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Abstract 

Background:  The thermoregulatory ability of animals is strongly influenced by the temperature of their environ-
ment. Acclimation to cold requires a range of physiological and morphological adjustments. In this study, we tested 
the hypothesis that a small passerine, the Red-billed Leiothrix (Leiothrix lutea), can maintain homeothermy in cold 
conditions by adjusting the physiology and biochemistry of its tissue and organs and return to its former physiologi-
cal and biochemical state when moved to a warm temperature.

Methods:  Phenotypic variation in thermogenic activity of the Red-billed Leiothrixs (Leiothrix lutea) was investigated 
under warm (35 °C), normal (25 °C) or cold (15 °C) ambient temperature conditions. Oxygen consumption was meas-
ured using an open-circuit respirometry system. Mitochondrial state-4 respiration and cytochrome-c oxidase (COX) 
activity in liver, kidney heart and pectoral muscle were measured with a Clark electrode.

Results:  Birds acclimated to an ambient temperature of 15 °C for 4 weeks significantly increased their basal meta-
bolic rate (BMR) compared to a control group kept at 25 °C. Birds acclimated to 35 °C decreased their BMR, gross 
energy intake (GEI) and digestible energy intake (DEI). Furthermore, birds acclimated to 15 °C increased state-4 respi-
ration in their pectoral muscles and cytochrome-c oxidase (COX) activity in their liver and pectoral muscle, compared 
to the 25 °C control group. Birds acclimated to 35 °C also displayed lower state-4 respiration and COX activity in the 
liver, heart and pectoral muscles, compared to those kept at 25 °C. There was a positive correlation between BMR and 
state-4 respiration, and between BMR and COX activity, in all of the above organs except the liver and heart.

Conclusions:  Our study illustrates that the morphological, physiological, and enzymatic changes are associated with 
temperature acclimation in the Red-billed Leiothrix, and supports the notion that the primary means by which small 
birds meet the energetic challenges of cold conditions is through metabolic adjustments.
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Background
Reversible, temporary, and repeatable phenotypic 
changes are indicators of phenotypic flexibility (Piersma 
and Drent 2003; Starck and Rahmaan 2003; McKechnie 
2008) and temperate endotherms are ideal study animals 
for investigating this phenomenon (McKechnie et  al. 
2006; Liknes and Swanson 2011; Swanson et  al. 2014). 
Morphological, physiological and behavioral adjustments 

to seasonal variations are important adaptive strategies 
for small birds, many of which use such adjustments to 
cope with seasonal variation in temperature (Swanson 
2010), an important environmental signal for adjust-
ing their seasonal thermoregulation (Swanson 1993, 
2001; McKechnie et al. 2007; Zheng et al. 2013a). Many 
avian species adjust their seasonal physiological changes, 
especially their energy balance and thermogenesis, in 
response to temperature changes (Swanson 2001; Wu 
et  al. 2014). In order to cope with a cold environment, 
many small birds increase their thermogenic capacity 
in winter conditions (Swanson 1991, 1993; Zheng et  al. 
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2008a). Temperature affects both the mass and basal met-
abolic rate (BMR) of birds (Williams and Tieleman 2000; 
Klaassen et al. 2004; Zheng et al. 2014a). BMR is one of 
the fundamental physiological standards for assessing 
the energy cost of thermoregulation (McKechnie et  al. 
2006; McNab 2009; McKechnie and Swanson 2010). 
Winter- or cold-acclimated birds often exhibit higher 
BMR than summer- or warm-acclimated ones (Klaassen 
et al. 2004; Lindsay et al. 2009; Zheng et al. 2013a, 2014a; 
Zhou et al. 2016). For example, a number of bird species 
can acclimate to winter or cold conditions by increas-
ing their BMR; these birds include the Hoopoe Larks 
(Alaemon alaudipes) (Williams and Tieleman 2000), Red 
Knots (Calidris canutus) (Vézina et  al. 2006), Chinese 
Bulbuls (Pycnonotus sinensis) (Zheng et  al. 2008a, 2010, 
2013a, 2014a; Hu et  al. 2017), Eurasian Tree Sparrows 
(Passer montanus) (Zheng et al. 2008b, 2014b), Chinese 
Hwameis (Garrulax canorus) (Zhou et al. 2016) and Silky 
Starlings (Sturnus sericeus) (Li et al. 2017).

