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Migratory birds require specific physiological adapta-
tions to cover large distances and cross ecological barri-
ers with non-stop flights and prolonged fasting
(Gwinner 1990, Berthold et al. 2000, McWilliams et al.
2004, Costantini et al. 2007, Bauchinger et al. 2005,
Piersma et al. 2005, Bauchinger et al. 2011). Birds
obtain energy from fat and protein stores accumulated
in the pre-migratory phase (Pilastro & Spina 1997,
Berthold 2001). Nevertheless, for most migratory

species the energy needed to cover the distance
between their breeding and wintering grounds exceeds
the amount they can store and carry. Therefore, most
migrants make several stopovers to replenish their
energy stores for the next flight (Schaub & Jenni 2000).
During migration, most diurnal birds change their
activity rhythm to fly at night (Berthold 1996). At
stopovers, they return to diurnality (Berthold 1996),
and may maintain it for several days, until restored
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energy reserves are sufficient to resume flight (Biebach
et al. 1986). Stopover sites are used for resting and/or
feeding; in fact most of the time spent during migra-
tion, and of the energy devoted to migration, is spent at
stopovers (Wikelski et al. 2003, Bowlin et al. 2005).
Many factors influence the decision of staying at or
leaving a stopover site, among which: weather condi-
tions, predation risk, food availability, competition,
energy reserves and endogenous programs (e.g. Jenni
& Schaub 2003, Fusani et al. 2009, Fusani et al. 2010,
Arizaga et al. 2011). Birds with sufficient energy
reserves usually leave the stopover site on the evening
of the arrival day, whereas birds with depleted reserves
might interrupt migration for a period ranging from
one day to several weeks (Bairlein 1985, Biebach 1985,
Biebach et al. 1986, Goymann et al. 2010).

Particularly in small migrants, individuals with
small energy reserves may economize resources by a
strategic reduction of energy expenditure (Biebach
1977) obtained by diurnal and/or nocturnal hypother-
mia. Rest-phase hypothermia is a state where core
temperature is below its range specified for the normal
active state of the species. According to the definition of
rest-phase hypothermia, body temperature (hereafter
Tb) would be lowered by 3–10°C (IUPS Thermal
Commission 2001, Wojciechowski & Pinshow 2009).
Hypothermia can serve as a mechanism of energy
saving, known both in nestlings and adults of some
avian species (Biebach 1977, Graf et al. 1989,
Schleucher 2001, 2004, McKechnie & Lovegrove 2002,
Dolby et al. 2004). Under normal conditions, Tb reaches
highest values in the afternoon and lowest values at
night, between 2:00 and 4:00 (Binkley et al. 1971,
Langman 1973, Prinzinger et al. 1991, Rashotte et al.
1995). Tb reductions below normothermic levels during
the rest phase have been documented in several avian
taxa (Biebach 1977, Graf et al. 1989, Schleucher 2001,
Vezina et al. 2007). A reduction in Tb is associated with
a decrease in metabolic rate (Daan et al. 1989,
Rashotte et al. 1995). It has been estimated that a
reduction of about 4°C may correspond with a more
than 50% reduction in energy consumption
(McKechnie & Lovegrove 2002). Hypothermic Black-
caps Sylvia atricapilla at a stopover site showed a 30%
lower energy expenditure compared with normother-
mic birds (Wojciechowski & Pinshow 2009). Because
the energy saved due to hypothermia slows down the
depletion of energy reserves and can potentially be
used for foraging, hypothermia may accelerate the rate
of fuel accumulation during a stopover.

Studies on the role of rest-phase Tb in body mass
gain at stopover sites suggest that hypothermic abilities

may be crucial for birds in poor body condition
(Gannes 2002, Wojciechowski & Pinshow 2009,
Bauchinger et al. 2011). However, empirical support
for a link with body mass loss is indirect and based on a
small sample: intraperitoneally implanted temperature
loggers in Blackcaps revealed marked hypothermia,
especially at night, restricted to individuals with low
weight, however body mass was not measured the
evening before (Wojciechowski & Pinshow 2009).
Hypothermia during spring migration was also docu-
mented in newly arrived Garden Warblers and Icterine
Warblers Hippolais polyglotta lowering Tb by 10°C
below daytime levels at night (Carere et al. 2010).
Here, no clear correlation between hypothermia and
condition was found, probably because most of the
birds sampled were in poor condition while nocturnal
body mass variation was not measured.

