
 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

05
 M

ar
ch

 2
02

2 
royalsocietypublishing.org/journal/rspb
Research
Cite this article: Klinner T, Schmaljohann H.
2020 Temperature change is an important

departure cue in nocturnal migrants: controlled

experiments with wild-caught birds in a proof-

of-concept study. Proc. R. Soc. B 287:
20201650.

http://dx.doi.org/10.1098/rspb.2020.1650
Received: 9 July 2020

Accepted: 11 September 2020
Subject Category:
Behaviour

Subject Areas:
ecology, behaviour

Keywords:
migration, stopover, decision-making process,

departure probability, temperature, songbird
Author for correspondence:
Thomas Klinner

e-mail: thomas.klinner@jordsand.de
†Present address: Verein Jordsand zum Schutz

der Seevögel und der Natur e.V.,

Bornskampsweg 35, 22926 Ahrensburg,

Germany.

Electronic supplementary material is available

online at https://doi.org/10.6084/m9.figshare.

c.5127063.
© 2020 The Author(s) Published by the Royal Society. All rights reserved.
Temperature change is an important
departure cue in nocturnal migrants:
controlled experiments with wild-caught
birds in a proof-of-concept study
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The decision-making process of migrating birds at stopover sites is a
complex interplay of the innate migration program and both intrinsic and
extrinsic factors. While it is well studied how variation in precipitation,
wind and air pressure influence this process, there is less evidence of the
effects of temperature changes on the departure decision. Thus, we lack
knowledge on how the predicted changes due to global climate change in
temperature alone may affect the decision-making process during migration.
Aiming to fill parts of this gap, we conducted a proof-of-concept study by
manipulating the ambient temperature of temporarily confined wild-
caught migrant songbirds under constant feeding conditions. In spring,
departure probability increased with a 20°C rise in temperature for both a
medium-distance migrant (European robin, Erithacus rubecula) and a long-
distance migrant (northern wheatear, Oenanthe oenanthe), and in autumn,
departure probabilities of the long-distance migrant both decreased with a
20°C rise and increased with a 20°C drop. Consequently, the temperature
is an important departure cue influencing the decision-making process of
migrating songbirds. Incorporating causal relationships between changes
in temperature and departure probability in migration models could sub-
stantially improve our ability to predict the effects of climate change on
the phenology of migratory birds.
1. Background
Migrating birds often travel between their breeding areas and wintering
grounds using a stop-and-go strategy [1]. They stop over at suitable sites to
rest [2], recover [3] and/or feed to accumulate energy for the subsequent flight(s)
[4]. The decision-making process of when to resume migration from a stopover
site is the result of the highly complex interplay of the innate migration
program (e.g. circannual and circadian rhythms), intrinsic factors (e.g. energy
stores and physiological conditions) and extrinsic factors (e.g. feeding conditions
and meteorological conditions) [4–6].

A large number of studies have investigated the influence of meteorological
conditions on the departure decision in birds, e.g. wind, precipitation and air
pressure [6]. However, we know relatively little about the effects of air tempera-
ture on the decision-making process. So far, there is correlative evidence from
free-flying migrants that departure probability increases with a temperature
rise, as shown in pink-footed geese (Anser brachyrhynchus) [7] and greater
white-fronted geese (Anser albifrons albifrons) [8] during spring migration, and
with a temperature drop, as shown in greater white-fronted geese (Anser
albifrons) during autumn migration [9]. The latter pattern was also found in
the northern wheatear (Oenanthe oenanthe) [10,11]; though this reaction to a
temperature change was flexible in space and time [12].
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Despite the relevance of studying migration behaviour
under natural conditions, these correlative studies could not
distinguish whether the departure decision was affected by
temperature alone and/or food availability. For instance, the
costs of thermoregulation are increased with a temperature
drop [13,14]. To counterbalance the corresponding higher
energy demand, a bird would need to forage more that in
turn substantially increases its metabolic rate. Since food avail-
ability is (at least to a certain extent) temperature-dependent
with lower access to plants and arthropods under snowy
and/or colder conditions [15,16], we need to break this depen-
dency in order to test for a causal relationship between
changes in temperature and departure decisions of migrants.
This requires to experimentally manipulate the temperature
conditions while keeping all other conditions, such as feeding
conditions, constant. Such laboratory experiments would
provide essential but currently still lacking knowledge on
how the predicted changes in temperature alone may affect
the decision-making process of migrants.

