased with the total migration
distance (Fig. 4). The total speed of migration was, how-
ever, not related to the species’ body mass (Fig. 5).

Start of migration

There was a strong within- and between-species pattern
in which an early start of migration translated to an early
arrival at the migratory destination (Figs. 2 and 3). The
magnitude of these species-specific effects varied consid-
erably but was below one (Fig. 3), suggesting that the

biological significance of the three migratory traits regu-
lating arrival timing considered here differs between spe-
cies. Reliable quantification of the delay of how much
later an individual would arrive at the migratory destin-
ation compared to conspecifics starting migration one
day earlier was, however, hampered by the small sample
size for many species. Furthermore, we do not know to
what extent the between-individual effects correctly re-
flect the within-individual effects.

Laboratory studies have demonstrated that the start of
migration is subject to circannual and circadian control
[80, 88] and is an inherited trait [89]. Under free-flying
conditions, birds have been shown to flexibly adjust the
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Table 3 Results of the model of the total speed of migration. The within- and between-species effect of the total migration distance on
the total speed of migration in migrant songbirds (SPring: Nepecies/populations = 22; Nindividuals = 180; AUTUMN: Ngpecies/populations = 24; Nindividuals =
245). Numeric variables were log10 transformed. Significant effects are displayed in bold

Fixed effects

Modelling the total speed of
migration in spring

Modelling the total speed of
migration in autumn

estimate 95% Crl estimate 95% Crl

Intercept -092 -225-042 0.74 -059 - 207
yw (within-species effect of the total migration distance) [km] 0.73 0.54-0.92 0.96 0.72-1.19
vs (between-species effect of the total migration distance) [km] 0.83 0.47-1.19 034 -0.02 - 0.70
Random effects

Intercept 0.191 0214

Slope: within-species effect of the total migration distance 0.047 0.156

Residuals 0.133 0.135

Marginal-R* 0.39 0.18

Conditional-R? 0.80 077

start of migration to current environmental conditions,
probably within their endogenously controlled reaction
norm, with birds in better body condition advancing the
start [29, 90]. In barn swallows, variation in the normal-
ized difference vegetation index at their probable winter-
ing grounds explained a within-individual difference of
27 days in breeding area arrival timing [91]. For this dif-
ference to arise, the start of spring migration would have
had to vary by 68 days, provided that the general within-
species effect of the start of spring migration on arrival
timing of 0.4 was reasonable (Figs. 2 and 3) and that no

other migratory trait varied, cf. Ouwehand & Both [13].
While between-individual variation in the start of spring
migration (e.g., ranging from 30 to more than 60 days in
barn swallows [92]) seems to be sufficiently large to
potentially account for the observed advance in arrival
timing, the small amount of available data on the
within-individual variation in this trait (e.g., for the wood
thrush (Hylocichla mustelina) (5+5days, n =11; [11])
and the great reed warbler (11 + 6 days, n =4; [35])) sug-
gests that phenotypic plasticity is important at the level
of the individual [25, 26, 33]. For the overall observed
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advancement in breeding area arrival timing of 0.2 to 1
days per year to occur (see background), songbirds
would have had to accelerate the start of their spring mi-
gration by 0.5 to 2.5days each year. Such changes are
probably jointly caused by phenotypically advancing the
start of migration [29] and by directional selection for
an earlier start of spring migration (i.e., rapid microevo-
lution) [6, 13, 26, 93, 94].

Total migration distance

Since a longer total migration distance correlated posi-
tively with arrival timing (Fig. 2), overwintering closer to
the breeding area could potentially advance breeding
area arrival timing [95, 96]. The estimated effect of the
total migration distance on arrival timing was, however,
rather small (Table 2). The between-individual data of a
species may not adequately capture how much an indi-
vidual could theoretically advance its arrival timing by
shifting its wintering ground closer to the breeding area
because between-individual differences in bird quality,
wintering habitat [29], and the environmental conditions
encountered en route [97] may have a stronger effect on
arrival timing than the migration distance itself [59].
Furthermore, underestimated distances and between-
study differences in the accuracy and precision of these
estimates (for both see Methods) may disguise the po-
tential effect of the total migration distance on arrival
timing. Nevertheless, a shift in the wintering ground as a

result of either phenotypic plasticity or evolutionary pro-
cesses represents a potential adjustment or adaption to
advance breeding area arrival timing [95]. However, the
poleward shift of wintering grounds [98, 99] is generally
counter-balanced by a simultaneous poleward shift of
the corresponding breeding areas [98, 100] such that the
total migration distance does not necessarily change over
time. Regardless of the cardinal direction of the shift, the
associated altered photoperiod will probably affect the
start of spring migration [80], though the direction of
the effect [101, 102] and how this carries over to breed-
ing area arrival timing remain ambiguous [103]. In sum-
mary, variation in the total migration distance is likely to
play a less important role than the start of migration on
the variation in arrival timing.