We studied nocturnal hypothermia in migratory
Garden Warblers and its relation with initial body
condition, body mass variation and nocturnal activity.
We recorded the nocturnal pattern of skin temperature
(Ts) with temperature loggers at a Mediterranean
stopover site during spring migration from Africa to
Europe. We sampled individuals that had just arrived
after a long flight and were kept overnight. We predict
that (i) birds with initial poor body condition would
substantially decrease Ts during the night; (ii) hypo-
thermia would be associated with a reduction in
nocturnal activity levels, because a positive correlation
between condition and nocturnal restlessness has been
shown in this species during spring stopover (Fusani et
al. 2009); (iii) hypothermia would be associated with
reduced body mass loss during the night.

METHODS

Species and sampling area
The Garden Warbler is a well-studied species in migra-
tion ecology and ecophysiology (e.g. Gwinner et al.
1985, Klaassen & Biebach 1994, Totzke et al. 1999,
Totzke et al. 2000, Fusani et al. 2010). Its winter
grounds are located in trans-Saharan Africa and one
major pathway of migration to Europe involves cross-
ing the Mediterranean Sea (Grattarola et al. 1999).

Our study was carried out during spring migration
on Ponza, an island of 9.87 km2 about 50 km off the
Tyrrhenian coast of Italy (40°50' N, 12°58' E). A ringing
station is active on the island since 2002 (www.
inanellamentoponza.it). Birds were trapped using mist
nets, which are continuously monitored during the
ringing period. The low number of recaptures at Ponza
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(less than 5% of trapped birds, M. Cardinale, pers. obs.)
as well as a recent radiotracking study on Garden
Warblers on the neighbour island of Ventotene
(Goymann et al. 2010), indicates that most birds spend
less than one day and usually only a few hours on the
island. Massive arrivals are concentrated in the mid-
late morning (Carere et al. 2010). Estimates done on
Ventotene suggest that birds had completed a 14–16 h
non-stop flight that included the early morning hours
(Pilastro et al. 1995, Grattarola et al. 1999, Schwilch et
al. 2002).

Sampling procedure
We sampled 19 individuals of unknown sex (the species
is monomorphic) between 11 and 19 May 2011, with a
maximum of 5 birds per day. Measurements of Ts
started at 21:00 and finished at 06:00 the following
day. Birds were caught between 19:30 and 20:30 and a
single observer scored subcutaneous fat on a 0–8 scale,
the size of the pectoral muscles on a 0–3 scale (Bairlein
1994) and weighed them (BM1). The observer also
recorded the length of the third outermost primary
wing feather (‘third primary length’ henceforth) that
was used as a measure of structural body size (e.g.
Goymann et al. 2010). We attached a temperature
logger (Thermochron DS 1921H, range –40 to 85°C in
0.125°C steps, 1.5 g, 11 mm diameter, 6 mm height) on
the lower part of the rump, in the space between the
vertex of first tertials with closed wings. We took care
that the sensor was in contact with the skin of each bird
using Sauer skin glue, after having cut the feathers to a
length of 2 mm. The procedure took about two min
after which the bird was individually kept in a cotton
bag. The bags were hung in a quiet room at ambient
temperature (mean 21°C). The loggers recorded Ts
every two min from 21:00 to 6:00. In order to correlate
Ts and Tb, Tb was measured in 15 Garden Warblers in
the morning using a probe inserted in the throat via the
beak (see Carere et al. 2010). These birds were caught
during spring 2012 and were not used in this experi-
ment. This comparison yielded a significantly positive
correlation (r = 0.61, P = 0.016). Nocturnal activity
was estimated by video-recording the bags with a night
vision camera (Sony DCR-HC30 Camcorder) for 90 min
between 23:30 and 01:00. At 06:00 the loggers were
removed using a scalpel, taking care to completely
remove all the glue from the skin. The birds were then
weighed (BM2) and released. All birds flew away
immediately after release. During the sampling period
atmospheric conditions were stable and ambient
temperature ranged from 24°C during daytime to 15°C
at night.