The first step in this direction was carried out by Berchtold
et al. [17] conducting an indoor experiment with white-
crowned sparrows (Zonotrichia albicollis), a short-distance
migrant, during autumn. Individual caged birdswere exposed
to cool (4°C), medium (14°C) and warm temperatures (24°C)
and each night assessed with respect to their migratory rest-
lessness. Caged songbirds show this behaviour at times of
the year and day when they would normally migrate in the
wild [18] and its amount is a good approximation for the indi-
vidual departure probability from a stopover [19]. Because
the white-crowned sparrows showed little migratory activity
at cool and medium temperatures, but none at the warm
temperature, Berchtold et al. [17] argued that temperature is
important in the decision-making process during migration.
As far as we know, this is the only experiment investigating
the effects of temperature change on departure probability.
Therefore, we lack experimental assessment of how variation
in temperature may affect the departure probability in spring
and whether medium- and long-distance migrant birds may
react differently to a temperature change. The latter is poten-
tially important because short-, medium- and long-distance
migrants may react differently to variation in environmental
conditions [20,21]. For instance, wind conditions were most
important to explain variation in the autumn phenology of
medium-distance migrants, whereas temperature and precipi-
tation significantly affected the phenology of long-distance
migrants [20].

In order to fill parts of these knowledge gaps, we tem-
porally caged a medium-distance migrant, the European
robin (Erithacus rubecula), wintering in central to southern
Europe, and a long-distance migrant, the northern wheatear,
wintering in sub-Sahelian Africa (electronic supplementary
material, figure S1), at a stopover site during spring and
autumn migration. Both are nocturnal migrants [21]. To test
the concept of an effect of temperature change on departure
probability, the birds were initially exposed to either 5°C
or 25°C, reflecting the natural variation in temperature at
the site in spring and autumn (electronic supplementary
material, figure S2), while other conditions were kept equal.
The birds were provided with ad libitum food and water.
During caging, birds were expected to initially accumulate
energy stores and keep them at a high level [22]. This gain
in energy stores results initially in higher nocturnal migratory
restlessness, but this increase levels off after the first or
second day of feeding so that the amount of restlessness
usually remains at about the same level afterwards [22,23].
In the morning of day 4, the birds first kept at 25°C were
exposed to 5°C, and those first kept at 5°C to 25°C. We
measured the birds’ migratory restlessness as a proxy for
their departure probability that night [19]. To study the
immediate response of the birds to the temperature changes,
we compared the migratory restlessness during the night
before the temperature change with the amount during the
night after the temperature change in a longitudinal
approach.

