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acclimatization and temperature-photoperiod 
acclimation
Lin Li†, Jingru Ge†, Sangyu Zheng, Lihong Hong, Xini Zhang, Ming Li* and Jinsong Liu* 

Abstract 

Background: Small birds in temperate habitats must either migrate, or adjust aspects of their morphology, physiol-
ogy and behavior to cope with seasonal change in temperature and photoperiod. It is, however, difficult to accurately 
measure how seasonal changes in temperature and photoperiod affect physiological processes such as basal meta-
bolic rate (BMR) and metabolic activity. To address this problem, we collected data in each month of the year on body 
mass (Mb) and BMR, and conducted a series of experiments to determine the effect of temperature and photoperiod 
on Mb, BMR and physiological markers of metabolic activity, in the Eurasian Tree Sparrow (Passer montanus).

Methods: In one experiment, we measured monthly change in Mb and BMR in a captive group of birds over a year. In 
another experiment, we examined the effects of acclimating birds to two different temperatures, 10 and 30 °C, and a 
long and a short photoperiod (16 h light:8 h dark and 8 h light:16 h dark, respectively) for 4 weeks.

Results: We found that these treatments induced sparrows to adjust their Mb and metabolic rate processes. Acclima-
tion to 30 °C for 4 weeks significantly decreased sparrows’ Mb, BMR, and energy intake, including both gross energy 
intake and digestible energy intake, compared to birds acclimated to 10 °C. The dry mass of the liver, kidneys and 
digestive tract of birds acclimated to 30 °C also significantly decreased, although their heart and skeletal muscle mass 
did not change significantly relative to those acclimated to 10 °C. Birds acclimated to 30 °C also had lower mitochon-
drial state-4 respiration (S4R) and cytochrome c oxidase (COX) activity in their liver and skeletal muscle, compared to 
those acclimated to 10 °C. Birds acclimated to the long photoperiod also had lower mitochondrial S4R and COX activ-
ity in their liver, compared to those acclimated to the short photoperiod.

Conclusions: These results illustrate the changes in morphology, physiology, and enzyme activity induced by sea-
sonal change in temperature and photoperiod in a small temperate passerine. Both temperature and photoperiod 
probably have a strong effect on seasonal variation in metabolic heat production in small birds in temperate regions. 
The effect of temperature is, however, stronger than that of photoperiod.
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Background
Phenotypic flexibility can be defined as reversible, tem-
porary and repeatable, changes organisms in response 
to changes in the internal or external environment 
(Piersma and Drent 2003; Starck and Rahmaan 2003; 
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McKechnie 2008). One well-known example of phe-
notypic flexibility is the seasonal phenotypes that 
animals develop in response to seasonal climatic vari-
ation (Swanson 2010). In birds, phenotypic flexibility 
in energy expenditure is an important component of 
their thermoregulatory response to elevated seasonal 
energy requirements (Swanson 2010; Zheng et  al. 
2008a, 2014a). Winter is an energetically demanding 
period for small birds in temperate zones because ther-
moregulatory costs typically increase while food quality 
and availability decrease. Many small birds seasonally 
adjust their morphology, physiology, and behavior to 
cope with such seasonal variation in temperature and 
food (Liknes and Swanson 1996; Zheng et  al. 2008a, 
2008b; Zhang et  al. 2018a). These seasonal metabolic 
adjustments typically include winter increases in both 
basal metabolic rate (BMR) and maximum metabolic 
rate (MMR) (McNab 2009; Swanson 1990, 2010; Zheng 
et al. 2008a, 2014a). BMR is the rate of energy transfor-
mation in a rested, inactive and postabsorptive state in 
the absence of thermal stress, and is the minimum met-
abolic rate of animals maintaining normal physiologi-
cal function (McNab 1997; Zheng et al. 2008a; Swanson 
2010; Zhang et  al. 2018b). BMR is widely used as an 
index of energy expenditure by environmental and 
comparative physiologists (Zheng et al. 2008a; Swanson 
2010; Sandoval and David 2012; Zhou et al. 2016; Bush-
uev et al. 2018).

Temperature and photoperiod are considered the most 
important environmental factors influencing seasonal 
thermoregulation in animals, and are thought to drive the 
evolution of a suite of morphological, physiological and 
behavioral adaptations (Liknes and Swanson 1996; McK-
echne and Swanson 2010; Swanson et  al. 2014; Zhang 
et al. 2018a). It has been demonstrated that a bird’s BMR, 
body mass (Mb) and energy balance are all affected by 
temperature and photoperiod (McKechnie 2008; McK-
echnie and Swanson 2010; Swanson et al. 2014; Hu et al. 
2017). Cold-acclimated birds often, though not always, 
exhibit higher BMR than warm acclimated ones (Zhou 
et al. 2016; Cui et al. 2019). This has been demonstrated 
in a variety of avian species, such as the Laughing Dove 
(Streptopelia senegalensis) (McKechnie et  al. 2007), the 
Rufous-collared Sparrow (Zonotrichia capensis) (Mal-
donado et  al. 2009), the Hwamei (Garrulax canorus) 
(Zhou et  al. 2016), the Chinese Bulbul (Pycnonotus sin-
ensis) (Hu et al. 2017) and the Red-billed Leiothrix (Leio-
thrix lutea) (Cui et al. 2019). Short photoperiods, either 
alone, or in combination with cold, can also increase 
metabolic thermogenesis in birds (Saarela and Heldmaier 
1987; Hu et al. 2017). Conversely, there is evidence that 
warmer temperatures and/or long photoperiods decrease 

BMR (Williams and Tieleman 2000; Zheng et  al. 2013a; 
Hu et al. 2017; Zhang et al. 2018b).