In addition, change in organ mass may also contrib-
ute to thermogenesis in birds (Swanson 2010). Increas-
ing BMR during winter and cold acclimation is likely to 
result from higher support costs for thermogenic tis-
sues (Williams and Tieleman 2000; Swanson et al. 2014). 
Internal organs such as the liver, kidney, heart and gas-
trointestinal tract can contribute more than 60% of the 
energy expenditure to the basal level, although they 
represent less than 10% of body mass (Rolfe and Brown 
1997; Clapham 2012). The thermogenic capacity of these 
internal organs can be enhanced by cold temperature 
(Hammond et al. 2001; Swanson et al. 2014; Zheng et al. 
2014a, 2014b).

Skeletal muscle makes up nearly 40% of the body mass 
and exhibits high aerobic capacity, so it is a primary con-
tributor to thermogenesis when the birds are exposed to 
the cold (Block 1994; Weber and Piersma 1996; Zheng 
et al. 2008b; Rowland et al. 2015). Furthermore, changes 
in catabolic enzyme activities and/or capacities for the 
transport of metabolic substrates could influence the 
mass-specific metabolic intensities of the organs and 
thereby affect the metabolic rates at the organismic level 
(Swanson 1991; Zheng et al. 2008b, 2014a). In addition, 
state-4 respiration and cytochrome c oxidase (COX), 
both of which are indicators of oxidative phosphoryla-
tion activity, are commonly used as enzymatic markers to 
indicate altered BMR at the cellular level (Venditti et al. 
2004; Swanson et al. 2014; Zheng et al. 2013a, 2014a).

The Red-billed Leiothrix (Leiothrix lutea) is an endemic 
Asian species that is distributed in southern and eastern 
China. It is also present in Myanmar, northern Vietnam 
and in the west to the Himalayas of India (MacKinnon 
and Phillipps 2000). Within its natural habitat in every 
type of jungle, leiothrixs preferentially inhabit pine forests 

with bushes, and at elevations ranging from near sea level 
to about 2800 m above it. The leiothrix mainly feeds on 
arthropods (insects and spiders) and molluscs (snails and 
slugs) during the breeding season, but eats plants (fruits 
and seeds) in autumn and winter (MacKinnon and Phil-
lipps 2000). They usually search for food in the lower 
strata of the vegetation, which is usually obtained from 
foliage and dead wood. Red-billed Leiothrixs show high 
body temperature and upper critical temperature, and a 
relatively narrow thermal neutral zone (Liu et  al. 2005). 
However, there is little available information on the phys-
iological traits of the leiothrix, and exactly how it adjusts 
to cold temperature is unknown. In order to generate 
such data, we acclimated leiothrixs to different ambient 
temperatures (15, 25 and 35 °C), and then measured body 
mass, BMR, and energy budget of the whole bird, as well 
as of the liver, kidney, heart, pectoral muscle, and gas-
trointestinal tract (gizzard, small intestine, and rectum) 
masses at the organismal level. In addition, we also meas-
ured state-4 respiration and COX activity of the heart, 
liver, kidneys, and pectoral muscle. We hypothesized 
that cold temperature might act as a factor that could 
enhance the thermogenesis of Red-billed Leiothrixs. We 
predicted that the birds acclimated to cold temperatures 
would show increased body mass, BMR, energy budget 
and internal organs, and elevated thermogenic capaci-
ties of respiratory enzymes in internal organs and mus-
cle, relative to conspecific individuals acclimated to warm 
conditions.

Methods
Animals
Our study site was in Wenzhou City, Zhejiang Province 
(27°29ʹN, 120°51ʹE; 14  m a.s.l.), China. Wenzhou has a 
warm-temperate climate with an average annual rainfall 
of 1500 mm. The average daily temperature is 28–39  °C 
in July and 3–8 °C in January (Zheng et al. 2008a, 2014a; 
Wu et al. 2015).