For our proof-of-concept study, we predicted for spring
that (i) a temperature rise, indicating improved tempera-
ture-related environmental conditions at the migratory
destination (e.g. earlier snowmelt [24]), would increase the
departure probability [25] to advance arrival at the breeding
area [26], and (ii) a temperature drop, indicating increased
energetic costs through higher metabolic rates [13], would
increase the urge to move to a more suitable stopover site,
although the ad libitum feeding conditions, representing a
suitable site, might counterbalance the urge for such move-
ments [4]. For autumn, we predicted that (iii) a temperature
rise would reduce the departure probability because further
exploitation of the ad libitum food sources would minimize
the risk of starvation, mortality [27] and the time spent on
migration [28], and (iv) a temperature drop would increase
the departure probability, minimizing the energetic costs for
migration [14] and probably avoiding unfavourable feeding
and environmental conditions.
2. Methods
(a) Study site, species and trapping procedure
The study was conducted on Helgoland (54°110 N, 07°550 E), a
small island roughly 50 km off the German North Sea coastline,
in 2018. European robins (robins hereafter) and northern
wheatears (wheatears hereafter) were captured during the
species-specific main passage times (electronic supplementary
material, figure S3). After trapping, wing length (maximum chord
[29]) wasmeasured to the nearest 0.5 mm, bodymass to the nearest
0.1 g. All procedures were approved by the Ministry of
Energy, Agriculture, the Environment, Nature and Digitalization,
Schleswig-Holstein, Germany.
(b) Experimental design
The birds were placed into individual cages with a maximum of
ten cages in each of two identical experimental indoor rooms
(12 m2). Rooms were located at the Alfred-Wegener Institute
for Polar and Marine Research on Helgoland. Low-pressure
cooling compressors (Typ 2HC1.2 J-40S, Bitzer, Sindelfingen,
Germany) regulated the temperature of the rooms, 25°C and
5°C. Birds were not stressed because they began feeding within
several minutes of being placed in the cages and because
caging did not result in indications of stress at least in wheatears
[30]. Artificial lights were switched on/off at local sunrise/
sunset. During the nights, dim white light conditions of about
2 lux (20 lamps, 8.0 V, 50 mA; Barthelme, #00640850, Nürnberg,
Germany) were provided as in Maggini & Bairlein [31]. Birds
had continual ad libitum access to water. Ad libitum food
(i.e. 40 g of mealworms, Tenebrio molitor) was provided immedi-
ately after the daylight was switched on. Food trays were
removed when the daylight was switched off and were never
emptied by any bird allowing us to estimate the bird’s daily
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Figure 1. Experimental design. Darker colours indicate the nights during which nocturnal migratory restlessness was measured. Upon capture, birds were randomly
divided into two groups: group A entered the room with an ambient temperature of 25°C (orange), group B entered the room kept at 5°C (blue). After the third
night of captivity, group A was transferred to the room kept at 5°C, group B to the room kept at 25°C. Both groups received ad libitum food during the daylight
period and ad libitum water throughout. Migratory restlessness was measured each night, but data of the first and second night were not considered for the main
analyses because they were considered as an ‘acclimatization phase’ ( for details see Methods and for data of all nights the electronic supplementary material, table
S4 and figure S8). (Online version in colour.)
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food intake. These estimates are not exact, however, because
thrown-out or escaped mealworms could not be attributed to
individual food trays. All birds were weighed daily to the nearest
0.1 g at local sunrise and sunset. Birds were randomly assigned
to either the 25°C room or the 5°C room (figure 1). The day of
catching and the second day, including experimental night two,
were treated as the acclimatization period to the caging con-
ditions and to allow the birds to gain energy stores. After the
third night, each bird was transferred to the other room shortly
after the daylights were switched on. Thus, the birds experienced
a rapid increase (5°C to 25°C) or a decrease (25°C to 5°C) in ambi-
ent temperature (figure 1). After the experiment, all birds were
released. We intended to study the response to a temperature
change. Therefore, we assessed the change in the migratory rest-
lessness between experimental nights three and four (figure 1).
We did not keep control birds constantly at 5°C or 25°C because
former experiments, also with ad libitum food, did not reveal an
obvious change in the amount of migratory restlessness after the
initial increase during the first, second or third day [22,23]. The
changes in the amount of migratory restlessness after the third
night are therefore not caused by the number of days in captivity
or a change in the feed conditions [22], but they would be a
response to a temperature change under the otherwise constant
conditions.

(c) Recording of nocturnal migratory restlessness
We took advantage of the fact that caged songbirds show noctur-
nal migratory restlessness at times of the year and day when they
would normally migrate in the wild [18] and that the amount
of restlessness is predictive of the bird’s actual departure
probability [19]. Quantifying migratory restlessness therefore
allows a relative comparison of departure probability within
and between individuals [19]. The restlessness behaviour
includes wing whirring, flying, fluttering and hopping [32].
Since such movements generate an impulse through a change
in air pressure, we attached motion-sensitive microphones
(Piezo-Scheibe 27 mm, Conrad Electronics SE, Hirschau,
Germany) to each cage (electronic supplementary material,
figure S4). To avoid the recording of occasional non-migratory
activity, we set a threshold of three impulses per second before
considering these as an activity count [31]. Activity counts
were summed for 1 min periods over the entire night. We
restricted the data to the first 10 h after sunset in spring and to
the first 7 h after sunset in autumn, which corresponded to the
shortest length of the night that the birds experienced in the
respective season during this study. We excluded activity
counts from the first 15 min of each night to avoid any potential
effect of switching off the daylight. We used the remaining
number of all 1 min activity periods per night as a proxy for
the bird’s departure probability in that night [19].
(d) Energy stores
Fat, glycogen and protein serve as energy stores in birds. Since
the contribution of energy derived from fat in relation to the
total energy expenditure during flight is about 95% [33], we
assessed the bird’s energy stores as its total amount of body
fat. The evening energy stores were estimated as the bird’s
specific lean body mass subtracted from its actual evening
body mass divided by its lean body mass.

