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Abstract The environmental temperature and the level of body reserves have been described as important regulating factors of the

amount of energy used at resting (i.e. nocturnal body mass loss). Howevers because these variables are associated in natural

conditionss previous studies have not made a clear distinction between the separate effect of ambient temperature and body reserves

on nightly energy management. To investigate whether ambient temperature acts as a proximate factor on nocturnal body mass

regulation in captive coal tits Periparus ater> the day-to-day and day-to-night changes in environmental temperatures were

experimentally manipulated, under unrestricted food availability. The experiment was conducted within the normal autumn range of

temperature variation in a mountain area of continental Mediterranean climate in Central Spain. Nocturnal body mass loss depended

on the level of body mass at dusk and daily body-mass gain in the previous day. The largest rates of body mass loss at night were

recorded when birds ended the previous day-time period with the highest levels of body reserves obtained after high rates of diurnal

body mass increase. However, unpredictable changes in current environmental temperatures did not influence night body mass loss

in the coal tit» as it would be expected following a pure physiological energetic balance. These results suggest that birds try to

maintain body reserves within narrow ranges when some environmental factors, as the ambient temperatures become unpredictable

[ Acta Zoologica Sinica 54 (4): 615 - 621, 2008].
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Wintering birds in cold temperate regions must attain
high metabolic rates in order to maintain normothermic
body temperatures during times of extreme cold, shorter
daylength, and reduced food availability. Accordingly,
small birds typically carry high levels of body reserves
( Lehikoinen, 1987: Haftorn, 1989 ), and pectoralis
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muscle thickness (i.e. a measure of body condition) is
usually higher at localities with more severe environmental
conditions ( Carrascal et al., 1998). These reserves are
used as an additional source of energy to survive the
longer and colder nights and the beginning of the
subsequent day ( King, 1972: Blem, 1976 ), when
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internal reserves are at their minimum and foraging
success is unpredictable due to weather variability .

Body mass loss at night-time has been described in
very few occasions in terms of ambient temperature and
actual body reserves (e.g. Lehikoinen, 1987; Bednekoff
et al., 1994: Thouzeau et al., 1999). Studies on
nocturnal energy regulation in birds have not made a clear
distinction between the separate effects of these two
Under
nocturnal temperatures are usually related, and thus birds
can adjust their reserve levels to anticipate the expected
energy demands at night-time Ce. g. Caraco et al.,
1990: Gosler, 1996; Cresswell, 1998 ). Following a

pure physiological model, a decrease in body reserves,

variables. natural conditionss diurmal and

due to night resting metabolism, should be expected when
ambient temperature drops ( Calder and King, 1974;
Reinertsen and Haftorn, 1986).

By means of an experiment, this paper analyses the
separate effects of environmental temperatures and diurnal
body weight on nocturnal weight loss in coal tits. Winter
midday temperature has a negative significant effect on
diurnal body mass of coal tits; although it accounts for a
low proportion of observed variability ( Carrascal and
Polo, 2006 ).
simulated unpredictable day to day and day to night
changes in environmental temperatures, within the normal
autumn range of the study area (mountain area in Central
Spain of continental Mediterranean climate ), under

Working indoors with coal tits, we

unrestricted food availability. We investigate ifs under
these experimental conditionss both the intensity of cold
during the night and the level of body reserves at dusk are
positively related with nocturnal body mass loss,
according to well known and deterministic metabolic
equations ( Calder and King, 1974: Kendeigh et al.,
1977).

1 Material and methods
1.1 Procedure

Twelve coal tits (six adults and six juveniles) were
captured at ‘El Ventorrillo” field station (1500 m above
sea level, 40°45'N, 04°01'W, Sierra de Guadarrama,
central Spain) in the second half of November 2001.
They were colour banded for individual identification and
introduced into a large outdoor aviary prior to the
experiment (for more details on the study area and capture
1998; Carrascal and
Alonso, 2006). The aviary was placed in a small forest

methods see Carrascal et al.,

clearing of 15 = 20 m, and was covered by translucent
fiberglass panels to protect the birds from snow and rain.
The twelve coal tits were randomly assigned in triads to
four cages (2 mx 2 mx 2 m) where they lived for a two
weeks period of acclimation to the captivity experimental
conditions. Each cage contained a nest box and several
pine and cedar branches fully covered by green needles,
which the birds

used for perching, roosting and

sheltering. Birds were given access to water for bathing to
any plumage throughout  the
experiment. Coal tits were maintained with ad libitum diet

prevent deterioration
of water with vitamins, dry kitten cookies, peanuts,
sunflowers and pine seeds. They were accustomed to our
presence as we visited the cages every 2 — 3 days to
change the water and the food. Coal tits were cared for in
accordance with guidelines of the Guide for the Care and
Use of Laboratory Animals (1996, National Academy
Press, 2101 Constitution Ave. NW, Washington, DC
20055, USA) and the Spanish laws regarding animal
experimentation .