Birds also show increases in internal organ mass under 
cold temperatures and/or short photoperiod conditions. 
It has been hypothesized that such changes are an adap-
tation to different energy requirements and are related 
to the increased metabolic activity required for elevated 
BMR (Williams and Tieleman 2000; Swanson et al. 2014; 
Hu et al. 2017; Cui et al. 2019). The liver is one of the larg-
est and most metabolically active organs in endotherms. 
Under basal metabolic conditions, the liver has been 
shown to contribute 20‒25% of total heat production in 
animals (Liu and Li 2006; Zheng et  al. 2008a; Bai et  al. 
2016). Skeletal muscle comprises nearly 40% of Mb and 
is a primary contributor to thermogenesis (Zhou et  al. 
2016). Birds also use biochemical adjustments to regulate 
BMR (McKechnie 2008; Swanson 2010; Peña-Villalobos 
et  al. 2014; Swanson et  al. 2017). Changes in catabolic 
enzyme activity and/or the capacity for metabolic sub-
strate transport can influence the mass-specific meta-
bolic intensities of organs, and thereby metabolic rate 
(Else et al. 2004; Liknes and Swanson 2011; Zheng et al. 
2008a, 2014a). Finally, levels of mitochondrial state-4 res-
piration (S4R; an indicator of oxidative phosphorylation 
capacity) and cytochrome c oxidase (COX; a key regula-
tory enzyme in oxidative phosphorylation) activity are 
commonly used as enzymatic markers of BMR at the cel-
lular level (Zheng et al. 2008b, 2013b, 2014a; Zhou et al. 
2016; Hu et al. 2017; Zhang et al. 2018b).

The Eurasian Tree Sparrow (Passer montanus) is a small 
granivorous passerine that inhabits vast areas of Europe 
and Asia (MacKinnon and Phillipps 2000). We chose the 
Eurasian Tree Sparrow as a study species because they 
have such a vast geographic range, which includes Zhe-
jiang Province where we are based, and because previous 
studies of this species (Liu and Li 2006; Liu et  al. 2008; 
Zheng et al. 2008b, 2014b) provide essential background 
information required for our current research.

Eurasian Tree Sparrows mainly appear to cope with 
cold temperatures or short photoperiods by increasing 
their organ mass and respiratory enzyme activity, thereby 
increasing their BMR (Liu and Li 2006; Liu et  al. 2008; 
Zheng et  al. 2008b, 2014b). Whether acclimation to 
warm temperatures or long photoperiods causes spar-
rows to decrease their BMR is, however, unknown. This 
paper describes the results of experiments designed to 
test the effects of temperature and photoperiod on the 
Mb, BMR, internal organ mass and key aerobic enzyme 
activity of the Eurasian Tree Sparrow. We hypothesized 
that Eurasian Tree Sparrows adapt to seasonal changes in 
temperature and photoperiod by making seasonal adjust-
ments to their Mb and thermogenesis, including decreas-
ing thermogenic capacity and Mb in response to warm 
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temperatures or long photoperiods. To test this hypoth-
esis we monitored seasonal changes in Mb and BMR in 
Eurasian Tree Sparrows and measured the effects of 
4 weeks acclimation to different temperature and photo-
periods conditions on their BMR, energy budget, organ 
masses, and physiological and biochemical markers of 
metabolic activity.

Methods
Animals and experiments
This study was carried out in Wenzhou City, Zhejiang 
Province (27°29ʹN, 120°51ʹE, 14  m in elevation), China, 
which has a warm-temperate climate with an average 
annual rainfall of 1700  mm spread over the year and 
slightly more precipitation during the winter and spring 
(Zheng et al. 2008a, 2014a). Animals were live-trapped in 
forest regions from January to December 2015. Tree spar-
rows were weighted as soon as possible after capture with 
a Sartorius balance (model BT25S, ± 0.1 g) to determine 
their Mb. Birds were transferred to the laboratory on the 
same day and placed in outdoor cages (50 × 30 × 20  cm3) 
for 1 or 2  days under the natural ambient temperature 
(13 ± 1  °C) and photoperiod before experiments began. 
Two experiments were conducted:

Experiment 1
Birds were placed in outdoor cages under the same nat-
ural conditions. The Mb and BMR of a group of captive 
birds were measured monthly over a year to determine 
seasonal changes in Mb and thermogenesis.

Experiment 2
To test the effect of temperature and photoperiod on the 
seasonal changes in Mb and BMR measured in Experi-
ment 1, twenty-four birds were randomly assigned to one 
of 4 treatment groups: (1) warm and long photoperiod 
(WL; 30 °C, 16 h light:8 h dark), (2) warm and short pho-
toperiod (WS; 30  °C, 8  h light:16  h dark), (3) cold and 
long photoperiod (CL; 10  °C, 16  h light:8  h dark), and 
(4) cold and short photoperiod (CS; 10 °C, 8 h light:16 h 
dark). Birds were caged individually for at least 2 weeks, 
after which birds were randomly assigned to one of the 
above treatments for 4  weeks (Swanson et  al. 2014; Hu 
et al. 2017). Mb and energy budget were monitored every 
7 days and BMR was measured at the end of the experi-
ment. All experimental procedures were approved by 
Wenzhou University’s Animal Care and Use Committee.

Metabolic measurements
Birds’ metabolic rates were estimated by using an open-circuit 
respirometry system (S-3A/I, AEI Technologies, Pittsburgh, 
PA, USA) (Hu et  al. 2017). The plastic metabolic measure-
ment chambers used to measure oxygen consumption had a 
volume of 1.5 L and contained a perch for the bird to stand on 
(Smit and McKechnie 2010; Wang et al. 2019). The tempera-
ture of the chambers was controlled to ± 0.5  °C by placing 
them inside an incubator (BIC-300 Shanghai Boxun Medi-
cal Biological Instrument Corp., China). Air in the chamber 
was passed through a silica gel/soda lime/silica gel column to 
remove water vapor and  CO2 before it was passed through 
the oxygen sensor (AEI technologies N-22 M, USA). A flow 
control system (AEI technologies R-1, USA) regulated the 
flow of excurrent gas to 300 mL/min during oxygen meas-
urements (Zheng et  al. 2014a). Combined with a general 
purpose thermal mass flow-meter (TSI 4100 Series, USA) 
(McNab 2006), this kept the fractional concentration of  O2 in 
respirometry chamber at approximately 20% ± 1%.  O2 con-
sumption was measured at 25 ± 0.5 °C, a temperature range 
within the thermal neutral zone of the Eurasian Tree Spar-
row (Liu and Li 2006; Zheng et al. 2008b). All gas exchange 
measurements were made when birds would normally be at 
rest (between 20:00 and 24:00) and were conducted in dark-
ened chambers when it was reasonable to assume they were 
postabsorptive. Food was withheld 4 h before each measure-
ment to reduce the heat increment associated with specific 
dynamic action (SDA) (Liu and Li 2006; Zheng et al. 2008b). 
Measurement of oxygen consumption began at least 1  h 
after birds were observed perching calmly, and each bird was 
generally kept in the chamber for at least 2 h. 5 min running 
means of instantaneous oxygen consumption over the entire 
test period were calculated using Equation two of Hill (1972) 
and the lowest of these was taken to be the resting metabolic 
rate (Smit and McKechnie 2010). All measurements were 
taken daily between 20:00 and 24:00.