We used data from a quantitative magnetic resonance body
composition analyser following Klinner et al. [22] to estimate
lean body mass. This analyser provides precise and accurate
direct measurements of, among others, the bird’s fat and lean
mass in a non-invasive approach [34,35] and thus enables more
robust estimates of energy stores than other biometric
approaches or fat scoring. Variation in wing length of wheatears
explained 66% of the variation in lean body mass according to
the following linear regression:

lean body mass (g) ¼ 0:33 gmm�1

�wing length mm–11:3 g;

adj:R2 ¼ 0:66, n ¼ 37, p , 0:001: ð2:1Þ

For each wheatear, we calculated its lean bodymass to account for
between-individual variation. Variation in wing length of robins
was not correlated with their lean bodymass (mean = 14.2 g; stan-
dard deviation = ± 0.06 g; adj. R2 = 0.04, n = 35, p = 0.11). Thus, we
assigned 14.2 g as the general lean body mass for all robins.



Table 1. Results of the linear mixed effect models on the changes of evening energy stores between day 3 and day 4 during spring migration. Means and
95% credible intervals (CrI) are given for fixed factors included in the model. 95% CrI not including zero are given in bold. Reference category for night is ‘day
3’. ‘nbirds’ represents the number of birds so that the total sample size for each model was twice as large (experimental day 3 and 4).

European robin northern wheatear

nbirds = 28 nbirds = 26 nbirds = 26 nbirds = 25

5°C to 25°C 25°C to 5°C 5°C to 25°C 25°C to 5°C

mean 95% CrI mean 95% CrI mean 95% CrI mean 95% CrI

intercept 0.20 −0.16/0.56 0.09 −0.25/0.45 −0.11 −0.39/0.15 0.43 0.12/0.74

experimental day 4 0.34 0.12/0.56 0.57 0.38/0.77 0.15 −0.06/0.38 0.34 0.17/0.51
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(e) Statistical analyses
The statistical analyses were implemented using R, v. 3.6.1 [36].
The continuous variables ‘evening energy stores’ and ‘day of
the year’ (1 January = 1) were scaled and centred (z-transformed)
before modelling for each species and each season. We used
linear mixed-effects models (LMMs) and generalized mixed-
effects models (GLMMs) run with functions in the R-package
‘lme4’ [37]. Models of main results are described below, for
others see supplementary electronic material. Visual inspection
of residual diagnostic plots did not show deviation from the
model assumptions in all models [38,39].

The change in evening energy stores (response variable,
continuous, z-transformed) was analysed using LMMs assuming
normally distributed errors for each treatment, species and
season. The initial models included the following fixed factor:
experimental night (categorical; two levels: night 3, night 4;
depending on the treatment, this represents the temperature
rise or drop). Bird ID was implemented as a random factor (inter-
cept) to account for the non-independence of repeated measures
from the same individual.

The change in the amount of nocturnal migratory restlessness
(response variable)was analysed usingGLMMs assuming binomi-
ally distributed errors separately for each treatment, species and
season. The response variable consisted of a two-column matrix
with the number of active 1-min intervals per night (success)
versus the number of inactive 1-min intervals per night (failure).
The model included the following fixed factors: experimental
night (categorical, two levels: night 3, night 4; depending on the
treatment, this represents the temperature rise or drop), evening
energy store (continuous, z-transformed) and day of the year (con-
tinuous, z-transformed). The two-way interaction between the
experimental night and evening energy store was considered
additionally. If it was not significant, it was removed from the
final model. Bird ID was included as a random factor (intercept).
We added an observation-level random term as a random factor
to all GLMMs to correct for overdispersion [40].