Data collection and analysis
Ts data were downloaded using One-Wire Viewer. We
calculated the average temperature per hour. We also
calculated minimum Ts values every 10 min. We visual-
ly scanned the 90 min video-recordings and scored the
relative frequency of movements by sampling every 1
min, using this as an index of activity. Note that activity
could be recorded for 17 out of the 19 sampled birds.
Since we expected that our predictor variables (i.e.
initial body mass, fat score, muscle score, third primary
length and nocturnal activity) were correlated, we ran
a principal component analysis (PCA) in order to
replace them with new uncorrelated component vari-
ables. We named the first factor of the PCA “CONDI-
TION”, following Fusani et al. 2009, and the second
factor “THIRD PRIMARY” (see results). Subsequently,
we used a general linear model (GLM), with backward
stepwise procedure, to test the effect of the first two
factors of the PCA on Tmin. We also used a GLM, with
backward stepwise procedure, to test the effect of
CONDITION, Tmin, and their interaction term, on the
change in body mass of each bird from time of capture
to time of release (BM1–BM2). Model residuals were
tested for normality using the Kolmogorov–Smirnov
test. Next, we used Pearson correlation coefficients to
test associations between CONDITION and Ts for each
hour during the night, as well as between Tmin and the
difference between Tmax and Tmin (ΔTs). Statistics were
performed with Statistica Release 8 (StatSoft Inc.,
Tulsa, OK, USA).

RESULTS 

Average Ts was 33.5 ± 0.3 °C (Tmax = 36.6°C; Tmin =
29.4°C), average ΔTs was 2.3 ± 0.22°C (ΔTmax = 4.5°C;
ΔTmin = 1.0°C). The first factor of the PCA (CONDI-
TION) explained 55.2% of the total variance in the data
and correlated strongly with measures of physical
condition (BM1, 0.90; fat score, 0.88; muscle score,
0.85), it moderately correlated with nocturnal activity
(r = 0.60), and weakly with third primary length (r =
–0.33). This means that birds with high positive scores
on this factor were in better physical condition and
were also more active during the night. Conversely, the
second factor of the PCA (THIRD PRIMARY LENGTH),
explaining 20.5% of the total variance in the data, was
strongly positively correlated with third primary length
(r = 0.87) and moderately positively correlated with
activity (r = 0.50), whereas it weakly correlated with
the other variables (r < 0.12). So, birds with high posi-
tive score on this factor were characterized by larger
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structural body size and were more active during the
night, although they were not necessarily in better
condition. In other words, variation in body size was
not correlated with variation in physical condition.
Moreover, the second factor also represented the
portion of variation in birds’ nocturnal activity that was
not correlated with physical condition. We found that
only CONDITION had a significant and positive effect
on Tmin (t = 3.37, P = 0.004). This means that birds in
worse physical condition, and that were also less active,
had lower Tmin during the night (Figure 1). So, varia-
tion in structural body size (THIRD PRIMARY), as well
as variation in nocturnal activity that was not corre-
lated to physical condition, had no significant effect on
Tmin (t = –1.21, P = 0.25). Note that Tmin was negative-
ly correlated with ΔTs (r = –0.72, n = 17, P = 0.001),
so birds with lower Tmin during the night were also
those experiencing greater reductions in Ts. CONDI-
TION was significantly correlated with Ts at all hours of
the night except at 5:00, although correlation coeffi-
cients were higher in the central hours of the night
(23:00–3:00, Table 1). In Figure 2 we show the noctur-
nal Ts profile of a normothermic and a hypothermic
individual.

The change in body mass was significantly affected
only by the interaction effect of Tmin and CONDITION
(t = –2.85, P = 0.01). Specifically, body mass decreased
with decreasing CONDITION in birds with higher Tmin,
but not in birds with lower Tmin (Figure 3).

DISCUSSION

The results indicate that at a stopover site, few hours
after a prolonged flight, Garden Warblers with low
energy reserves tend to become inactive during the
night and to become hypothermic, reducing Ts by up to
4.5°C. By contrast, birds in good condition tend to
remain active and normothermic.