Thirty male Red-billed Leiothrixs (Leiothrix lutea) 
were caught in mist nets in October 2013, transported 
to our laboratory where they were put in separate cages 
(60  cm × 60  cm × 30  cm). Birds were kept at 25 ± 1  °C 
under a 12:12-h light–dark photoperiod (lights on at 
0600). Birds had unrestricted access to commercial leio-
thrix pellets (Xietong Bioengineering Co. Ltd, Jiangsu, 
China) and water. Birds were maintained under these 
conditions for a fortnight before being assigned to one of 
three groups: a control (25 °C) group, a low temperature 
(15  °C) group, and a warm (35  °C) group, with 10 birds 
per group. Each group was kept at the specified temper-
ature for 4 weeks. All the procedures involving animals 
were reviewed and approved by the Animal Care and Use 
Committee of the University of Wenzhou.
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Measurement of metabolic rate
The metabolic rates of the birds were estimated by 
measuring their oxygen consumption in an open-circuit 
respirometry system (model S-3A/I; AEI Technologies, 
Pittsburgh, PA). Measurements began after birds came 
to rest in the dark in 1.5 L plastic metabolic chambers 
housed inside a temperature-controlled cabinet (Artificial 
Climatic Engine BIC-300; Boxun, Shanghai, China). This 
unit could regulate ambient temperature within ± 0.5 °C. 
A perch was provided for the bird to perch on (Smit and 
McKechnie 2010). Water and CO2 were removed from 
the air passing in and out of the metabolic chamber with 
silica gel/soda lime/silica (Zheng et al. 2014a; Zhou et al. 
2016). Dry CO2-free air was passed through the chamber 
at 300  mL/min using a flow control system (AEI Tech-
nologies R-1), and calibrated with a general purpose ther-
mal mass flowmeter (4100 series; TSI, Shoreview, MN; 
McNab 2006) and the fractional O2 concentration in the 
inlet chamber air was measured with an oxygen sensor 
(AEI Technologies N-22 M; Zheng et al. 2014a). Oxygen 
consumption was measured at 30 ± 0.5 °C, i.e. within the 
thermal neutral zone of the Red-billed Leiothrix (Liu 
et al. 2005). After a 1 h equilibration period the amount 
of oxygen in excurrent air was recorded every 10 s for 1 h. 
An individual’s metabolic rate was the mean of its 30 low-
est consecutive oxygen consumption recordings (about 
5  min). Baseline O2 levels were measured before and 
after each session. Food was removed from the cham-
ber 4 h prior to each measurement to minimize the heat 
decrease associated with feeding (Liu et  al. 2005). The 
birds were allowed to perch calmly in the chamber for at 
least one hour before oxygen consumption was recorded. 
Metabolic rates are expressed as mL O2/h (Hayes 2001) 
and were estimated with Eq. (2) of Hill (1972). This was 
then used to calculate the value under standard tempera-
ture, pressure, and dry gas (STPD) conditions (Schmidt-
Nielsen 1997). Body temperature (Tb) was measured 
during the metabolic measurement by inserting a lubri-
cated thermocouple (Perfect-Prime company) into each 
bird’s cloaca. Outputs were digitized with an Oakton 
thermocouple meter (Eutech Instruments, Singapore). 
The average body mass of each experimental group was 
measured before and after the experiment. All measure-
ments were conducted daily between 2000 and 2400.

Energy budget
Digestible energy intake was regarded as the index of 
total daily energy expenditure. Leftover food and feces 
were collected once every 3  days prior to temperature 
acclimation (week 0), then once every 7  days for the 
remainder of the experiment. The food residues were 
separated manually from the feces before being dried to a 

constant mass in a 60 °C oven. A C200 oxygen bomb cal-
orimeter (IKA Instrument, Germany) was used to meas-
ure the calorie content of residual food and feces. Gross 
energy intake (GEI), fecal energy (FE), digestible energy 
intake (DEI), and digestibility were calculated according 
the methods described in Ni et al. (2011) and Zhou et al. 
(2016) as follows:

Measurements of organ masses
The birds were euthanized at the end of the experiment by 
cervical dislocation, and the heart, liver, kidney and pec-
toral muscles were extracted and weighed to the nearest 
0.1  mg. Samples of the liver, kidney, heart, and pectoral 
muscle were used for the measurement of state-4 respi-
ration and COX activity (Zheng et  al. 2014a). The giz-
zard, small intestine and rectum were also removed and 
weighed (± 0.1 mg), rinsed with saline to remove all the 
gut contents, and then dried and reweighed. The remain-
ing part of the liver, kidney, heart, pectoral muscle and 
gastrointestinal tract (gizzard, small intestine and rec-
tum) were each dried in a 65 °C oven for two more days to 
obtain a constant mass, and then weighed to the nearest 
0.1 mg (Williams and Tieleman 2000; Liu and Li 2006).