We used Bayesian methods in order to assess the uncertainty
of themodel estimates andmodel predictions and to obtain uncer-
tainty estimates of the model parameters [38]. Improper prior
distributions, namely p(β)∼ 1 for the coefficients and p(σ)∼ 1/σ
for the variance parameters in all models were used. To obtain
posterior distributions of the respective models, we directly simu-
lated 2000 values from the joint posterior distributions of each
models’ parameters applying the function ‘sim()’ of the R-package
‘arm’ [41]. The means of the simulated values from the joint pos-
terior distributions of each model’s parameters were used as the
respective model estimates and the 2.5%- and 97.5%-quantiles
as limits for the 95% credible intervals (CrI). We declared an
effect to be significant if the corresponding 95% CrI does not
include zero or if the 95% CrIs of the compared groups do
not overlap.
3. Results
(a) Daily food intake, evening energy stores and change

in temperature
Daily food intake had a positive significant effect on daily
change in energy stores in all groups (electronic supplemen-
tary material, table S1 and figure S5). In spring, robins
experiencing the temperature drop significantly increased
their food intake from day 3 to day 4, while wheatears signifi-
cantly decreased their food intake when experiencing the
temperature rise (electronic supplementary material, table
S2 and figures S6 and S7). Otherwise, we found no effect in
spring (electronic supplementary material, table S2). In
autumn, we found no effect of a change in temperature on
daily food intake, except for robins, which experienced the
temperature rise that significantly reduced their food intake
from day 3 to day 4 (electronic supplementary material,
table S2 and figures S6 and S7).

In spring, there was a significant increase in energy stores
from evening three to four in all groups except for the whea-
tears experiencing the temperature rise (table 1 and figure 2;
electronic supplementary material, table S3 and figures S8
and S9). In autumn, we found no change in the evening
energy stores of robins (table 2; figure 3) but a significant
increase in energy stores from evening three to four in both
wheatear groups (table 2 and figure 3; electronic supplemen-
tary material, table S3 and figures S8 and S9).

(b) Nocturnal migratory restlessness, evening energy
stores and change in temperature

In spring, the amount of migratory restlessness significantly
increased with the temperature rise in both species (table 3
and figure 4; electronic supplementary material, table S4
and figures S10 and S11). In wheatears, this effect was associ-
ated with a significant two-way interaction between the
temperature rise and the evening energy stores, suggesting
that wheatears with higher evening energy stores were
more likely to depart than leaner birds (table 3; electronic
supplementary material, figure S12). The evening energy
stores only had a significant positive effect on the amount
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Figure 2. Evening energy stores in European robins and northern wheatears were calculated using evening body mass for day 3 and 4 during spring migration. Blue
boxes represent the temperature of 5°C, orange boxes the temperature of 25°C. Significant effects (table 1) are marked with an asterisk. The plus indicates the
direction of the effect. The number of birds are given above the x-axis. Box plots show the 5th, 25th, 50th, 75th and 95th percentile as well as outliers (dots). For
data of all nights see the electronic supplementary material. (Online version in colour.)
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data of all nights see the electronic supplementary material, table S3 and figure S7. (Online version in colour.)

Table 2. Results of the linear mixed effect models on the changes of evening energy stores between day 3 and day 4 during autumn migration. Means and
95% credible intervals (CrI) are given for fixed factors included in the model. 95% CrI not including zero are given in bold. Reference category for night is ‘day
3’. ‘nbirds’ represents the number of birds so that the total sample size for each model was twice as large (experimental day 3 and 4).

European robin northern wheatear

nbirds = 27 nbirds = 32 nbirds = 21 nbirds = 22

5°C to 25°C 25°C to 5°C 5°C to 25°C 25°C to 5°C

mean 95% CrI mean 95% CrI mean 95% CrI mean 95% CrI

intercept −0.03 −0.39/0.31 −0.32 −0.58/−0.08 0.11 −0.42/0.62 −0.01 −0.44/0.40
experimental day 4 −0.15 −0.36/0.06 0.12 −0.08/0.32 0.32 0.09/0.58 0.31 0.16/0.46
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Figure 4. Effects of a change in temperature on migratory restlessness in European robins and northern wheatears for experimental night three and four during
spring migration. Migratory restlessness is expressed as the number of active 1 min intervals per night, which was restricted to the first 10 h (see Methods). Blue
dots represent the temperature of 5°C, orange dots the temperature of 25°C and are connected for each individual by a line. The number of individuals are given at
the top. Significant effects (table 3) are marked with an asterisk. The plus indicates the direction of the effect. For data of all nights see the electronic supplementary
material, table S4 and figure S8. (Online version in colour.)