The results show that Ts was influenced by a linear
combination of condition and activity, and it was related
to condition especially between 23:00 and 03:00. Birds
with worse body condition, and those that were less
active, had lower Tmin (Figure 1), and dropped their
temperature more than individuals in better condition
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Figure 1. Scatter plot of minimum skin temperature recorded at
night (Tmin) versus the first factor of the PCA “CONDITION”.
Higher positive values on the PCA factor indicate better body
condition and higher nocturnal activity.     
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Figure 2. Profile of nocturnal skin temperature (at 10 min inter-
vals) in one lean individual (rated at fat = 0, muscle = 1),
marked as hypothermic,  and one individual in good condition
(fat = 2, muscle = 2), marked as normothermic.     

22:00 23:00 0:00 1:00 2:00 3:00 4:00 5:00

CONDITION r 0.60 0.72 0.68 0.68 0.68 0.64 0.51 0.36
P 0.011 0.001 0.003 0.003 0.003 0.006 0.036 0.16

Table 1. Correlations (Pearson coefficients and P-values) between hourly skin temperature (22:00–05:00) and PCA Factor 1
“CONDITION” (see text for details).          
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and that were more active (Figure 1, 2). Notably, this
effect was independent of structural body size estimat-
ed as third primary length. Six individuals showed a
decrease in temperature of more than 3°C, i.e. rest-
phase hypothermia by definition (Wojciechowski &
Pinshow 2009). Hypothermic birds were less active
than the others. We acknowledge that our measure-
ment of activity is rough compared to classical meas-
urements of Zugunruhe obtained in infrared or video
equipped cages (e.g. Berthold et al. 2000, Fusani et al.
2009), however, the results are in line with the expecta-
tions, and suggest that hypothermic birds were asleep,
as documented in a previous study in which birds were
handled for night Tb measurements (Carere et al.
2010). The analysis also showed that hypothermia
could not be explained by reduced activity alone,
because some individuals that were not in bad physical
condition hardly reduced Ts although they were not

active at night. Furthermore, we found that worse
condition and lower activity resulted in higher body
mass loss, which was contrary to our initial expecta-
tion. However, this decrease in body mass with decreas-
ing physical condition and activity was found only in
birds with relatively high Tmin during the night (Figure
3). Conversely, in birds with lower Tmin there was no
relationship between CONDITION and body mass loss,
although overall they tended to lose more mass than
birds with higher Tmin (Figure 3). A possible explana-
tion for these results is the existence of a threshold in
Tmin below which body mass and energy loss in lean
birds are effectively slowed down. Future studies
should follow the birds on subsequent nights and record
the temporal dynamics of the variables of interest.

Hypothermia has been recently discovered in
passerines during migration. Wojciechowski & Pinshow
(2009) documented marked hypothermia in Blackcaps
temporarily kept in captivity with intraperitoneally
implanted temperature loggers. Carere et al. (2010)
measured Tb with a probe inserted in the throat in
Garden Warblers and Icterine Warblers and found a
decrease in nocturnal Tb of up to 10°C at 01:00. We
cannot exclude that being restrained in a bag for several
hours could have enhanced the hypothermic response
especially in the lean individuals, though the observa-
tions on caged Blackcaps (Wojciechowski & Pinshow
2009), as well as new data from Ponza on Garden
Warblers, Robins Erythacus rubecula, Whinchats
Saxicola rubetra and Common Redstarts Phenicurus
phenicurus kept in cages at night with temperature
loggers, show similar patterns (Machado Tahamtani
2012).