Measurements of tissue state‑4 respiration 
and cytochrome c oxidase (COX) activity
State-4 respiration in the liver, kidney, heart, and pecto-
ral muscle was measured at 30 °C in 1.96 mL of respira-
tion medium (225  mmol/L sucrose, 50  mmol/L Tris/
HCl, 5 mmol/L MgCl2, 1 mmol/L EDTA and 5 mmol/L 
KH2PO4, pH 7.2) using a Clark electrode (Hansat-
ech Instruments LTD., England, DW-1) essentially as 
described by Estabrook (1967). State-4 respiration was 
measured over a 1-h period with succinate as the sub-
strate (Zheng et al. 2008b, 2010, 2013b). COX activity in 
the liver, kidney, heart, and pectoral muscle was meas-
ured polarographically with a Clark electrode at 30 °C as 
described in Sundin et al. (1987). State-4 respiration and 
COX activity were expressed as mass-specific means for 
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each organ [µmol O2/(min∙organ)] (Wiesinger et al. 1989; 
Zheng et al. 2013b; Zhou et al. 2016; Li et al. 2017).

Statistics
All analyses were conducted in SPSS (version 19.0). 
The normality of variables was assessed using the Kol-
mogorov–Smirnov test; non-normal variables were 
log10-transformed. The statistical significance of 
between-group differences in body mass over time was 
assessed using a repeated measures analysis of variance 
(RM-ANOVA). The statistical significance of changes in 
metabolic rate, GEI, FE and DEI over time was assessed 
using repeated measures ANCOVA with body mass 
as a covariate. Because digestibility was expressed as 
a percentage, an arcsin-square root transformation 
was applied to these data before they were analyzed. 
The statistical significance of differences among group 
means was evaluated with a one-way ANOVA, and that 
of changes in metabolic rate, GEI, FE, DEI and organ 
masses was assessed using a one-way ANCOVA with 
body mass as a covariate. Tukey’s HSD post hoc test was 
used to detect significant differences among groups. We 
used least-squares linear regression to test the signifi-
cance of allometric correlations between log body mass, 
log organ mass and log RMR. For organ mass, we used 
body mass minus the wet organ mass of the organ in 
question to avoid statistical problems with part-whole 
correlations (Christians 1999). If allometric correlations 
for organ mass were significant, we calculated residuals 
from the allometric equations and regressed log organ 
mass residuals against log RMR residuals to determine 
if the mass of various organs was significantly correlated 
with RMR. If allometric correlations were not significant, 
we regressed raw values for log organ mass against log 
RMR to test for RMR-organ mass correlations (Zheng 
et al. 2013a, 2014a). Least-squares linear regression was 
used to evaluate the relationship between log BMR and 
log body mass, and between log BMR, log state-4 respira-
tion and log COX. P-values < 0.05 were considered statis-
tically significant.

Results
Body mass and basal metabolic rate (BMR)
Overall, birds acclimated at 35  °C for 4  weeks showed 
a significant decrease in body mass (F2,27 = 6.533, 
P = 0.005, one-way ANOVA; Fig.  1a) compared to their 
counterparts maintained at 25  °C. Significant group-
by-time interactions were also detected in body mass 
(F4,54 = 9.937, P < 0.001, RM-ANOVA). A significant 
decrease in body mass was apparent in the warm tem-
perature group after 2  weeks of acclimation at 35  °C 
(F2,27 = 12.493, P < 0.001; Fig.  1a), and this decrease 
was sustained throughout the 4-week duration of the 

experiment. No significant differences in BMR (F2,26 = 
0.010, P = 0.990, one-way ANCOVA) were observed 
among groups prior to cold or warm acclimation, but 
birds acclimated at 15  °C showed a significant increase 
in BMR, whereas those acclimated at 35  °C displayed a 
significant decrease in BMR compared to the 25 °C con-
trol group (F2,26 = 9.607, P = 0.001; Fig.  1b). Significant 
group-by-time differences in BMR were observed over 
different times (F4,54 = 2.572, P = 0.048, RM-ANOVA), 
but corrected for differences in body mass by repeated 
measures ANCOVA, BMR did not differ significantly 
among different groups (F4,52 = 1.839, P = 0.135). These 
results indicate that variation in BMR is driven, at least 
in part, by changes in body mass. Body mass and BMR 
were positively correlated (R2 = 0.179, P = 0.020; Fig. 1c). 
No between-group differences were found in body tem-
perature which averaged about 42.5 °C.