Table 3. Results of four generalized linear mixed effects models explaining the variation in amount of nocturnal migratory restlessness of European robins and
northern wheatears between day 3 and day 4 during spring migration. Means and 95% credible intervals (CrI) are given for fixed factors included in the model.
95% CrI not including zero are given in bold. Reference category for night is ‘night 3’. ‘nbirds’ represents the number of birds so that the total sample size for
each model was twice as large (experimental day 3 and 4).

European robin Northern wheatear

nbirds = 28 nbirds = 26 nbirds = 26 nbirds = 25

5°C to 25°C 25°C to 5°C 5°C to 25°C 25°C to 5°C

mean 95% CrI mean 95% CrI mean 95% CrI mean 95% CrI

intercept 0.18 −0.35/0.75 1.38 0.89/1.85 1.29 0.20/3.47 1.01 0.15/1.85

night 4 0.67 0.14/1.20 −0.05 −0.62/0.50 0.75 0.22/1.26 -0.51 −1.08/0.04
energy stores 0.70 0.26/1.14 0.34 −0.13/0.83 −0.26 −1.00/0.56 0.33 −0.46/1.33
day of year −0.44 −89/0.05 −0.23 −0.67/0.21 0.28 −0.18/0.74 0.03 −0.75/0.84
night 4 × energy stores NA NA NA NA 1.06 0.18/1.94 NA NA
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of migratory restlessness in robins experiencing the tempera-
ture rise (table 3). The temperature drop did not have a
significant effect on the amount of migratory restlessness in
either species (table 3).

In autumn, we found no effect of the temperature changes
on the amount of migratory restlessness in robins (table 4 and
figure 5). In wheatears, the temperature rise had a significant
negative effect on the amount of migratory restlessness and
the temperature drop a significant positive effect (table 4
and figure 5). The evening energy stores only had a signifi-
cant positive effect on the amount of migratory restlessness
in robins experiencing the temperature drop (table 4).
4. Discussion
Our experimental study shows howa change in air temperature
affects the departure probability of a medium- and long-dis-
tance migrant songbird during spring and autumn migration.
In spring, a 20°C temperature rise, which would indicate an
acceleration of the advancement of spring, significantly
increased the estimated departure probability in both species.
Individuals which adjust their decision-making process
immediately to temperature changes will be able to shorten
their stopover durations and reach higher speeds of migration
[42,43].Highermigration speedswill, in turn, advance breeding
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Table 4. Results of four generalized linear mixed effects models explaining the variation in amount of nocturnal migratory restlessness of European robins and
northern wheatears between day 3 and day 4 during autumn migration. Means and 95% credible intervals (CrI) are given for fixed factors included in the
model. 95% CrI not including zero are given in bold. Reference category for night is ‘night 3’. ‘nbirds’ represents the number of birds so that the total sample
size for each model was twice as large (experimental day 3 and 4).

European robin Northern wheatear

nbirds = 27 nbirds = 32 nbirds = 21 nbirds = 22

5°C to 25°C 25°C to 5°C 5°C to 25°C 25°C to 5°C

mean 95% CrI mean 95% CrI mean 95% CrI mean 95% CrI

intercept −0.36 −1.07/0.29 −0.51 −1.15/0.12 0.59 −0.12/1.27 −0.08 −0.87/0.63
night 4 −0.51 −1.22/0.19 0.24 −0.45/0.94 −1.29 −2.29/−0.25 0.96 0.24/1.66

energy stores 0.51 −0.13/1.17 0.83 0.15/1.47 0.11 −0.34/0.57 0.22 −0.50/0.90
day of year −0.05 −0.61/0.53 0.1 −0.08/0.93 −0.09 −0.64/0.41 −0.32 −1.05/0.41
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area arrival timing in comparison to others [44], which often
increases fitness [26]. We found no effect of temperature
changes on the departure probability of a medium-distance
migrant during autumn migration. By contrast, a temperature
rise reduced the departure probability of a long-distance
migrant while a temperature drop increased it. As such, our
results clearly demonstrate that a change in temperature is an
important extrinsic departure cue for the decision-making pro-
cess in migrant songbirds at a stopover site.