Energy budget
Food residues and feces were collected every 3 days before 
treatments began (week 0), then weekly (every 7 days) until 
the end of the experiment. Food and fecal residues were sepa-
rated by hand, oven-dried at 60 °C to a constant mass after 
which their caloric content was determined with a C2000 
oxygen bomb calorimeter (IKA Instrument, Germany). Gross 
energy intake (GEI), Feces energy (FE), digestible energy 
intake (DEI) and digestibility of energy were estimated using 
the equations in Ni et al. (2011) and Hu et al. (2017):

GEI (kJ/day) = Dry matter intake (g/day)× Food caloric value (kJ/(g·dry matter)).

FE (kJ/day) = Dry feces (g/day) × Feces caloric value (kJ/(g · dry matter)).
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Measurement of organ mass
Birds were euthanized by cervical dislocation at the end 
of the experiment after which the brain, heart, lungs, 
liver, kidneys, gizzard, small intestine, rectum and skel-
etal muscle of each bird were removed and weighed to 
the nearest 0.1  mg. Small amounts of liver and skeletal 
muscle tissue were taken for the preparation of mito-
chondria (Zheng et al. 2008b, 2010). All organs, including 
the remainder of the liver and skeletal muscle, were then 
dried at 75 °C to a constant mass over 2 d, then weighed 
to the nearest 0.1 mg to determine their dry mass (Wil-
liams and Tieleman 2000; Liu and Li 2006; Wang et  al. 
2019).

Preparation of mitochondria
Liver and skeletal muscle tissue for mitochondria prepa-
ration were placed in ice-cold sucrose-buffered medium, 
cleaned of any extraneous tissue, blotted, and weighed. 
Liver samples were cut into coarse pieces with scissors, 
then rinsed and resuspended in 5 volumes of ice-cold 
medium (Rasmussen et  al. 2004; Zhou et  al. 2016; Cui 
et  al. 2019). Skeletal muscle samples were also cut into 
coarse pieces, then treated with proteinase for 5‒10 min 
before resuspension in 10 volumes of ice-cold medium 
(Cui et al. 2019). Both the liver and skeletal muscle prepa-
rations were then homogenized in a Teflon/glass homog-
enizer. Each homogenate was then centrifuged at 600  g 
for 10 min at 4 °C in an Eppendorf centrifuge after which 
the pellets, comprised of nuclei and cell debris, were dis-
carded and the supernatants centrifuged at 12,000 g for 
another 10  min at 4  °C. The pellets obtained were sus-
pended, re-spun at 12,000 g, then resuspended (2:1, w/v 
for liver and 4:1 for skeletal muscle) in ice-cold medium 
(Liu and Li 2006; Zheng et  al. 2008b, 2013a, b; Li et  al. 
2017; Cui et al. 2019). Mitochondrial protein content was 
estimated using the Folin phenol method, with bovine 
serum albumin as the standard (Lowry et al. 1951).

Mitochondrial state‑4 respiration (S4R) and cytochrome c 
oxidase activity (COX)
S4R in liver and muscle was measured in 1.96 mL of res-
piration medium at 30 °C with a Clark electrode (Hansat-
ech Instruments Ltd, England, DW-1). S4R was measured 
under substrate-dependent conditions with succinate as 
the substrate for 1 h (Zheng et al. 2008b). COX activity in 
liver and muscle was measured polarographically at 30 °C 
using a Clark electrode at pH 7.2. A 10 mL aliquot was 

DEI (kJ/day) = GEI (kJ/day)−Feces energy (kJ/day).

Digestibility (%) = DEI
(

kJ/day
)

/GEI
(

kJ/day
)

× 100

taken from the supernatant and 30  mL of cytochrome 
c (37.9 mg/mL) was added to the electrode, after which 
COX activity was measured in a final volume of 2  mL 
(Zheng et al. 2014a; Zhou et al. 2016). Mitochondrial S4R 
and COX activity were expressed in terms of activity in 
specific organs (µmol  O2/(min⋅organ)) (Wiesinger et  al. 
1989; Zhou et al. 2016; Cui et al. 2019).

Statistics
All statistical analyses were performed in SPSS (version 
21.0). Variables were first tested for normality with the 
Kolmogorov–Smirnov test and any that were non-normal 
were log-transformed before being included in analyses. 
The statistical significance of seasonal variation in Mb and 
mass-specific BMR was assessed with one-way ANO-
VAs. The effects of temperature and photoperiod on total 
BMR were assessed with a two-way ANCOVA with Mb 
as the covariate. Repeated-measures analysis of variance 
(RM-ANOVA) was used to determine the significance of 
changes in Mb, GEI, FE, DEI and digestibility, over time. 
Tukey’s post hoc tests were used to assess the significance 
of differences in measurements on different days of the 
experiment. The significance of differences in Mb, mass-
specific BMR and digestibility, on the same day among 
different groups was evaluated with a two-way ANOVA. 
Direct comparisons of GEI, FE and DEI on the same 
day among different groups were done using a two-way 
ANCOVA with Mb as the covariate. We used ANCOVA, 
with treatment (cold, warm, long photoperiod and short 
photoperiod) as the independent variable and log BMR 
as the dependent variable, and Tukey’s post hoc tests for 
multiple comparisons among groups, to test whether 
BMR differed among treatment groups. The correlation 
between BMR and Mb necessitates removing the effect 
of Mb by using it as a covariate (Maldonado et al. 2009; 
Hu et al. 2017). We used Mb minus wet organ mass of the 
organ in question in allometric regressions of organ mass 
to reduce statistical problems caused by part-whole cor-
relations (Christians 1999). When allometric correlations 
for organ mass were significant, we calculated residuals 
from the allometric equations and regressed log organ 
mass residuals against log BMR residuals to determine 
if the mass of various organs was significantly correlated 
with BMR. If allometric correlations were not significant, 
we regressed raw values for log organ mass against log 
BMR to test for BMR-organ mass correlations (Zheng 
et  al. 2014a; Cui et  al. 2019). Homogeneity of the slope 
of the dependent variable with respect to the different 
treatments was tested with preliminary models. Tukey’s 
post hoc test for multiple comparisons among groups 
was used to assess the significance of the effects of tem-
perature and photoperiod on mitochondrial protein and 
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mitochondrial S4R and COX activity in liver and skeletal 
muscle. The significance of the relationships between log 
BMR and log Mb was assessed using least-squares linear 
regression. Results are expressed as means ± SEM. P val-
ues < 0.05 have been regarded as statistically significant.