Total speed of migration

The total speed of migration was not considered in the
models of the variation in arrival timing for statistical
reasons, and thus, its effect is not captured by the
models. Since the data quality of all considered migra-
tory traits was limited [70, 71], the remaining variation
left unexplained by the corresponding models (Table 2)
could not be entirely attributed to variation in the total
speed of migration. Thus, we could not quantify the ef-
fect of the latter on the variation in arrival timing with
this approach. Birds can speed up their migration by in-
creasing ground speed [104] either via greater wind sup-
port [105] and/or a higher air speed [106]. This increase
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is, however, limited to the maximum range speed [V ;]
or the speed associated with the maximum migration
speed [V depending on whether time, the energy
costs of transport or the total energy cost are minimized
[107, 108]. Birds can further speed up their migration by
reducing flights costs [109] and/or increasing the rate of
energy accumulation [110]. Time minimizers can add-
itionally speed up migration by resuming migration
when the instantaneous speed of migration drops below
the expected speed of migration [110, 111] (e.g., large
energy stores at departure are associated with a high
speed of migration [112]); see also Nilsson et al. [113]
for further information about the total speed of migra-
tion. The rate of energy accumulation strongly affects
the total stopover duration and is an important factor
shaping the total speed of migration [30, 108, 110].
However, the potential increase in the rate of energy ac-
cumulation is not unlimited because migrants will even-
tually be metabolically limited [114]. Thus, the flexibility
in the total stopover duration due to variation in the rate
of energy accumulation is probably insufficient to ex-
plain the observed arrival advancements by itself [6]. For
example, in Dutch pied flycatchers, breeding area arrival
timing is determined by their African departure timing
but not by the total speed of migration [13].

It seems to be a general phenomenon in birds that the
total speed of migration is commonly higher in spring
than autumn (Fig. 5b) [19, 113, 115]. Since the rate of
energy accumulation is far slower than the rate of energy
expenditure during flight [30, 108], songbirds usually
spend more time at stopovers than in migratory flights
[116-118]. Faster migration in spring is therefore mainly
caused by a shorter total stopover duration resulting
from higher rates of energy accumulation than in au-
tumn [113, 115]. To the best of my knowledge, there is
currently no evidence of an endogenously controlled
seasonal difference in birds’ motivation to fuel [119].
Hence, higher rates of energy accumulation in spring are
probably due to higher food availability [120-122], lower
food-based competition [123], more-favourable weather
(especially important for insectivorous species) [124]
and/or more daylight hours, allowing longer daily feed-
ing periods [125], among other factors. These differences
could result in generally shorter stopover durations in
spring than in autumn.

The total speed of migration was positively correlated
with the total migration distance within and between
species (only in spring) (Table 3, Fig. 4a), as statistically
expected and shown for portions of the seasonal migra-
tory movements of different populations [21]. In con-
trast to other studies [21-23], body mass was not
negatively correlated with the total speed of migration in
the present study (Fig. 5a). The low variation in body
mass observed in this study (6.3-127 g) in comparison
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with that reported in others ([21]: 2.5-636 g; [23]: 12—
10,350 g; [22]: 50-750 g) may have accounted for this
difference because the low speeds of relatively heavy
non-songbird species were mainly responsible for the ef-
fect observed in these other studies. Moreover, speed
was estimated differently. This study and that of Wata-
nabe [23] considered the individual total speed of migra-
tion. Zhao et al. [22] considered the individual partial
speed of migration. La Sorte et al. [21] considered por-
tions of the seasonal migratory movements of different
populations. In combination with the different included
species, these differences resulted in different estimates
([21]: 10-65km/day; [23]: 10-1440 km/day; [22]: 25—
300 km/day, and this study: 24—419 km/day).