One limitation of our study design was that we did
not consider time-matched control groups. We therefore
cannot completely exclude that the 3 days at a temperature
of 5°C or 25°C would induce a spontaneous change in
migratory restlessness on day 4. However, previous
restlessness studies did not reveal significant changes in the
magnitude of migratory restlessness on day 4 after the initial
increase under controlled conditions [22,23]. Consequently,
future studies should include temperature controls through-
out the experiment, which would probably support the
conclusions of this study.
(a) Spring migration
Temperature rise at stopover in spring may signal to a migrant
(among others): (i) an improvement of the local feeding
conditions through better access to the food sources and/or
higher densities/activities of these food sources (e.g. arthro-
pods [16,45]); (ii) improved meteorological conditions
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(e.g. wind and cloud cover [25]); and (iii) an accelerated
advancement of spring, which increases the probability that
environmental conditions en route and at the breeding area
have improved as well (e.g. due to earlier snowmelt [24]).
The departure probabilities of both robins and wheatears
increased after a temperature rise in spring (table 3 and
figure 4). Their responses were not affected by variation in
food availability because of the ad libitum feeding conditions.
The fact that their behavioural response occurred demonstra-
tes a causal effect of temperature on the decision-making
process during a stopover. Hence, a rise in temperature is
an important departure cue increasing the urge to resume
migration in spring. Further experiments are, however,
required to assess whether more natural temperature changes
cause corresponding responses as in this proof-of-concept
study. Migrant birds responding to a rise in temperature
adjust their progress of migration to the spatially and
temporally advancing spring [25] and ultimately optimize
the arrival timing at their breeding area depending on
the temperature-related environmental conditions [46]. At the
same time, the decision-making process is influenced by,
among others, the feeding conditions [22]. As variation in ambi-
ent temperature is ‘inextricably’ linked to the feeding conditions
under natural conditions, the interplay of both has a significant
effect on the departure decision of free-flyingmigrants.As such,
tracking studies provide correlative evidence that free-flying
geese reacted sensitively to the progress of the vegetation
growth rate (‘green wave hypothesis’ [47,48]) and/or to the
temperature development (‘growing degree days’ [7,8]) for
fine-tuning both the progress of migration and the breeding
area arrival timing to the expected future environmental con-
ditions [46]. Because the songbirds studied here are mainly
insectivorous, rather than herbivorous (such as the geese),
they probably do not follow the ‘green wave’ or the ‘growing
degree days’, but probably track the seasonal increase in
arthropod abundance which is also related to temperature [49].

We found no effect of a temperature drop on the
migratory restlessness (table 3 and figure 4), although this
drop must have increased the resting metabolic rate [13]
and consequently, food intake. The higher energy demands
should influence the decision-making process to leave the
current location in case of food shortage to find a more
favourable site [4]. In our study, the birds counterbalanced
the increased energy demands by feeding more mealworms
(only significant in robins; electronic supplementary material,
table S2 and figures S6 and S7) so that they successfully
increased their energy stores despite the lower temperature
(table 1 and figure 2). The favourable feeding conditions in
our experiment strongly counteracted against departure
(figure 4). Thus, the outcome of this interplay of the tempera-
ture drop as an extrinsic condition and food intake
and energy store as intrinsic conditions did not increase
the departure probabilities (figures 3 and 4). This seems
advantageous because the spatio-temporal autocorrelation
between the environmental conditions at the current location
and the breeding area is deteriorated by retreating further
away from the migratory destination and thus, making the
optimal timing for resuming migration and arriving at
the breeding area less well predictable. This supports the
notion that landscape movements, sensu lato ‘reverse
migration’, are driven by unfavourable feeding conditions
probably caused by adverse weather [4,50], as opposed to
by a drop in temperature per se, though more research is
required to understand the motivation for and function of
such movements.
(b) Autumn migration
During autumnmigration, birds leave their breeding areas and
stopover sites, which become increasingly unfavourable over
time in terms of food abundance and weather conditions,
and travel towards more benign regions [51]. Migratory birds
experiencing favourable feeding conditions and a sudden rise
in the temperature, that makes the energy accumulation more
efficiently through decreased costs of thermoregulation [13],
should therefore stay at the stopover to exploit such suitable
sites, which might be rarely encountered during autumn
migration, through intensively fuelling [28].

