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Coping with captivity: takeoff speed and load-lifting capacity
are unaffected by substantial changes in body condition
for a passerine bird
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ABSTRACT
Captivity presumably challenges the physiological equilibrium of
birds and thus influences flight ability. However, the extent to which
captive birds exhibit altered features underpinning maximum flight
performance remains largely unknown. Here, we studied changes
in physiological condition and load-lifting performance in the
Eurasian tree sparrow (Passer montanus) over 15, 30 and 45 days
of captivity. Sparrows showed body mass constancy over time but
also an increased hematocrit at 15 days of captivity; both relative
pectoralis mass and pectoralis fat content increased at 30 days.
However, maximum takeoff speed andmaximum lifted load remained
largely unchanged until 45 days of captivity. Wingbeat frequency was
independent of captivity duration and loading condition, whereas
body angle and stroke plane angle varied only with maximum loading
and not with duration of captivity. Overall, these results suggest that
captive birds can maintain maximum flight performance when
experiencing dramatic changes in both internal milieu and external
environment.
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INTRODUCTION
Flight performance is relevant to avian survival (Hedenström,
2002), and birds have evolved a suite of morphological, behavioral
and physiological traits that enhance aerial ability (Altshuler et al.,
2015; Butler, 2016). Maximum flight performance can vary with
features of the underlying flight musculature (Veasey et al., 2000;
Yap et al., 2018; Whelan et al., 2020), and there may also be
multiple trade-offs between physiological condition and flight
biomechanics (Chai and Dudley, 1999; Lind, 2001; Lind and
Jakobsson, 2001; Altshuler et al., 2015). How birds may adjust
features of flight physiology to maintain maximum performance in
response to a challenge remains largely unexplored, but can inform
us about basic compensatory mechanisms following environmental
perturbation over various time scales.
Captivity is a means of studying physiological responses to a

controlled environment, and may potentially affect nutritional

equilibrium, muscular condition and ultimately the flight ability of
birds (Dickens et al., 2009; Mason, 2010; Mason et al., 2013;
Dickens and Bentley, 2014; Angelier et al., 2016). Both behavior
and physiology of free-living birds can dramatically change in
response to acute capture handling (i.e. within several minutes:
Romero, 2002), and to short- and long-term captivity ranging
in duration from one day to a year (Dickens et al., 2009; Fokidis
et al., 2011; Thompson et al., 2015; Li et al., 2019). Spatial
restriction may impede free-flight behavior and thus be detrimental
to locomotor ability, e.g. captivity reduces takeoff speed of escaping
female blue tits (Cyanistes caeruleus) (Kullberg et al., 2002).
Captivity stress can also result in reduced activity, changes in body
condition (e.g. effects on body mass and hematocrit), abdominal fat
deposition, metabolic disorders (Sánchez-Guzmán et al., 2004;
Dickens et al., 2009; Fokidis et al., 2011) and impaired reproductive
output and immune defenses (Morgan and Tromborg, 2007).

When faced with short-term physiological challenges, volant
taxa can compensate kinematically to augment flight performance,
e.g. through increases in stroke amplitude and wingbeat frequency,
and adjustment of body and stroke plane angle, to transiently
increase force output (e.g. Altshuler and Dudley, 2003; Hedrick
et al., 2004; Yu and Tong, 2005; Sun et al., 2016). Maximum load
lifting during vertical ascent represents an extreme aerodynamic
and energetic challenge, and has been widely used to study limits to
animal flight performance (Altshuler et al., 2004; 2010; Buchwald
and Dudley, 2010; Sun et al., 2016; Wang et al., 2020). Load-
lifting ability varies considerably with body size, phylogeny,
developmental stage, air composition, environmental temperature
and behavioral strategy (e.g. Lind, 2001; Lind and Jakobsson, 2001;
Altshuler and Dudley, 2003; Kullberg et al., 2002, 2005; Sun et al.,
2016; Wang et al., 2020), and thus should clearly demonstrate
potential effects of captivity on maximum flight performance, if
present. Here, we asked whether captive birds can maintain load-
lifting capacity (and if so, by what alterations in flight kinematics)
when confronted with chronic captivity and associated changes in
physiological condition.