In addition to these general differences, estimating the
total speed of migration via light-level geolocation pre-
sents some inherent problems (see also Methods). Since
this approach does not track daily fine-scale movements
but provides “inexact” approximations of the general mi-
gratory route [70, 71], speed is generally underestimated.
Furthermore, if the first migratory fuelling period (i.e.,
when accumulation of energy and size changes in different
organs take place) occurs in close vicinity to the breeding
area/wintering ground, then its duration cannot be cap-
tured. This biases the expected flight:stopover ratio to-
wards less stopover time and, consequently, overestimates
the total speed of migration. To the best of my knowledge,
we so far lack detailed information about the first migra-
tory fuelling period [126, 127] of songbirds in the wild be-
fore they actually start migration, but see Rubolini et al.
[128] for the first migratory fuelling at a roost site. Since
most songbird species probably encounter favourable
feeding habitats along their migration route on a regular
basis, the drive to accumulate large energy stores and ex-
tensively build up muscles before departure is generally
less pronounced than in waders, for example. In the latter
group, the occurrence of the first migratory fuelling period
and extensive muscle development before the first migra-
tory flight is a common phenomenon [129, 130] because
these species often migrate over long distances to reach
the next favourable stopover area, e.g., [72, 131]. Zhao
et al. [22, 132] minimized this issue in waders by estimat-
ing the partial speed of migration. This approach starts
with departure from the first stopover and not the initial
migratory starting point. For waders, this approach is es-
pecially useful because they experience high energy deple-
tion during long non-stop flight bouts to the first
stopover, where they also fuel for a relatively long time so
that they have to perform only a few flight bouts and stop-
overs to reach the migratory destination [22, 132]. Thus,
missing the first of the very few fuelling periods leads to
significant overestimation of the total speed of migration
in waders. Songbirds, in contrast, follow a stop-and-go mi-
gration strategy with alternating cycles of relatively little
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energy accumulation for a few days and daily migratory
movements [30]. The total number of flight bouts and
fuelling periods is therefore much greater than in waders,
so the flight:stopover ratio is more robust to missing a sin-
gle short fuelling period. Nevertheless, between- and
within-species-specific as well as seasonal differences in
the duration of the first migratory fuelling period, poten-
tially affecting the amount of energy accumulated before
the first migratory flight, may yield different total speeds
of migration [30, 112]. These differences may thus affect
the between- and within-species slope between the start
of migration and arrival timing, but see also La Sorte et al.
[21]. Underestimating the total migration distance and
total duration of migration to unknown degrees increases
variation in the total speed of migration, which will de-
crease the statistical power to identify a statistically signifi-
cant negative effect of lean body mass on the variation in
the total speed of migration. To overcome this problem,
future tracking studies should identify the duration of the
first migratory fuelling period and detail migratory move-
ments spatially accurately enough that more precise infor-
mation on the start of migration and the total migration
distance will eventually yield more accurate estimates of
the total speed of migration. It will be interesting to deter-
mine whether future data confirms or leads to rejection of
my results.

Crucial figures underlying the theoretical prediction of
how body mass affects the total speed of migration are the
rate of energy accumulation and the rate of energy ex-
penditure during flight [20]. Both rates may diverge more
strongly from the assumed scaling relationship and may
vary more intensely within and between species than
formerly anticipated. If so, then this would be another rea-
son why no effect of body mass was found (Fig. 5a).

Conclusions

This study illustrates the high potential for the start of mi-
gration to affect variation in arrival timing if the within-
species effects quantified here correctly characterize
within-individual effects. Since the anthropogenic changes
in the climate and environment at wintering grounds are
unlikely to coincide with the changes in breeding areas
[133], but see also Pancerasa et al. [134], it is not a pheno-
typic response alone but also an evolutionary shift in the
start of spring migration that most likely explains the ad-
vanced breeding area arrival timing [6, 13]. Additionally,
environmental conditions phenotypically affect the total
speed of migration through an influence of varying feed-
ing conditions at stopover sites on the total stopover dur-
ation [30, 77] and an influence of varying wind conditions
on ground speed [31]. My approach of estimating the
potential effect of the start of migration and the total mi-
gration distance on the variation in arrival timing and not
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considering the total speed of migration is a simplification
because the cumulative effect of all three migratory traits
naturally defines arrival timing.

Furthermore, there may be species-specific constraints
that hamper the potential degree of adjustment/adaptation
[135]. Since songbirds undergo a complete moult at their
breeding area or wintering ground [136], if this is not sus-
pended [137], any advancement in the start of migration
may be limited by the completion of moulting. The timing
of birds’ annual cycles may be further constrained by the
nest-laying date [138], exogenous phenological events
(e.g., predation [139]), and/or feeding conditions en route
[32]. Such constraints are probably species specific and,
thus, responsible for some variation in the biological sig-
nificance of the migratory traits regulating arrival timing
(Fig. 3). More longitudinal data on the individual temporal
organization of annual cycles, including the identification
of the first migratory fuelling period and a high spatiotem-
poral resolution of migration data, are required to robustly
quantify these mechanisms. Then we can investigate the
crucial ecological and evolutionary questions of whether
phenotypic adjustments are sufficiently strong to explain
the current temporal variation in the main annual cycle
events or whether directional selection towards an ad-
vanced start of migration is indeed the driving force be-
hind the changes in arrival timing.
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