Results
Seasonal changes in Mb and BMR
The Mb of Eurasian Tree Sparrows underwent signifi-
cant seasonal changes in 2015 (ANOVA, F11,121 = 2.009, 
P = 0.033, Fig.  1a). Mb was relatively stable from Janu-
ary to March (P > 0.05), decreased from April to August 
(P < 0.05, Fig. 1a), then increased to its maximal level in 
December when it was 10% higher than in August. Both 
mass-specific and total BMR varied significantly over 
the seasons (ANOVA, mass-specific, F11,121 = 6.131, 
P < 0.001, Fig.  1b; ANCOVA, total, F11,120 = 5.996, 
P < 0.001, Fig.  1c). From April to December, both mass-
specific and total BMR increased significantly and peaked 
in November (mass-specific, 5.45 ± 0.65  mL  O2/(g⋅h); 
total, 101.11 ± 6.01  mL  O2/h), then declined to a mini-
mum in April (mass-specific, 2.68 ± 0.35  mL  O2/(g⋅h); 
total, 50.10 ± 7.40  mL  O2/h). Mass-specific and total 
BMR were 51 and 50% lower in April, respectively, than 
December.

Experiment 2
Mb and BMR
Mb did not differ significantly among the four tempera-
ture-photoperiod treatment groups at the beginning of 
the experimental period (Fig.  2a), nor was there a sig-
nificant interaction between temperature and photo-
period (RM-ANOVA, F4,80 = 0.296, P = 0.880) during 
acclimation. Mb was, however, significantly affected by 
temperature by the end of the experiment (RM-ANOVA, 
F4,80 = 13.817, P < 0.001), although not by photoperiod 
(RM-ANOVA, F4,80 = 0.384, P = 0.819). A significant 
decrease in Mb (P < 0.001) was apparent in the warm 
groups after day 14 and these remained lighter than the 
cold groups for the entire 28 day duration of the experi-
ment. In addition, the Mb of the warm groups was 20% 
lower on 28 day than that of the cold groups (Fig. 2a).

Both mass-specific (mL  O2/(g⋅h)) and total (mL  O2/h) 
BMR were significantly affected by temperature (two-way 
ANOVA, mass-specific, F1,20 = 9.301, P = 0.006; two-way 
ANCOVA, total, F1,19 = 10.955, P = 0.004, Fig. 2b). How-
ever, photoperiod was not significantly affected by BMR 
(two-way ANOVA, mass-specific, F1,20 = 1.911, P = 0.182; 
two-way ANCOVA, total, F1,19 = 1.420, P = 0.248) and 
there was no significant interaction between tempera-
ture and photoperiod (two-way ANOVA, mass-spe-
cific, F1,20 = 1.417, P = 0.248; two-way ANCOVA, total, 
F1,19 = 1.740, P = 0.203, Fig. 2b) during acclimation.

Mass-specific and total BMR in the warm groups were 
17% and 31% lower, respectively, than in the cold groups. 
A homogeneity of slopes test indicates that the slopes of 
the different treatment groups are significantly differ-
ent. There is a significant, positive correlation between 
log BMR and log Mb in both long and short photoperiod 
groups (long photoperiod group, r2 = 0.504, P = 0.010, 
Fig.  2c; short photoperiod group, r2 = 0.529, P = 0.007, 
Fig. 2d).

Energy budget
GEI was significantly affected by temperature (RM-
ANOVA, F4,80 = 7.205, P = 0.001), but not photoperiod 
(RM-ANOVA, F4,80 = 0.084, P = 0.951) or the interaction 
between temperature and photoperiod (RM-ANOVA, 
F4,80 = 0.175, P = 0.884; Fig. 3a). No between-group differ-
ences in GEI were found prior to acclimation. However, 
the warm groups had significantly lower GEI (P < 0.001) 
than that of the cold groups after 7 days and remained so 
for the 28 days duration of the experiment (Fig. 3a).

FE was not significantly affected by temperature (RM-
ANOVA, F4,80 = 1.901, P = 0.130; Fig.  3b), photoperiod 
(RM-ANOVA, F4,80 = 1.258, P = 0.296) or the interaction 
between temperature and photoperiod (RM-ANOVA, 
F4,80 = 1.568, P = 0.200). However, ANCOVA revealed 
that FE was indeed affected by temperature (P < 0.001, 

Fig. 1 Seasonal trends in body mass (a), mass-specific metabolic 
rate (b) and total metabolic rate (c) in captive Eurasian Tree Sparrows 
(Passer montanus)
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Fig. 3b). Tree sparrows acclimated to 30 °C had a signifi-
cantly smaller FE than those acclimated to 10 °C (day 14, 
P = 0.006; day 21, P < 0.001; and 28, P = 0.007; Fig. 3b).

Temperature significantly affected DEI (RM-ANOVA, 
F4,80 = 5.190, P = 0.004, Fig.  3c). However, DEI was not 
significantly affected by photoperiod (RM-ANOVA, 
F4,80 = 0.224, P = 0.859) or the interaction between tem-
perature and photoperiod (RM-ANOVA, F4,80 = 0.149, 
P = 0.913, Fig. 3c). The DEI of the warm groups was sig-
nificantly lower (P < 0.01) than that of the cold groups 
after 7 days and remained so until the end of the experi-
ment on 28 days (Fig. 3c).