Energy budget
Birds acclimated at 35 °C showed significant decreases in 
GEI (F2,26 = 10.079, P = 0.001; Fig.  2a), FE (F2,26 = 4.414, 
P = 0.022; Fig.  2b), and DEI (F2,26 = 1 1.735, P < 0.001; 
Fig.  2c), but not in digestibility (F2,26 = 0.808, P = 0.457; 
Fig.  2d), relative to those acclimated at 25  °C for four 
weeks. However, there was no significant difference in 
GEI, FE and DEI between the 15  °C and 25  °C groups. 
Corrected for differences in body mass by repeated 
measures ANCOVA, significant group-by-time inter-
actions also occurred in GEI (F4,52 = 6.835, P < 0.001), 
FE (F4,52 = 6.108, P < 0.001), and DEI (F4,52 = 4.559, 
P = 0.003), but not in digestibility (F4,52 = 1.649, 
P = 0.176). No differences were detected in basal levels 
(day 0) for any of the above indices. However, two weeks 
of acclimation at 15  °C significantly increased the value 
of GEI (F2,26 = 31.558, P < 0.001; Fig. 2a). The 15 °C group 
also had significantly higher FE (F2,26 = 18.965, P < 0.001; 
Fig. 2b) and DEI (F2,26 = l33.343, P < 0.001; Fig. 2c) than 
the 25  °C group on week 2. A positive correlation was 
found between GEI and body mass (Fig. 3a), between DEI 
and body mass (Fig. 3b), between GEI and BMR (Fig. 3c), 
and between DEI and BMR (Fig. 3d). 

Organ mass
ANCOVA (with body mass minus the wet organ mass as 
the covariate) detected significant differences in the mass 
of several internal organs among the different groups. 
The gizzard (F2,26 = 4.500, P = 0.021), small intestine 
(F2,26 = 3.724, P = 0.038), and total gastrointestinal tract 
(F2,26 = 6.773, P = 0.004) of the 25  °C group were signifi-
cantly heavier than those of the 35  °C group, but there 
was no significant difference in the mass of the rectum 
among the three groups (F2,26 = 1.983, P = 0.158) (Fig. 4a). 
A positive correlation was detected between the small 
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intestine and GEI (Fig. 4b), and between the small intes-
tine and DEI (Fig. 4c). The liver (F2,26 = 13.665, P < 0.001) 
and kidneys (F2,26 = 7.906, P = 0.002) of the 25  °C group 
were significantly heavier than those of the 35 °C group, 
but there was no significant difference in liver and kid-
ney mass between the 15  °C and 25  °C groups (Fig. 5a). 
Allometric relationships between log organ mass and log 
body mass (minus organ wet mass) were positive for all 
organs, but only the mass of the liver was significantly 
correlated with body mass (Table 1). No significant, posi-
tive, residual correlations were found between BMR and 
the dry mass of any other organs (Table 1).

Tissue state‑4 respiration and COX activity
The effects of temperature on organ and muscle function 
are shown in Fig.  5b, c. State-4 respiration in the liver 
(F2,27 = 8.629, P = 0.001), kidney (F2,27 = 7.529, P = 0.003), 
heart (F2,27 = 4.505, P = 0.021) and pectoral muscle of the 
15  °C group was significantly higher than in the 35  °C 
group (F2,27 = 29.586, P < 0.001), but only state-4 respira-
tion in the kidney and pectoral muscle of the 15 °C group 
was significantly higher than in the 25 °C group (Fig. 5b). 

The 15  °C group also had higher COX activity in the 
kidney (F2,27 = 5.092, P = 0.013) and heart (F2,27 = 5.019, 
P = 0.014) than the 35 °C group, and significantly higher 
liver (F2,27 = 13.454, P < 0.001) and pectoral muscle 
(F2,27 = 13.520, P < 0.001) COX activity compared to both 
the 25 °C and 35 °C groups (Fig. 5c). BMR and state-4 res-
piration, and BMR and COX activity, in the kidney and 
pectoral muscle were positively correlated (Fig. 6c, d, g, 
h). In the liver and heart, we observed positive correla-
tions between BMR and state-4 respiration only (Fig. 6a, 
e).

Discussion
Ambient temperature is considered to be a key cue for 
seasonal thermoregulation and a driver of the evolution 
of a range of adaptations from the biochemical to the 
morphological level (Swanson 2001; Vézina et  al. 2006; 
McKechnie et  al. 2007; Zheng et  al. 2013a; Zhou et  al. 
2016). In this study, we found that an alteration in ambi-
ent temperature could significantly influence the ther-
mogenic capacity of Red-billed Leiothrixs. Leiothrixs 
individuals transferred from ambient temperature (25 °C) 

Fig. 1  Comparison of body mass (a), basal metabolic rate (b), and the relationship between body mass and basal metabolic rate (c) among 
Red-billed Leiothrixs (Leiothrix lutea) acclimated to different temperatures for 4 weeks. Data are shown as mean ± SEM, and bars with different letters 
indicate significant differences
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to 15  °C displayed increased BMR, energy intake, organ 
mass, and metabolic enzyme activities, while the magni-
tudes of these variables all decreased for leiothrix indi-
viduals transferred to 35 °C.