The Eurasian tree sparrow, Passer montanus (Linnaeus 1758), is
a widely distributed human-commensal bird that is sensitive to
captivity (Dixit and Singh, 2013; Li et al., 2019). Previous studies
have shown that maximum flight performance in this species can
vary with a number of morphological and physiological features
(Wang et al., 2019), and also with elevation (Sun et al., 2016);
maximum takeoff speed can be similarly variable (Wang et al.,
2020). Here, we employed Eurasian tree sparrows to investigate
trade-offs between maximum flight performance and physiological
condition deriving from multiday captivity. We evaluated dynamic
changes in body condition (via measurements of body mass,
pectoralis mass and hematocrit), along with lipid deposition in the
pectoralis and liver, and correlated these changes with flightReceived 10 June 2022; Accepted 22 June 2022
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kinematics and flight performance under both load-free takeoff and
maximum load-lifting conditions.

MATERIALS AND METHODS
Animal collection
Eurasian tree sparrows were caught opportunistically with mist nets
on the campus of Hebei Normal University (38°0.24′N, 114°31.50′
E, elevation: 75 m), Hebei Province, China, in late April and early
May of 2016. This period corresponds to the early breeding stage of
this species (Li et al., 2012). To exclude effects of age and sex, only
first-year female sparrows were studied, i.e. those with small yellow
spots on the base of the beak and with a female-specific brood patch.
After capture, 40 birds were individually weighed with a portable
electronic balance and then transported to the laboratory.
All capture, handling, and experimental protocols were approved

by the Ethics and Animal Welfare Committee and the Institutional
Animal Care andUseCommittee ofHebei NormalUniversity, China.
Scientific collecting permits were issued by the Department of
Wildlife Conservation (Forestry Bureau) of Hebei Province, China.

Experimental design and captivity stress
Birds were individually housed in cages (38 cm×27 cm×30 cm)
provided with abundant food [foxtail millet (Setaria italica) mixed
with mealworms] and water. Lighting conditions (13.3 h of daylight
on average) and temperature (18.5°C on average) in the husbandry
room (which was open to outdoor ventilation) were similar to
average conditions of the birds’ natural environment in springtime.
To determine the effects of continuous captivity on physiological
indicators of overall condition (i.e. hematocrit, pectoralis and
hepatic fat content, and the relative mass of the heart, liver and
pectoralis), three groups of birds were kept in cages for 15, 30 or
45 days (i.e. experimental treatments of captivity stress; n=10 per
group); a control group of 10 birds was sampled on the day of
capture (day 0). Individual birds were randomly assigned to each of
these four categories. Individuals from the 45 day group were tested
in flight trials at each of the 0, 15, 30 and 45 day captivity periods to
determine temporal variation in body mass and flight kinematics
parameters (i.e. wing stroke amplitude, wingbeat frequency, body
angle, stroke plane angle, relative downstroke duration, maximum
takeoff speed and maximum load).

Maximum flight performance and flight kinematics
A rectangular flight chamber (45 cm×45 cm×155 cm) made of
transparent Plexiglas was used to determine flight-related
parameters during vertical ascent, as used in previous experiments
(Sun et al., 2016;Wang et al., 2019, 2020). Birds were first tested for
flight performance under the load-free condition (i.e. simulating
flight behavior under natural conditions). After a 5 min recovery
period, birds were then tested for flight performance under
maximum load lifting using a string of plastic beads tied to
their left tarsometatarsus. Two synchronized high-speed video
cameras (GCP100BAC, JVC Kenwood Corporation, Yokohama,
Japan) were used to record all flights. One camera (operated
at 50 frames s−1) positioned laterally at a distance of 80 cm to
the chamber was used to record features of maximum flight
performance (i.e. body position through time and maximum lifted
load, along with body and stroke plane angles). The other camera
(operated at 250 frames s−1) was placed on the top of the chamber to
obtain the stroke amplitude, wingbeat frequency and relative
duration of the downstroke (see Sun et al., 2016).
Maximum sustained mass in load lifting was calculated from the

total weight of beads and string suspended from the ground when

peak ascent height was reached. A mean of 5.3 ascending
flights was recorded for each bird, and the maximum weight lifted
within each series was assumed to indicate the limit to vertical load
lifting. Maximum vertical takeoff speeds were approximated, for
comparative purposes, from velocity estimates (i.e. displacement
per time) calculated for consecutive transits spanning the full ascent
over either six or seven 20 cm segments for the load-free condition,
and over three or four 20 cm segments for the load-lifting condition.
Because of the low filming speed and the small number of transited
segments per ascent, the number of possible values for estimated
flight speeds was fairly low, and we accordingly view these values
to reflect only comparative and not absolute performance. The
highest estimate for these speeds in each individual flight bout was
assumed to approximate the maximum takeoff speed.