Digestibility was significantly affected by temperature 
(RM-ANOVA, F4,80 = 3.412, P = 0.013, Fig.  3d), but not 
by photoperiod (RM-ANOVA, F4,80 = 1.308, P = 0.274) 
or the interaction between temperature and photoperiod 

(RM-ANOVA, F4,80 = 0.436, P = 0.782). No between-
group differences in digestibility were found during accli-
mation (Fig. 3d).

Organ and muscle mass
Kidney wet mass was significantly affected by tem-
perature (two-way ANCOVA, F1,19 = 9.466, P = 0.006, 
Table 1), and post hoc analysis showed that warm-accli-
mated birds had lighter kidney mass than cold-accli-
mated birds. The wet mass of the small intestine was 
also significantly affected by both temperature (two-way 
ANCOVA, F1,19 = 9.466, P = 0.006, Table  1) and pho-
toperiod (two-way ANCOVA, F1,19 = 4.510, P = 0.047, 
Table 1). Here, the post hoc analysis revealed that warm-
acclimated birds had smaller small intestine than cold-
acclimated birds (Table 1). In contrast to the results for 

Fig. 2 Effect of 4 weeks acclimation to two different temperatures and photoperiods on the body mass and metabolic rate of Eurasian Tree 
Sparrows (Passer montanus). Birds were acclimated to either a warm (W = 30 °C) or cold (C = 10 °C) temperature combined with either a long 
(L = 16 h of light) or short (S = 8 h of light) photoperiod. a Body mass (Mb). b Mass-specific metabolic rate and total metabolic rate as a function 
of body mass. c, d Basal Metabolic Rate (BMR) as a function of body mass following acclimation to either a long (c), or short (d), photoperiod. 
The allometric equations representing the linear curves are BMR = 0.35Mb

1.27 for all birds, BMR = 0.48Mb
1.14 for the long photoperiod and 

BMR = 0.22Mb
1.40 for the short photoperiod treatment. Data are means ± SEM, and bars with different letters indicate significant differences, 

*P < 0.05, ***P < 0.001
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temperature acclimation, birds in the long photoperiod 
groups had a heavier small intestine than those in the 
short photoperiod groups (Table  1). Furthermore, the 
mass of the stomach, rectum and lung were affected by 
the interaction between temperature and photoperiod 
(two-way ANCOVA, stomach, F1,19 = 5.052, P = 0.037; 
rectum, F1,19 = 5.663, P = 0.028; lung, F1,19 = 4.683, 
P = 0.043, Table 1) during acclimation.

Liver, kidney and total digestive tract dry mass were sig-
nificantly affected by temperature (two-way ANCOVA, 
liver, F1,19 = 9.417, P = 0.006; kidneys, F1,19 = 11.913, 
P = 0.003; total digestive tract, F1,19 = 4.874, P = 0.040, 
Table  1). Post hoc analysis indicates that birds in the 
warm groups had a lighter liver, kidneys and total diges-
tive tract than those in the cold groups. Rectum mass was 

significantly affected by the interaction between tempera-
ture and photoperiod (two-way ANCOVA, F1,19 = 7.760, 
P = 0.012, Table  1). Analysis of pooled data from birds 
indicates a positive correlation between the log dry mass 
of the skeletal muscle, heart, liver, kidney, small intestine, 
total digestive tract, and log BMR (Table 2). Regression of 
pooled dry organ mass and BMR data from birds vs Mb, 
minus the wet mass of the organ concerned, were positive 
and significant for skeletal muscle and kidney (Table 2).

Protein content, mitochondrial state‑4 respiration 
(S4R) and cytochrome c oxidase activity (COX) in liver 
and muscle
By the end of the experiment, mitochondrial protein 
content in the liver had been significantly affected 

Fig. 3 Effects of acclimation to either a warm (W = 30 °C) or cold (C = 10 °C) temperature, and a long (L = 16 h of light) or short (S = 8 h of light) 
photoperiod, on Gross Energy Intake (GEI), Fecal Energy (FE), Daily Energy Intake (DEI) and digestibility, in the Eurasian Tree Sparrow (Passer 
montanus). Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 for comparisons among all four treatment groups
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by temperature (two-way ANOVA, F1,20 = 4.992, 
P = 0.037, Fig.  4a), but not photoperiod (two-way 
ANOVA, F1,20 = 1.953, P = 0.178, Fig. 4a) or the inter-
action between temperature and photoperiod (two-
way ANOVA, F1,20 = 0.036, P = 0.852, Fig.  4a). Post 

hoc analysis showed that the livers of warm-accli-
mated birds had lower protein content than those of 
cold-acclimated birds. Mitochondrial S4R in the liver 
was also significantly affected by both temperature 
(two-way ANOVA, F1,20 = 22.516, P < 0.001, Fig.  4b) 

Table 1 Effects of temperature and photoperiod acclimation on organ mass in Eurasian Tree Sparrows

The statistical significance of differences between means was determined by two-way ANCOVA. Data are presented as mean ± SEM. T temperature, P photoperiod, 
T × P the interaction between T and P; *P < 0.05

B Warm acclimation (30 °C) Cold acclimation (10 °C) Effects

Long day (16L:8D) Short day (8L:16D) Long day (16L:8D) Short day (8L:16D) T P T × P

Sample size 6 6 6 6

Body mass(g) 14.28 ± 0.54 13.80 ± 0.54 17.00 ± 0.54 16.75 ± 0.54

Organ wet mass

Muscle (mg) 1032.63 ± 122.85 1056.08 ± 132.25 1318.55 ± 132.28 1360.19 ± 122.83

Brain (mg) 741.12 ± 22.95 716.27 ± 24.71 701.60 ± 24.71 682.25 ± 22.95

Heart (mg) 196.11 ± 15.73 195.04 ± 16.93 222.95 ± 16.94 217.30 ± 15.73

Lung (mg) 164.71 ± 11.15 137.25 ± 12.01 123.12 ± 12.01 141.22 ± 11.15 *

Liver (mg) 504.95 ± 52.16 551.41 ± 56.16 642.02 ± 56.17 622.77 ± 52.15

Kidney (mg) 128.11 ± 8.12 132.55 ± 8.74 159.91 ± 8.74 164.12 ± 8.12 *

Stomach (mg) 415.91 ± 25.22 373.08 ± 27.15 355.98 ± 27.16 420.18 ± 25.22 *

Small intestine (mg) 355.06 ± 32.18 298.08 ± 34.65 472.73 ± 34.66 398.15 ± 32.18 * *