While robins did not show a response to the experimen-
tally changed temperature (table 4 and figure 5), wheatears
responded in terms of their nocturnal migratory restlessness
(table 4 and figure 4), as predicted and as observed in free-
flyingwheatears [12].When experiencing a rise in temperature,
the wheatears indeed dropped their amount of migratory
restlessness (table 4 and figure 5), and increased their energy
stores accordingly (table 2 and figure 3) despite the not signifi-
cantly affected food intake (electronic supplementary material,
table S2 and figures S6 and S7). While carrying surplus energy
is costly in terms of energy expenditure [52] and a reduced
escape performance [53], it is also beneficial because it prolongs
the total flight duration without accumulating further energy,
minimizes the risk of starvation [54] and increases, for instance,
the time available for anti-predator behaviour [27], and is there-
fore often observed in wild migratory birds [4]. As such, our
experimental results provide causal evidence for a large body
of correlative studies and the prediction that a temperature
rise in combination with favourable feeding conditions pro-
longs stopover duration and is a beneficial strategy in autumn.

In response to a temperature drop, wheatears increased
their migratory restlessness, i.e. departure probability (table 4
and figure 5), as predicted. A sudden temperature drop is
likely to be more persistent and more adverse in autumn
than in spring. Instead of waiting for local weather conditions
to improve, it seems advantageous to immediately resume
migration towards the wintering grounds where more favour-
able environmental conditions generally persist. At the same
time, the birds avoid the locally increased thermoregulation
costs due to the lower temperatures [14], shorten the remaining
migration distance and approach more suitable stopover sites.

The reasons why the robins did not adjust their migratory
restlessness as predicted for autumn (table 4 and figure 5) are
currently unknown. As robins pass Helgoland later in
autumn (September–November) and winter further north
(middle to southern Europe) than wheatears (August–
October; sub-Sahelian Africa; electronic supplementary
material, figures S1 and S3), one could speculate that robins
are better adapted to low temperatures than wheatears or
to ‘waiting out’ low-temperature fronts in autumn and
winter. If this were the case, the low temperature of 5°C
could potentially not have been low enough to stimulate a
similar response to that of the wheatears.

The temperature drop and hence the increased energy
demands [13,14] did not lead to a significant increase in
food intake in both species (electronic supplementary
material, table S2 and figures S6 and S7). Despite that, eve-
ning energy stores were not affected or even increased
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in the wheatears (table 2 and figure 3). There are at least
three non-mutually exclusive potential reasons for this
discrepancy. First, the amount of fed mealworms was overes-
timated on day 3 due to many out-thrown mealworms.
Second, birds significantly decreased their diurnal activity,
despite the increased energy demand, possible through the
ad libitum feeding conditions. Third, songbirds fed increas-
ingly less, the longer they stopped-over [1,55]. The reduced
food intake (electronic supplementary material, figures S6
and S7) could therefore be related to such feeding behaviour
and less to the temperature drop.
l/rspb
Proc.R.Soc.B

287:20201650
5. Conclusion
In our proof-of-concept study, we demonstrate for the first
time a causal effect of temperature changes on the departure
probabilities of medium- and long-distance migrant birds
in spring and autumn. This means that temperature change
is an important extrinsic departure cue for the decision-
making process at a stopover site. Future experiments
should measure food intake more precisely and record the
bird’s diurnal activity as well as its metabolic rate to better
disentangle how these three factors interact and jointly
affect together with a temperature change the bird’s depar-
ture probability. Additionally, time-matched control groups
with birds kept constantly at the appropriate temperatures
are required to demonstrate that the change in temperature
and not the duration of captivity affects the bird’s departure
probability. Although applying smaller, gradual and thus
more realistic temperature changes would require a far
higher sample size to find an effect, the benefit would be to
better predict what kind of temperature changes would
affect the departure probability under natural conditions
if feeding conditions were constant. Adjusting our proof-
of-concept study to such more natural conditions could
substantially improve models of migratory stopover behav-
iour and predicted impacts of future temperature changes
on migration. Warmer temperatures advance migration
phenology and arrival timing during spring migration [56].
In addition to a general temperature rise, climate change is
associated with increased temperature variation and more
frequent extreme temperatures [57]. Migrant birds are
therefore in jeopardy when they adjust for instance their
breeding area arrival timing to unseasonably warm tempera-
tures en route but experience a significant drop in ambient
temperature shortly after arrival, which may lead to delayed
or immediate fitness consequences.
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