We performed the experiment during the following 3
weeks (29 November to 18 December 2001). Birds were
individually housed indoors in small cages (0.5 m x 0.4
mx 0.3 m). The experimental cages were located in two
large rooms of 6 m x 4 m near large windows (6 cages in
each room). Therefore; birds experienced the natural
light cycle of study area on a 8 h 56 min L:15 h 4 min D
light regime ( SD = 0.19 h: variation was mainly
attributable to natural day-length variation across the study
period). Each cage had four perches, two drinking
bottles and one feeder. Coal tits were maintained with ad
libitum diet of water with vitamins, and a mixture of dry
kitten cookies, peanuts; sunflowers and pine seeds for all
the experiment. Drinking bottles and feeders were
replenished at night-time on the experimental days to
avoid any disturbance on bird behaviour (see below).
There was no evidence of plumage deterioration with time
in the 3-week experimental trial .

At sunset (16 h 56 min GMT on average), coal tits
were captured in nearly complete darkness to catch them
easily and to reduce the stress of capture (we closed the
shutter of the windows and waited 3 minutes, after which
period birds remained still in the cages). Immediately
afterwards, birds were moved to another room and
weighed with an electronic balance (at the nearest
0.01 g) and housed in cloth Ccotton) boxes (0.4 m x
0.2 m x 0.2 m), without food and water; where they
spent the night into a small dark thermal chamber. All
the birds were processed by two researchers in order to
minimize the time devoted to handling them. The
manipulation of the birds can induce some avian stress (i.
e. possible increase in stress hormones). However, we
suppose not bias in the interpretation or the results
because all birds were manipulated in same way.

Ambient temperatures were controlled by using
electronic stoves during day-time and a small dark thermal
chamber (1 m x 1 m x 0.7 m) at night time. The
temperatures throughout every night Cat the nearest
0.1°C) or day Cat the nearest 1°C) were maintained
constant and chosen at random within specified ranges
(see below). Approximately 15 h after (see above), at
sun rising, birds were captured again from the cloth boxes
in complete darkness, they were weighed and immediately
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released to their metallic cages in the experimental rooms
with the windows opened. Coal tits did not suffer any
other interference from the researchers throughout the
study period. This procedure was repeated three days per
week ( Tuesday, Wednesday and Thursday), so birds
were not bothered from Friday to Monday when they
remained into the experimental cages with the windows
opened and natural non-controlled temperatures. On
Tuesday of each experimental week, birds were captured
8 h GMT).
Measurement of masses at the beginning of the three-day
per week experimental period was necessary to calculate
the rates of diurnal body mass gain (see below) .
Nocturnal temperature ranged between - 1°C and
7.6°C (Mean=4.4°C +2.5 SD); remaining constant in
each night-time period. Diurnal temperature in the
experimental rooms was controlled by means of opening
the windows to equal ambient temperature outdoors, or

and weighed at sunrise ( approx.

using electronic stoves. It was measured at midday (12 h
GMT). Day-time temperature in the experimental rooms
was randomly settled, ranging from 5°C to 18.5°C (Mean
=9.8C = 4.1 SD; it followed the natural diumnal
variability, from low temperatures at dawn and 3°C +
10°C higher in the evening). The range of variation of
nocturnal and diurnal temperatures in the study was
selected to mimic the natural variation of the
environmental temperatures in the study area during
autumn. As diurnal and nocturnal temperatures were
randomly selected, their covariation was completely
decoupled (r =0.024, n =9 experimental days, P =
0.951), and birds had no clue to predict the temperature
they were to experience the following night considering the
previous day.