BMR is a generally accepted indicator of the meta-
bolic cost of thermoregulation (McKechnie 2008; Swan-
son 2010; Swanson et  al. 2017). The increases in BMR 
and metabolic activities were consistent with an adap-
tive response to cold (Swanson 2001; Vézina et al. 2006; 
McKechnie et al. 2007; Zhou et al. 2016), which involves 
increased heat production; an increase in heat produc-
tion requires the expenditure of more energy, an adap-
tation that is essential to survival. Our data show that 
cold-acclimated leiothrixs (15  °C) had a higher BMR 
than control (25  °C) and warm-acclimated leiothrixs 
(35 °C) (Fig. 1b), indicating higher heat output in the for-
mer than in the latter. Similar increases in BMR associ-
ated with cold acclimation and seasonal acclimatization 
have been observed in some avian species (Liknes and 
Swanson 1996; Williams and Tieleman 2000; Zheng et al. 
2008b, 2014b; Zhou et  al. 2016). Hoopoe Larks accli-
mated to 15  °C had a BMR 43% higher than those kept 

at 36  °C after 3  weeks (Williams and Tieleman 2000). 
Similarly, the BMR of Red Knots acclimated to 4 °C was 
27% higher than that of those kept at 25 °C (Vézina et al. 
2006), and the BMR of Laughing Doves (Spilopelia sene-
galensis) increased when acclimated to cold temperatures 
but reduced when the same birds were moved to a warm 
room (McKechnie et al. 2007). As BMR is directly related 
to the peak metabolic rate of thermogenesis during 
heightened cold tolerance (Vézina et  al. 2006), our data 
suggest that up-regulation of BMR may be an important 
component of improved cold tolerance in the leiothrix as 
it is in many other small birds (Zhou et al. 2016). Adjust-
ments in energy intake and budget can compensate for 
the increased energy expenditure associated with ther-
mogenesis in cold conditions (Williams and Tieleman 
2000). The significant increases in GEI and DEI observed 
in the low temperature group are consistent with the 
adaptive changes in energy intake and utilization in 
response to cold temperature documented in many other 
small birds (Goymann et  al. 2006; Salvante et  al. 2010; 
Syafwan et  al. 2012; Wu et  al. 2014; Zhou et  al. 2016). 
For example, Williams and Tieleman (2000) observed 

Fig. 2  Comparison of gross energy intake (a), feces energy (b), digestible energy intake (c), and digestibility (d) among Red-billed Leiothrixs 
(Leiothrix lutea) acclimated to different temperatures for 4 weeks. Data are shown as mean ± SEM, bars with different letters indicating significant 
differences. GEI gross energy intake, FE feces energy, DEI digestible energy intake



Page 7 of 12Cui et al. Avian Res           (2019) 10:46 

that Hoopoe Larks acclimated at 15  °C increased their 
food intake compared to those acclimated at 36 °C. These 
authors concluded that birds meet the increased cost of 
thermogenesis in cold temperatures by consuming more 
food. Vézina et al. (2006) also showed that Red Knots that 
were kept under either cold, or variable, ambient tem-
peratures required higher food intake than those kept in 
a thermally neutral zone. Our results showed significant 
increase in BMR in the 15 °C group after 4 weeks. Moreo-
ver, the GEI and DEI of this group significantly increased 
over this period. These data provide further evidence of 
the speed at which morphological, physiological, and 
behavioral adjustments to cold temperatures can take 
place (Swanson et al. 2014; Hu et al. 2017). In birds, the 
small intestine is where the digestion and absorption of 
food takes place, and it has been shown to vary in a rapid 
and reversible fashion (Lv et al. 2014). Increased intesti-
nal mass was also seen in leiothrixs kept at 15  °C com-
pared to their counterparts kept at ambient temperature, 
with significant correlations between GEI, DEI and small 
intestine (Fig.  4). Our data suggest that the small intes-
tine mass of cold-acclimated birds increased in response 

to greater food consumption. These findings are similar 
to those reported for the Chinese Bulbul (Wu et al. 2015) 
and the Hwamei (Zhou et al. 2016).