Rectum (mg) 38.47 ± 3.83 48.21 ± 4.13 54.79 ± 4.13 47.31 ± 3.83 *

Total digestive tract (mg) 802.59 ± 58.14 714.88 ± 62.60 888.00 ± 62.61 935.17 ± 58.13

Organ dry mass

Muscle (mg) 278.33 ± 28.76 308.37 ± 30.96 341.40 ± 30.97 374.86 ± 28.76

Brain (mg) 157.30 ± 4.26 157.17 ± 4.58 155.43 ± 4.58 146.92 ± 4.26

Heart (mg) 48.23 ± 4.54 48.71 ± 4.89 55.78 ± 4.89 52.37 ± 4.54

Lung (mg) 34.79 ± 2.26 31.16 ± 2.43 26.84 ± 2.43 31.64 ± 2.26

Liver (mg) 180.87 ± 13.77 168.42 ± 14.83 224.29 ± 14.83 232.25 ± 13.77 *

Kidney (mg) 33.26 ± 2.12 32.74 ± 2.29 42.59 ± 2.28 41.99 ± 2.12 *

Stomach (mg) 122.51 ± 7.25 111.83 ± 7.81 114.53 ± 7.81 125.83 ± 7.25

Small intestine (mg) 101.92 ± 10.70 93.56 ± 11.52 123.65 ± 11.53 121.34 ± 10.70

Rectum (mg) 12.26 ± 1.32 15.99 ± 1.42 17.00 ± 1.42 13.81 ± 1.32 *

Total digestive tract (mg) 229.44 ± 14.04 210.02 ± 15.11 266.55 ± 15.11 251.55 ± 14.03 *

Table 2 Allometric correlation and residual correlation for BMR versus dry organ mass (controlled for Mb minus wet organ mass) in 
Eurasian Tree Sparrows 

Correlation Muscle Brain Heart Lung Liver Kidney Stomach Small intestine Rectum Digestivetract

Allometric

 R2 0.431 0.020 0.310 0.009 0.295 0.498 0.056 0.244 0.070 0.209

 P  < 0.001 0.512 0.005 0.654 0.006  < 0.001 0.266 0.014 0.210 0.025

 Slope 0.361 0.443 0.529 0.137 0.626 0.653 0.382 0.429 0.007 0.671

Residual

 R2 0.206 0.000 0.135 0.050 0.115 0.223 0.012 0.035 0.012 0.051

 P 0.026 0.941 0.078 0.292 0.105 0.020 0.615 0.379 0.604 0.289

 Slope 0.099 ‒0.024 0.554 ‒0.617 0.141 1.246 ‒0.099 0.114 0.499 0.099
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and photoperiod (two-way ANOVA, F1,20 = 9.413, 
P = 0.006, Fig. 4b), but not by the interaction between 
temperature and photoperiod (two-way ANOVA, 
F1,20 = 1.460, P = 0.241, Fig. 4b). In this case, post hoc 
analysis revealed that warm-acclimated, long-photo-
period birds had lower mitochondrial S4R compared 
to cold-acclimated, short-photoperiod birds. COX 
activity in the liver was also significantly affected by 
both temperature (two-way ANOVA, F1,20 = 9.492, 
P = 0.006, Fig. 4c) and photoperiod (two-way ANOVA, 
F1,20 = 6.306, P = 0.021, Fig.  4c) but not the interac-
tion between temperature and photoperiod (two-way 
ANOVA, F1,20 = 0.395, P = 0.537, Fig.  4c). Post hoc 
analysis indicated that the birds in warm-acclimated 
and long-photoperiod environment had lower COX 
activity than those in cold-acclimated and short-pho-
toperiod environment.

Although the mitochondrial protein content of skel-
etal muscle was not affected by temperature (two-way 
ANOVA, F1,20 = 0.893, P = 0.356, Fig. 4a), photoperiod 
(two-way ANOVA, F1,20 = 0.850, P = 0.367, Fig.  4a) or 

the interaction between temperature and photoperiod 
(two-way ANOVA, F1,20 = 0.176, P = 0.680, Fig.  4a), 
mitochondrial S4R was significantly affected by tem-
perature (two-way ANOVA, F1,20 = 8.756, P = 0.008, 
Fig.  4b) and post hoc analysis revealed that warm-
acclimated birds had lower mitochondrial S4R than 
cold-acclimated birds. COX activity was also signifi-
cantly affected by temperature (two-way ANOVA, 
F1,20 = 5.620, P = 0.028, Fig.  4c), and in this case, post 
hoc analysis indicated that warm-acclimated birds had 
lower COX activity than cold-acclimated birds.

Discussion
We found that Eurasian Tree Sparrows undergo sea-
sonal changes in Mb and BMR, which are lower in sum-
mer and higher in winter. We also found that the Mb, 
BMR, energy intake and organ mass of tree sparrows 
were lower in birds acclimated to a warm temperature 
(30  °C) than in those acclimated to a cold temperature 
(10  °C). Mitochondrial S4R respiration and COX activ-
ity in liver and skeletal muscle were significantly lower in 
birds acclimated to a warm temperature and long photo-
period. Collectively, these data suggest that the Eurasian 
Tree Sparrow can increase its thermogenic capacity in 
response to winter conditions, and provide further evi-
dence to support the notion that small birds have high 
phenotypic plasticity with respect to thermogenic capac-
ity (McKechnie et  al. 2007; Liknes and Swanson 2011; 
Swanson et al. 2014; Hu et al. 2017).