Stroke amplitude was indicated by extremes of the wing angles
between upstroke and downstroke within each bout of the final 0.5 s
of either maximum load lifting or unloaded ascent (see Wang et al.,
2019). Wingbeat frequency was estimated from the number of
frames required to complete four wingbeats during the second half
of each ascent. The relative downstroke duration was calculated as
the ratio of the downstroke to the wingbeat period. Body angle and
stroke plane angle were calculated as the inclinations of the body
axis and of the wing stroke plane relative to the horizontal plane,
respectively.

Measurement of physiological parameters
Following experiments, the alar vein of each bird was punctured
with a 26-gauge needle, and ∼80 μl of blood was collected into
heparinized microhematocrit capillary tubes. All blood samples
were stored on ice for 3–4 h until they could be centrifuged at 855 g
for 10 min; hematocrit was measured as the relative volume of red
blood cells per total blood volume. Birds were then euthanized via
subcutaneous injection of phenobarbitone anesthetic (7.5 μl g−1

body mass). The pectoralis (i.e. the major flight muscle), liver and
heart (which was blotted to remove blood) were immediately
excised and weighed with a precision of 0.1 mg (Ohaus CPJ603
balance, Parsippany, NJ, USA). Dry weights of the flight muscle
and liver were obtained following desiccation in an oven at 65°C;
lipid content of the flight muscle and liver was determined
following extraction by a 2:1 chloroform–methanol mixture (see
Folch et al., 1957). The relative pectoralis mass, and also the heart
and liver indices, were calculated as the body mass-corrected
pectoralis mass, heart and liver mass, respectively.

Data analysis
We examined treatment differences relative to hematocrit,
heart index, liver index and pectoralis fat content using one-way
analysis of variance (ANOVA). We examined treatment differences
relative to hepatic fat content and relative pectoralis mass using a
Kruskal–Wallis one-way ANOVA because these variables violated
the equality of homogeneity of variance (Levene’s test). Effects of
treatment duration (i.e. 0, 15, 30 and 45 days of captivity) on body
mass and maximum load were assessed using one-way repeated
measures ANOVA, with individual identity as a repeated factor.
Effects of loading (i.e. either load lifting or the load-free condition),
duration of captivity, and the interaction between loading and
captivity duration on maximum takeoff speed, wingbeat frequency,
stroke amplitude, relative downstroke duration, body angle and
stroke plane angle were analyzed with a two-way repeated-measures
ANOVA, using individual identity as a repeated factor. Differences
between pairs of means were identified by Bonferroni-adjusted
tests. Post hoc comparisons were made by either Bonferroni-
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adjusted tests or Mann–Whitney U tests. Differences in flight
kinematic parameters between load-free and load-lifting conditions
at the same captivity stage were assessed using paired-sample
t-tests. Statistical analysis was performed using SPSS software
(version 21.0; IBM, New York, NY, USA), and figures were
generated in GraphPad Prism 8.0 (GraphPad Software, San Diego,
CA, USA). The fiducial level for significant differences was set as
P<0.05.

RESULTS AND DISCUSSION
Changes in physiological parameters
Body mass and both heart and liver indices were invariant with
experimental treatment. However, hematocrit, relative pectoralis
mass, pectoralis fat content and hepatic fat content varied
significantly with duration of captivity (Table 1). Our results
showed that those birds experiencing 15, 30 and 45 day captivity
had significantly higher hematocrit relative to the control
group (Fig. 1A). Such increased hematocrit values may reflect
transition from acute stress to chronic adaptation (Dickens et al.,
2009). Higher hematocrit yields enhanced oxygen delivery
during either fight or flight responses (Yap et al., 2018), and may
indicate both longer-term behavioral changes (decreased daily
activity) and adjustments in metabolic substrate (Thompson et al.,
2015).
Those birds experiencing 30 and 45 day captivity exhibited a

significantly higher relative pectoralis mass compared with the
control and the 15 day captivity groups (Fig. 1B), and also had a
higher pectoralis fat content relative to controls (Fig. 1C; Table S1).