Diurnal rate of body mass gain for each individual
bird was calculated as the difference between body mass
at dusk minus body mass at dawn, divided by the time
elapsed Cexpressed in g/h) . In the same way, night-time
body mass loss Cexpressed in g/h) was calculated as the
difference between body mass at dusk Cend of the day at
sunset) minus the body mass at the beginning of the
following day (dawn), divided by night-time duration.
1.2 Statistical analyses

We used a mixed-model ANCOVA to analyze night-
time body mass loss ( dependent variable) in relation to
ambient temperatures at night and in the preceding day,
daytime rate of body mass gain and body mass at dusk in
the preceding day ( covariate variables ) and coal tit
identity as a random factor (BIRD: 12 individual birds) .
We used the unconstrained parameters model to test
significance of the covariates in the mixed ANCOVA
(Vosss 1999: Quinn and Keough, 2002). In this
approach, the error terms for the effects of covariates were
the interactions of each covariate x the random factor
BIRD. This analytical procedure is very conservative,
because it solves the problem of inflated sample sizes by

reducing the degrees of freedom of the error terms and
avoids any kind of pseudoreplication (i. e. the proper
sample unit for the fixed effects is the individual bird and
not every measurement obtained in the cages ).
Repeatability was computed from the mean squares of one-
way ANOVAs (Lessells and Boag, 1987) using BIRD as

factor.

2 Results

Average body mass at dawn (8 h GMT) of the 12
studied individual birds was 9.17 g+ 0.42 ¢ (Mean =+
SD; the same below. Range: 8.59 g —9.76 g), while
average body mass at dusk (17 h GMT) was 9.98 + 0.43
(range: 9.41 — 10.61 g; see Table 1). Thus, the
average rate of body mass gain during the 9 hours of
daytime was 0.090 g+ 0.008 g/h (range: 0.079 —0.104
g/h), and the average rate of body mass loss in the 15
hours of night-time was 0.053 g + 0.005 g/h (range:
0.047 - 0.062 g/h). Repeatabilities were highly
significant ( P < 0.01), although they were higher for
body mass at dawn and dusk (r; >0.75) than for rates of
diurnal body mass gain and nocturnal body mass loss (r,
around 0.2).

The interindividual variation in nocturnal body mass
loss was highly significant, explaining nearly one-fourth of
the total variance ( Table 2). Nocturnal and diurnal
temperatures were not significantly associated with night-
time body mass loss, accounting for a very low proportion
of the observed variability ( < 1% ). The main variable
responsible for body mass loss at night was body mass at
dusk (26.4% of the original variance): the largest rates
of body mass loss at night were recorded when birds ended
the previous day-time period with the highest levels of
body reserves. Previous day-time body mass gain also
played an important role determining nocturnal body mass
loss (15.1% of variance explained): the days with large
rates of body mass increase were followed by nights with
large rates of body mass loss. The relationships within
each experimental bird between the rate of night-time
body mass loss and the rate of diurnal body mass gain and
body mass at dusk are shown in Fig.1 and 2,
respectively .

3 Discussion

We have simultaneously analyzed the separate effects
of body reserves and current ambient temperatures on the
nocturnal energy management (i.e. body mass loss) of a
small bird wintering at temperate latitude characterized by
cold and long nights. These variables were experimentally
decoupled to prevent possible confounding effects, due to
the strong covariation among body mass, ambient
temperature and day length under natural conditions
( Lehikoinen, 1987: Meijer et al., 1994; Cresswell,
1998; Gosler,> 2002; Rogers and Reed, 2003; Macleod et
al., 2005; Carrascal and Polo, 2006: Polo et al., 2007).
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Table 1 Inter and intra individual variation in body mass (in g) at dawn (8 h GMT) and at dusk (17 h GMT), and body mass
gain (g/h for a daytime of 9 h) and loss (g/h for a night-time of 15 h) of 12 coal tits living in indoor aviaries

Body mass at dawn (g)

Body mass at dusk (g)

Daytime gain (g/h)

Night-time loss (g/h)