Migrants usually arrive on Ponza in the late morn-
ing after a non-stop flight of about 14–16 hours
(Pilastro et al. 1995; Grattarola et al. 1999, Schwilch et
al. 2002). Based on their condition, they decide
whether to stay or leave the following night, as suggest-
ed by measurements on Zugunruhe (Bairlein 1985,
Biebach 1985, Biebach et al. 1986, Fusani et al. 2009),
and by a radiotelemetry study (Goymann et al. 2010).
Our data provide evidence for another proximate factor
related to this behavioural decision, the possibility to
go into hypothermia. Moreover, in the same individuals
the levels of nocturnal activity were positively correlat-
ed with body condition and Ts supporting the hypothe-
sis that birds in good condition and remaining
normothermic would be on nocturnal flight if not
confined. Activity and radiotelemetry data show that
individuals not departing during the night are leaner
(Fusani et al. 2009, Goymann et al. 2010). For these
birds it may be convenient to become inactive and to

117

BM
1

-
BM

2

0.8

1.2

1.6

2.0

–3 –2 –1 0 1
factor 1 PCA condition

A

B

BM
1

-
BM

2

0.8

1.0

1.2

1.4

–3 –2 –1 0 1 2 3

Figure 3. Scatter plots of the difference between initial and final
body mass (BM1–BM2) versus Factor 1 PCA “CONDITION”, for
birds whose Tmin recorded during the night was higher than
mean Tmin (A), and for birds whose Tmin was lower than mean
Tmin (B). Higher values for BM1–BM2 indicate greater reductions
in body mass during the night. Higher values for Factor 1 PCA
“CONDITION” indicate better initial body condition and higher
nocturnal activity. Pearson correlations are: (A) r = –0.76, P =
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lower Tb to save energy. For example, hummingbirds
can use torpor to conserve energy stored for later use
on migration (Carpenter & Hixon 1988).

Hypothermia could entail a cost in terms of
decreased flight ability and increased risk of predation
(Reinertsen & Haftorn 1986, Pravosudov & Grubb
1995, Carr & Lima 2013), since hypothermic individu-
als are less responsive to external stimuli than non-
hypothermic ones (Reinertsen 1996). On the other
hand, this process could have the advantage of favour-
ing accumulation of energy reserves quicker allowing
an earlier departure from the stopover site, as shown by
body mass changes across several nights of hypother-
mia (Wojciechowski & Pinshow 2009).

In sum, we found that: (i) birds in poor condition
decreased nocturnal Ts more than birds in good condi-
tion; (ii) overall, worse condition and lower activity
resulted in higher body mass loss, although this was
restricted to birds with relatively high Tmin; and that
(iii) hypothermic birds reduced nocturnal activity
levels. We conclude that hypothermia during stopover
may indeed be an active, economising strategy aimed
at minimizing body mass loss.
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SAMENVATTING

Trekvogels zijn fysiologisch en gedragsmatig aangepast om
grote ecologische barrières te overbruggen. Zo slaan ze, voordat
ze aan de trek beginnen, vet en eiwitten op. Desondanks onder-
breken de meeste zangvogels de trek om hun energievoorraad
aan te vullen. Eerdere studies hebben laten zien dat magere
vogels hun tussenstop verlengen in tegenstelling tot vogels in
een betere conditie die al na korte tijd verder vliegen. Tijdens
zo’n tussenstop kunnen magere vogels hun energie-uitgave
beperken door de lichaamstemperatuur te verlagen (adaptieve
hypothermie hypothese). Het is echter niet duidelijk of trekvo-
gels hypothermie als een energiebesparende strategie inzetten
of dat het een onoverkomelijk gevolg is van een slechte
lichaamsconditie die slechts dient om verhongering te voorko-
men. De auteurs gebruikten temperatuurloggers om de huid-
temperatuur van 19 Tuinfluiters Sylvia borin te meten die in het
voorjaar waren gevangen tijdens een tussenstop op het eiland
Ponza in de Tyrreense Zee (Italië). Tijdens de nacht ware
lichaamsconditie en activiteit positief gecorreleerd met de huid-
temperatuur van de vogels. In magere vogels nam de lichaam-
stemperatuur geleidelijk af met 3°C (de afname was het sterkst
halverwege de nacht), waarna er een herstel was naar de
normale lichaamstemperatuur. Vogels in een slechte conditie
verloren ’s nachts meer gewicht dan vogels in een goede condi-
tie. De afname in lichaamsgewicht was het sterkst bij vogels die
hun temperatuur het minst verlaagden. Deze metingen laten
zien dat hypothermie samengaat met een slechte lichaamscon-
ditie en dat hypothermie functioneel kan zijn om gewichtsver-
lies op de trek te beperken. (PW) 
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