BMR can be regarded as the sum of the metabolic 
rate of an animal’s organs and other metabolically active 
structures. Increase in BMR in leiothrixs is presumably 
related to the metabolic and/or morphological adjust-
ments required to meet the extra demand in energy. Lei-
othrixs responded to the energetic challenge by adjusting 
their phenotype through the reorganization of internal 
organ sizes and/or metabolic intensity, and these changes 
could enable the birds to meet the required energy out-
put (Daan et al. 1990; Liu and Li 2006; Vézina et al. 2006; 
Swanson 2010; Zheng et  al. 2008b, 2014a). Daan et  al. 
(1990) hypothesized that natural selection can adjust the 
sizes of the internal organs to match the energy require-
ments of the birds during the provision of parental care, 
and that size-independent variation in BMR might reflect 
the relative sizes of the internal organs, which have rela-
tively high rates of oxygen consumption (Piersma and 
Lindstrom 1997; Williams and Tieleman 2000; Villa-
rin et al. 2003; Zheng et al. 2008b, 2014a). According to 

Fig. 3  Correlations between GEI, body mass, and basal metabolic rate, and between DEI, body mass, and basal metabolic rate of Red-billed 
Leiothrixs (Leiothrix lutea) acclimated to different temperatures for 4 weeks. Correlation analyses demonstrated significantly positive correlations 
between GEI and body mass (a), DEI and body mass (b), GEI and BMR (c), and DEI and BMR (d)
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this BMR hypothesis, catabolism in the liver, transport 
of oxygen from the heart to the tissues, and the elimina-
tion of waste by the kidneys have been shown to display 
high metabolic intensity (Rolfe and Brown 1997). Indeed, 
although the internal organs (liver, kidney and heart) 
represent less than 10% of body mass, they account for 
50–70% of the energy expenditure (Clapham 2012). Being 
one of the largest and most metabolically active organs, 
the liver has considerable potential to affect thermogen-
esis (Villarin et al. 2003; Zheng et al. 2008b, 2014a). The 
liver’s heat generation mechanisms include the uncou-
pling of oxidative phosphorylation, futile substrate 
cycling, and its high mass-specific, metabolic rate (Else 
et al. 2004; Klaassen et al. 2004; Zhou et al. 2016). In vol-
ant birds, skeletal muscle typically comprises nearly 40% 
of body mass and makes an important contribution to 
thermogenesis (Weber and Piersma 1996; Swanson et al. 
2014; Zheng et  al. 2008b, 2014a). More muscle allows 
more heat production and consequently greater cold 
resistance (Swanson and Olmstead 1999; Vézina et  al. 
2007; Swanson et al. 2013, 2014). Leiothrix acclimated to 

15 °C and 25 °C significantly increased their liver and kid-
ney mass, but not that of their heart or pectoral muscles. 
There is a link between greater liver and kidney mass and 
thermogenic capacity. Increased liver and kidney mass 
may be an adaptive response to the increased food intake 
and digestion required to sustain a higher metabolic rate 
(Daan et  al. 1990; Williams and Tieleman 2000; Vézina 
and Williams 2005). However, we cannot exclude the 
possibility that the heart and pectoral muscles might be 
involved in cold acclimation in the leiothrixs.

Adjustment of cellular aerobic capacity in tissue and/
or organs may include regulating the activity of key 
catabolic enzymes, and that of enzymes and transport-
ers involved in substrate delivery pathways (Marsh et al. 
1990; Swanson 2010; Liknes and Swanson 2011; Zheng 
et  al. 2014b; Zhou et  al. 2016). For example, Hwameis 
acclimated to cold environment (15  °C) display signifi-
cantly increased state-4 respiration and COX in the liver, 
kidney and pectoral muscle compared to the 36 °C indi-
viduals (Zhou et al. 2016). Cold acclimation of ducklings 
can also increase the oxidative capacity of the liver and 

Fig. 4  Comparison of mass in gizzard, small intestine, rectum and gastrointestinal tract (a), the relationship between small intestine and gross 
energy intake (b), and the relationship between small intestine and digestible energy intake (c) among Red-billed Leiothrixs (Leiothrix lutea) 
acclimated to different temperatures for 4 weeks. Data are shown as mean ± SEM, and bars with different letters indicate significant differences. GEI 
gross energy intake, DEI digestible energy intake
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the pectoral muscles, which can collectively contribute 
significantly to nonshivering thermogenesis (Barré et al. 
1987). Our results show that leiothrixs acclimated to 