Effects of temperature and photoperiod on BMR, Mb 
and energy budget
Among the seasonal conditions encountered by ani-
mals, colder temperatures and shorter photoperiods are 
particularly stressful. It has been well documented that 
small birds and mammals can alter several aspects of 
their physiology, morphology, and behavior to cope with 
winter ambient temperatures and photoperiods (Wang 
et al. 1999; Swanson et al. 2014; Hu et al. 2017). Seasonal 
changes in metabolic thermogenesis, especially in small 
birds, are considered to be adaptive strategies impor-
tant for survival (Liknes and Swanson 1996; Swanson 
and Olmstead 1999; Zheng et  al. 2008b, 2014a; Li et  al. 
2017) and enhancement of thermogenesis in winter is 
common for temperate and arctic small birds (Swanson 
2001; Zheng et  al. 2014a). For example, Li et  al. (2017) 
showed that the BMR of captive, winter-acclimatized 
Silky Starlings (Sturnus sericeus) was 33% higher than 
that measured in summer. Wang et al. (2019) also found 
that Hwameis captured in winter had higher BMR than 
those captured in summer. There is also evidence that 

Fig. 4 Differences in mitochondrial protein (a), state-4-respiration 
(S4R) (b) and cytochrome c oxidase (COX) (c), activity in the liver 
and skeletal muscle of Eurasian Tree Sparrows (Passer montanus) 
acclimated to either a warm (W = 30 °C) or cold (C = 10 °C) 
temperature, and a long (L = 16 h of light) or short (S = 8 h of light) 
photoperiod, for 4 weeks. Data are means ± SEM, and bars with 
different letters indicate significant differences



Page 10 of 13Li et al. Avian Res           (2020) 11:35 

warmer summer temperatures decrease BMR (Williams 
and Tieleman 2000; Zheng et  al. 2013a). We found that 
captive Eurasian Tree Sparrows underwent seasonal 
changes in BMR, which was lowest in summer and high-
est in winter. Cold temperatures can cause increased sur-
face heat loss in birds, which requires them to expend 
more energy to maintain a stable body temperature 
under such conditions. Hwameis acclimatized to 15  °C 
had significantly (62.4%) higher BMR than those accli-
matized to 35  °C (Zhou et  al. 2016). The BMR of Hoo-
poe Larks acclimated to 36  °C was also 30% lower than 
that of those kept at 15  °C after 3  weeks (Williams and 
Tieleman 2000). The BMR of Laughing Doves increased 
when acclimated to cold temperatures but reduced when 
the same birds were moved to a warm room (McKechnie 
et  al. 2007). Our results are consistent with these find-
ings, and show that the BMR of Eurasian Tree Sparrows 
is lower in birds acclimated to a warm temperature than 
in those acclimated to a cold temperature. A short pho-
toperiod could act independently and/or synergistically 
with temperature to enhance the thermogenic capacity 
of small birds and vice versa (Wang et al. 2016; Hu et al. 
2017). However, we found that photoperiod had no sig-
nificant effect on the BMR of tree sparrows over a 4 week 
acclimation period.

Adjustments in Mb are also major components of sea-
sonal adaptation in animals (Zheng et al. 2008b; Wu et al. 
2015; Zhao et al. 2015). Changes in Mb are an important 
adaptive strategy for many small birds and those inhab-
iting temperate environments either maintain a stable 
body mass, or gain mass, when exposed to winter con-
ditions (Swanson and Merkord 2013; Zheng et al. 2008b, 
2014a). The observed summer decrease of Mb in Eurasian 
Tree Sparrows is consistent with data collected in pre-
vious years for this population of sparrows in which Mb 
was also lower in summer than winter (Liu and Li 2006; 
Liu et al. 2008; Zheng et al. 2008b, 2014b). This pattern 
is similar to that reported in the sympatric Hwamei (Wu 
et al. 2015; Wang et al. 2019), and other temperate zone 
small birds (Cooper 2007; McKechnie 2008; McKechnie 
and Swanson 2010; Zheng et  al. 2008a, 2014a; Li et  al. 
2017). Temperature and/or photoperiod can also cause 
changes in the Mb of some birds (Ni et  al. 2011; Zheng 
et  al. 2013a; Zhou et  al. 2016; Hu et  al. 2017; Cui et  al. 
2019). We found that only ambient temperature had a 
significant effect on the Mb of Eurasian Tree Sparrows 
over a 4  week acclimation period; warm acclimated 
birds underwent a gradual decrease in Mb whereas cold 
acclimated ones did not undergo any significant change 
in Mb. The observed decrease in Mb could result from a 
change in energy reserves and/or thermoregulatory heat 
production. This decrease in Mb may also increase birds’ 
surface to volume ratio, thereby increasing heat loss and 

reducing heat stress (Williams and Tieleman 2000; Zheng 
et al. 2013a).

The balance between energy acquisition and expendi-
ture is critical to an animal’s survival (Eikenaar et  al. 
2020). This balance depends on the interplay among 
energy intake, digestion, and the energy allocated to 
other functions such as thermoregulation, growth and 
reproduction (Wu et al. 2014a). Under cold and/or short 
photoperiod conditions, energy intake will increase to 
meet the increased energy requirements of the heat pro-
duction required to maintain thermostasis (Wang et  al. 
1999; Goymann et  al. 2006; Zhou et  al. 2016; Hu et  al. 
2017). However, a negative energy balance can result if a 
decrease in energy intake reduces energy output (Zheng 
et  al. 2013a; Wu et  al. 2014b). We found that GEI, FE 
and DEI were significantly lower after acclimation to a 
warm temperature indicating that temperature affects 
both energy intake and energy budget. We also found 
that the duration of exposure to cold had a significant 
impact on energy expenditure, a conclusion supported by 
the findings of Zhou et al. (2016). We did not, however, 
find evidence that photoperiod or an interaction between 
temperature and photoperiods, had a synergistic effect 
on the energy budget of birds. Acclimation to a warmer 
ambient temperature reduced tree sparrows’ energy and 
food requirements, but on the other hand, eating less 
food reduced digestive organ activity, thereby reducing 
heat stress.

Like previous studies, we found that tree sparrows 
acclimated to a warm temperature reduced their Mb, 
BMR and energy budget whereas those acclimated to a 
cold temperature increased their heat production and 
accumulated a thick layer of insulating fat (Zheng et  al. 
2008b). After reducing their BMR, tree sparrows also 
reduce heat production to avoid heat stress. Our results 
suggest that the lower Mb of tree sparrows acclimated 
to warm temperatures may contribute to the observed 
decrease in BMR, as indicated by the positive correla-
tion between these two variables. Potential mechanisms 
for elevating BMR in endotherms include increasing the 
mass of ‘nutritional organs’ involved in basal thermo-
genesis and/or increasing the aerobic enzyme capacity 
of these basal thermogenic organs (Starck and Rahmaan 
2003; Villarin et al. 2003).