Bird

Mean SD Mean SD Mean SD Mean SD
1 9.71 0.15 10.45 0.10 0.082 0.02 0.049 0.01
2 9.27 0.10 10.02 0.10 0.084 0.02 0.050 0.01
3 9.18 0.10 9.93 0.12 0.084 0.01 0.050 0.00
4 8.85 0.16 9.68 0.17 0.093 0.02 0.054 0.01
5 9.70 0.08 10.57 0.13 0.097 0.02 0.059 0.01
6 8.69 0.24 9.41 0.32 0.081 0.02 0.048 0.01
7 8.59 0.22 9.47 0.30 0.098 0.02 0.056 0.01
8 9.76 0.33 10.61 0.40 0.095 0.02 0.054 0.01
9 8.74 0.15 9.62 0.13 0.098 0.01 0.058 0.00
10 8.88 0.11 9.59 0.16 0.079 0.01 0.047 0.01
11 9.29 0.12 10.06 0.12 0.085 0.02 0.051 0.01
12 9.38 0.19 10.31 0.21 0.104 0.01 0.062 0.01
Mean 9.17 9.98 0.090 0.053
SD 0.42 0.43 0.008 0.005
r; 0.82 0.79 0.22 0.17
F 43.08 35.77 3.49 2.88
P <0.001 <0.001 0.0004 0.003

Sample size is 9 days for every bird. r;:

Table 2 Mixed-model ANCOVA of night-time body mass loss (expressed in g/h) with respect to bird identity (BIRD), diurnal and

repeatability; F and P are the results of one-way ANOVAS comparing the twelve coal tits.

nocturnal ambient temperatures, daytime gain (in g/h) and body mass at dusk (evening weight)

df beta F P % var.
BIRD 11, 92 5.80 <0.001 23.4
Covariates:
Body mass at dusk I, 11 0.43 25.33 <0.001 26.4
Daytime body mass gain I, 11 0.28 12.05 0.005 15.1
Diurnal temperature 1, 11 -0.08 1.73 0.215 0.5
Nocturnal temperature 1, 11 -0.05 0.42 0.530 0.9

Sample size is 108 days for 12 individual birds (9 days per bird). df: degrees of freedom Ceffect, error term). % var.: percentage of variance accounted for by

each effect (GLM with type [ll sum of squares). beta: standardized regression coefficient for covariates.

In our experiment; an important proportion of the
within-individual variation in nocturnal body mass loss
(41.5%) was related to the level of body reserves (i.
e. evening body weight and daily body mass gain in the
preceding day) . Coal tits decreased body mass loss during
the night when they carried lower level of fat reserves at
dusk or when they gained less mass during the previous
day. These results are in agreement with theoretical
predictions of dynamic models of fat reserves in small
birds ( McNamara and Houston, 1990: Pravosudov and
Lucass, 2000) and with the results in other field and
experimental studies (e. g. Lehikoinen, 1987; Haftorn,

1992; Bednekoff et al., 1994). Moreover, the pattern of
diurnal body mass gain in the Coal tit is also linked to the
average mass at the start of the day, with mass increasing
more rapidly in lighter birds (Polo et al., 2007). All
these results are consistent with behavioural changes of
birds to prevent present and future risk of starvation ( Polo
and Bautista, 2002).

Theoretical and experimental evidence supports the
idea that ambient winter temperature may act as a
proximate factor operating on fat reserve levels in the short
19905 Gosler, 2002;
Macleod et al., 2005). Following a pure physiological

term ( McNamara and Houston
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Fig.1

Within-individual relationship between the rate of night-time body mass loss and body mass at dusk

Sample size is 9 days for every individual coal tit. In the right lower comer of each scatterplot is the number code of each individual bird (see

Table 1).

0.04 0.06 0.08 0.10 0.12

0.04 0.06 0.08 0.10 0.12

0.07-
0.086]
0.05]

0.04

0.03]

6

0.04 0.06 0.08 0.10 0.12

0.04 0.06 0.08 0.10 0.12

Nigth-time body mass loss(g/h)

0.07-
0.06] »,
0.059 [J

0.049

0.03]

12

0.04 0.06 0.08 0.10 0.12

0.04 0.06 0.08 0.10 0.12 0.04 0.06 0.08 0.10 0.12

0.04 0.06 0.08 0.10 0.12

Daytime body mass gain(g/h)

Fig.2  Within-individual relationship between the rates of nocturnal body mass loss and diurnal body mass gain
Each scatterplot corresponds to a different coal tit. (see Fig.1 for details) .