15 °C had higher state-4 respiration and COX activity in 
the organs examined than those kept at 25 °C. Moreover, 
the indicators of cellular aerobic capacity in all the four 
organs were all significantly and positively correlated 
with BMR, except for COX activity in the liver and heart 
(Fig.  5). These data suggested that modulation of tissue 
and/or organ cellular thermogenesis is a prominent tar-
get of temperature acclimation for leiothrixs. This finding 
is in agreement with previous studies in cold acclimated 
Dark-eyed Juncos (Junco hyemalis) (Swanson et al. 2014), 
and seasonally acclimatized Chinese Bulbuls (Zheng et al. 
2010, 2014a), Eurasian Tree Sparrows (Liu et  al. 2008; 
Zheng et al. 2008b, 2014b), and in rodents, including Pla-
teau Pikas (Ochotona curzoniae) (Wang et al. 2006a) and 
Root Voles (Microtus oeconomus) (Wang et  al. 2006b). 
However, other species show no significant temperature 
or seasonal variation in liver, muscular state-4 respira-
tion, or COX activity (Mujahid and Furuse 2008; Teulier 
et  al. 2010), indicating that cold or winter-induced 
increases in cellular aerobic capacity are not uniform 
among small birds. Our results suggest that the leiothrix 
uses two, organ-specific, adaptive strategies to regulate 
its body temperature. The first is to increase the total 
tissue mass and enzymatic activity of liver and kidneys. 
The second is to increase enzymatic activity in the heart 
and pectoral muscles. The increased enzymatic activity 
in these organs may be what allows this species to main-
tain the higher metabolic rate required for thermogenesis 
during cold temperatures (Zhou et al. 2016).

Conclusions
In conclusion, Red-billed Leiothrixs showed (1) enhanced 
energy budget and BMR, (2) increased internal organ 
masses (liver, kidney and gastrointestinal tract), and (3) 
heightened state-4 respiration and COX activity in the 
liver, kidney, heart and muscle during cold acclimation. 
The Red-billed Leiothrix mainly lives in habitats with 
marked seasonal variation in temperature (the winter 
temperature in Wenzhou can be at least 20 °C lower than 
the summer temperature, Zheng et al. 2008a, 2014a). In 
winter, small birds typically show enhanced thermogenic 
capacity that is considered to be an important adaptation 
for their survival (Zheng et al. 2008a, 2014a). Leiothrixs 
acclimated to a cold temperature attained higher inter-
nal organ mass, thermogenic capacity and energy intake 
than those acclimated to a warmer temperature. These 
results support the hypothesis that temperature is impor-
tant environmental cue for adaptive adjustment of energy 
metabolism and thermogenesis in birds. The morpho-
logical, physiological and biochemical changes induced 

Fig. 5  Differences in mass (a), state-4 respiration (b), and cytochrome 
c oxidase (c) in the liver, kidneys, heart, and pectoral muscle 
of Red-billed Leiothrixs (Leiothrix lutea) acclimated to different 
temperatures for 4 weeks. Data are shown as mean ± SEM, and bars 
with different letters indicate significant differences

Table 1  Linear regression statistics for  log organ mass 
versus  log body mass (minus wet mass of  the  organ) 
allometric equations (allometric correlations) and  for  log 
organ mass residuals versus  log basal metabolic rate 
(BMR) residuals (residual correlations)—or log organ mass 
versus  log BMR raw values if  allometric equations were 
not  significant—in the  Red-billed Leiothrixs (Leiothrix 
lutea) after 28 days of temperature acclimation

Values in italic type are statistically significant

Liver Kidney Heart Pectoral muscle

Allometric correlations

 R2 0.200 0.067 0.030 0.121

 P 0.013 0.167 0.361 0.059

 Slope 0.219 0.164 0.100 0.364

Residual correlations

 R2 0.001 0.011 0.001 0.035

 P 0.895 0.576 0.861 0.320

 Slope 0.005 0.092 0.022 0.027
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by cold temperatures may lead to energy expenditure, 
thereby enhancing the survival of the Red-billed Leio-
thrix in winter, the most energetically challenging time 
of the year. Good quality transcriptomic and meta-
bonomic data is required to fully understand the complex 

mediation of physiological and biochemical processes 
that occurs during seasonal acclimatization (Teulier et al. 
2010; Stager et al. 2015; Zhang et al. 2015).

Fig. 6  Correlations between basal metabolic rate (BMR), state-4 respiration, and cytochrome c oxidase in the liver, kidneys, heart, and pectoral 
muscle of Red-billed Leiothrixs (Leiothrix lutea) acclimated to different temperatures for 4 weeks. Correlation analyses demonstrated that liver state-4 
respiration (a), kidney state-4 respiration (c), kidney cytochrome c oxidase (COX) activity (d), heart state-4 respiration (e), muscle state-4 respiration 
(g), and muscle COX activity (h) were significantly positively correlated with BMR, but liver (b) and kidney (f) COX activities were not significantly 
correlated with BMR
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