Effects of temperature and photoperiod on organ mass 
and cellular metabolic activity in liver and muscle
The acclimation of temperature and/or photoperiod has 
also been associated with changes in organ size and mass 
(Daan et al. 1990; Cui et al. 2019). One idea is that ener-
getically challenged birds may adjust their food intake, 
and at the same time, reorganize their internal organs to 
improve digestive and thermal efficiency (Williams and 



Page 11 of 13Li et al. Avian Res           (2020) 11:35  

Tieleman 2000; Vezina and Williams 2005; Zheng et  al. 
2014a). Our results show that acclimation to 30  °C for 
4  weeks led to significant decreases in the wet mass of 
the kidney and small intestine, and in the dry mass of the 
liver, kidney and small intestine. These changes in liver, 
kidney and small intestine mass could be adaptive regu-
lation of organ morphology in response to changed food 
intake and digestion, ultimately contributing to an altered 
metabolic rate (Kersten and Piersma 1987; Hammond 
et al. 2001; Zhou et al. 2016; Hu et al. 2017). Furthermore, 
birds living in cold environments have been reported 
to increase the mass of their skeletal muscle, which has 
been associated with muscular shivering in small birds 
(Hohtola 1982; Swanson et al. 2014; Zheng et al. 2014a). 
We found that the skeletal muscle mass of tree sparrows 
was significantly correlated with BMR. The proportion-
ately large size of locomotory muscle in birds may facili-
tate a significant contribution to BMR variation, despite 
the typically low metabolic output of this muscle at rest 
(Chappell et  al. 1999; Zheng et  al. 2014a; Zhou et  al. 
2016).

The liver is one of the largest and most metabolically 
active organs in endotherms, and consequently also has 
the potential to contribute to thermogenesis (Villarin 
et al. 2003; Zheng et al. 2014a; Hu et al. 2017). Acclima-
tion to a cold temperature, short photoperiod or winter 
conditions, can increase in S4R and COX activity in the 
liver, which could contribute to elevated BMR (Liu et al. 
2008; Zheng et  al. 2008b, 2014a; Zhou et  al. 2016; Hu 
et al. 2017; Zhang et al. 2018b; Cui et al. 2019). For exam-
ple, winter-acclimatized Chinese Bulbuls increased their 
S4R and COX activity in the liver (Zheng et  al. 2014a), 
which suggests that these adjustments could play an 
important role in winter thermogenesis (Villarin et  al. 
2003). In the Hwamei, cold acclimation also increased 
the oxidative capacity of the liver, which could also make 
a significant contribution to BMR (Zhou et al. 2016). In 
contrast, acclimation to a warm temperature, long pho-
toperiod or summer conditions, can decrease in S4R 
and COX activity in the liver. Our findings are consist-
ent with the results of a previous study on the Chinese 
Bulbul and the Hwamei, which found that changes in 
mitochondrial S4R and COX activity were correlated 
with changes in BMR (Bai et al. 2016; Zhou et al. 2016; 
Hu et  al. 2017; Wang et  al. 2019). In our present study, 
liver mitochondrial protein content, S4R, and COX activ-
ity were all significantly lower in birds acclimated to a 
warm temperature and/or long photoperiod compared 
to those acclimated to a cold temperature and/or short 
photoperiod, which suggests that Eurasian Tree Sparrows 
decrease the total respiratory capacity of the liver under 
warm and/or long photoperiod conditions. This finding 
is consistent with the results of previous research which 

found that seasonal acclimatization in Eurasian Tree 
Sparrows altered both S4R and COX activity in liver and 
BMR (Zheng et al. 2008b, 2014b; Zhang et al. 2018b).

Skeletal muscle has high aerobic capacity and is a pri-
mary thermogenic tissue in birds (Swanson et al. 2014; 
Zheng et al. 2014a; Stager et al. 2015; Cui et al. 2019). 
Increased thermogenic capacity could be achieved 
by increasing cellular metabolic intensity and/or by 
increasing in muscle mass. Several studies have exam-
ined the influence of tissue mass variation on individ-
ual BMR or MMR during temperature and/or seasonal 
acclimatization (Swanson 2010; Zheng et  al. 2008b, 
2014a; Zhou et  al. 2016; Cui et  al. 2019; Wang et  al. 
2019). Under cold conditions, the muscle of birds pro-
vides heat via shivering thermogenesis, which is the 
main component of heat production (Swanson 1991; 
Marjoniemi and Hohtola 1999; Vezina and Williams 
2005). We found that the S4R activity of skeletal mus-
cle mitochondria in warm acclimated sparrows was 
lower than that in cold acclimated birds. In addition, 
muscle COX activity was lower in warm-acclimated, 
than in cold acclimated, birds. These data suggest that 
modulation of muscular cellular thermogenesis is also 
an important aspect of temperature acclimation in the 
Eurasian Tree Sparrow.

Conclusions
We found that the Mb and BMR of Eurasian Tree Spar-
rows were lower in summer, and in birds acclimated to 
a warm temperature, than in winter, or in birds accli-
mated to a cold temperature. Our results also suggest 
that ambient temperature, rather than photoperiod, 
is the main driver of body temperature regulation and 
energy metabolism in the Eurasian Tree Sparrow, and 
that reduction in BMR is related to reduced body and 
organ (particularly liver and kidney) mass and energy 
intake. Mitochondrial respiration and COX activity in 
the liver and/or muscle were also significantly lower 
in birds acclimated to a warm temperature and long 
photoperiod than in those acclimated to a cold tem-
perature and short photoperiod. These results indicate 
that tree sparrows reduce thermogenesis in response 
to a warmer ambient temperature and long photo-
period. Additional molecular evidence would improve 
our understanding of the complex processes associ-
ated with heat regulation in birds (Teulier et  al. 2010; 
Stager et al. 2015). Both temperature and photoperiod 
affect the enzyme activity of sparrows, but tempera-
ture appears to be more important. Our results confirm 
the key role played by temperature in regulating ther-
mogenesis in birds, a finding that provides a basis for 
future research.
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