argumentation derived from allometric models for small
birds, relating energy expenditure to body mass and
temperature (see Calder and King, 1974: Reinertsen and
Haftorn, 1986: Reinertsen, 1986; Lehikoinen, 1987),
the maximum variation of 9°C in nocturnal temperature
used in our experiment should translate into a nocturnal
body mass loss variation of circa 20% . Nevertheless,
diurnal and nocturnal temperatures had no significant

effects on the night body mass loss in the coal tits,
explaining a negligible amount of variance in this variable
(1.4%) . Similarly, current ambient temperature was not
a good predictor of mean daily fat levels in the great tit
Parus major ( Bednekoff et al., 1994: Gosler and
Carruthers, 1999; Gosler, 2002; but see Lilliendahl et
al., 1996: Lehikoinen, 1987). In an experimental
study, Bednekoff and colleagues (1994) used both a
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warm overnight temperature of 15.5°C and a cold one of
1.5°C and found a similar night weight loss in great tits,
not dependent upon overnight temperature.

On the light of our results a question arises: how do
birds adjust overnight body mass loss independently of
unpredictable current temperatures? The adjustment of
overnight body mass loss in relation to previous and
current body reserves may be a direct consequence of the
increase in resting metabolism with larger body reserves
(Reinertsen, 1996), and has been reported in free-living
individuals of all Parus species (see Haftorn, 1992).
Facultative nocturnal —hypothermia ( Haftorn,  1972;
Reinertsen, 1996) could be the only adequate mechanism
to explain the observed pattern of nocturnal body mass
loss. Hypothermia is an efficient and widely distributed
energy-saving mechanism in small diurnal birds living in
very cold environments ( Swanson, 1990, 1993; Reinert-
sen, 1996: McKechnie and Lovegrove, 2002), that may
result in a 10% - 50% reduction in nocturnal energy
expenditure ( Haftorn, 1972: Reinertsen and Haftorn,
1983, 1984, 1986; Chaplin, 1974, 1976; Mayer et
al., 1982; Waite, 1991; Cooper and Gessaman, 2005) .
There is also experimental evidence that birds living in
warmer environments can use hypothermia to save energy
during the night ( Hainsworth et al., 1977; Maddocks
and Geiser, 1997). However; we have not evidence for
in our birds. This

interesting possibility remains to be directed in further

this body temperature control

studies .

A potential confounding effect of our results might
arises if birds in our study, since food was provided ad
libitum, showed differences in feeding access immediately
prior of going to roost in relation to daytime temperatures.
If birds ingested more food prior to roosting on colder that
on warmer days, then body mass at dusk would be
artificially elevated and mass loss due to digestion and
elimination of the ingested food would contribute to overall
nocturnal mass loss, thus causing mass loss rates to be
inflated relative to birds going to roost without prior
feeding. However, previous information in body weight
gain of birds of the same species (Polo et al., 2007)
during the last hour of the day (i. e. the hour prior
going to roost) have shown not intra-individual differences
in this variable in relation to natural daily temperatures.
In addition, the body mass gained in this last hour of the
day is less than 15% — 18% of the total body mass
gained during the day (Polo and Bautista, 2006a; b).
Thus; we do not imagine significant confounding effect
caused by this reasons.

Inter-individual differences in nocturnal body mass
loss explained nearly one-fourth of the total variance in
this variable. It may be that birds do show great
individual variation that is related to their size. Since
large birds with large organ and muscle masses would be
expected to show highest absolute mass losses over night,

the significant effect of “bird” may simply reflect bird
lean mass, that are simply related to differences in body
size. To discard this last possibility we have correlated the
residuals of the mixed ANCOVA model in Table 2
analyzing night-time body mass loss, with mass at dawn
the following morning. This correlation was not significant
(r=0.016, n =144, P =0.829), so interindividual
differences in nocturnal body mass loss are not simply due
to differences in body size. Perhaps, inter-individual
differences in body mass loss might reflect some variation
in nocturnal body temperatures. This possibility remains
to be evaluated in further studies.

In conclusion, this study supports evidence on the
proximate effect of body reserves at the beginning of the
night and diurnal body mass gain in the preceeding day,
but not current ambient temperatures; on the overnight
body mass loss of a population of coal tits wintering in the
Mediterranean region. The surprising negligible effect of
temperature on nocturnal body mass loss could be
explained if the most probable mechanism for the control
of night body mass loss is the use of nocturnal
hypothermia.
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