The 15 day captivity group showed an increased hepatic fat content
relative to the control and 30 and 45 day captivity groups (Fig. 1D).
These dynamic changes in body condition and energy storage
suggest important effects of captivity on glucolipid metabolism and
overall physiological capacity. The liver, the anatomical crossroads
for lipid synthesis and metabolism, is highly susceptible to external
stressors up to the point of disrupting lipid homeostasis (Emami
et al., 2021). The vast majority of fatty acids in birds are synthesized
within the liver, and fat can accumulate rapidly in the pectoralis and
subcutaneous tissue via efficient cytosolic transport (Guglielmo,
2018; Emami et al., 2021). Here, our results indicate both tissue-
and duration-dependent variation in lipid deposition, presumably as
a consequence of restricted locomotion and of enhanced food
quality and reliability under captive conditions (Morgan and
Tromborg, 2007; Thompson et al., 2015). However, both relative
pectoralis mass and pectoralis fat deposition increased only after
30 days of captivity, suggesting a trade-off between pectoralis mass
and associated fuel accumulation as a result of mechanical
constraints preventing unrestricted fuel accumulation (Bayly et al.,
2021). Pathways of protein catabolism and synthesis in flight
muscle are regulated according to energetic conditions, and birds
typically defend a specific protein-to-fat ratio to maintain flight
performance (Lindstrom et al., 2000; Van den Hout et al., 2010).
Routine flight is required to upregulate those genes involved in
mitochondrial metabolism and fat utilization in the avian pectoralis
(DeMoranville et al., 2020), and lack of activity is closely linked to
adiposity and visceral fat accumulation (Pedersen, 2009). Unlike
mammals, birds do not increase pectoralis mass through strength
training (see Lindstrom et al., 2000). Here, reduced locomotor
opportunity resulted in long-term lipid deposition in the flight
muscle, but yielded no changes in whole-animal flight performance.

Changes in flight performance and kinematics: effects of
captivity duration and loading conditions
The maximum lifted load declined significantly with captivity
duration (Fig. 2A). Maximum takeoff speed changed significantly
with load condition, and with the interaction between lifted load
and captivity duration (Table 1). Stroke amplitude varied
significantly with load condition and duration of captivity, and
with the interaction between load and captivity duration, but
wingbeat frequency did not vary significantly. The relative duration
of the downstroke changed significantly with the duration of
captivity, and with the interaction between load and captivity
duration. Body angle and stroke plane angle varied with loading
condition, but neither parameter varied either with captivity
duration or with the interaction between loading condition and
captivity duration. Our results showed that those individuals
experiencing a 45 day captivity lifted a significantly lower
maximum load than did the control, and 15 and 30 day captivity
groups. The maximum takeoff speed decreased substantially in the
45 day captivity group relative to the control and to the 30 day
captivity groups under the load-free condition (one-way repeated
measures ANOVA: F3,36=5.490; P=0.004), but remained
unchanged under maximum load lifting (F3,36=0.840; P=0.481;
Table S2). The stroke amplitude did not vary with the duration of
captivity for the load-free condition (one-way repeated measures
ANOVA: F3,36=1.392; P=0.267), whereas it increased substantially
in the 45 day captivity group relative to the control and the 30 day
captivity groups (F3,36=6.212; P=0.002; Table S2). Those birds
experiencing the 45 day captivity exhibited a significantly reduced
relative downstroke duration in the load-free condition compared
with the control and 15 day captivity groups (one-way repeated

Table 1. Effects of captivity duration on physiological variables and
maximum load, and of captivity duration, load condition and their
interaction on flight kinematics in Eurasian tree sparrows

Variable Factor d.f. F-value P-value

Hematocrit (%) Captivity 3,36 9.206 <0.001
Heart index (%) Captivity 3,36 0.099 0.960
Liver index (%) Captivity 3,36 1.378 0.265
Pectoralis fat content (%) Captivity 3,35 4.777 0.007
Hepatic fat content (%) Captivity 3,36 9.806 0.020
Relative pectoralis mass (%) Captivity 3,36 21.312 <0.001
Body mass (g) Captivity 3,36 2.655 0.069
Maximum load (g) Captivity 3,36 9.566 <0.001
Maximum takeoff speed
(m s−1)

Captivity 3,72 2.595 0.062
Load 1,72 68.844 <0.001
Load×Captivity 3,72 3.552 0.020

Wingbeat frequency (Hz) Captivity 3,72 0.659 0.581
Load 1,72 0.068 0.798
Load×Captivity 3,72 1.443 0.240

Stroke amplitude (deg) Captivity 3,72 7.284 0.002
Load 1,72 6.184 0.023
Load×Captivity 3,72 3.425 0.023

Relative downstroke
duration (%)

Captivity 3,72 5.664 0.002
Load 1,72 3.159 0.092
Load×Captivity 3,72 4.721 0.005

Body angle (deg) Captivity 3,72 1.136 0.331
Load 1,72 126.834 <0.001
Load×Captivity 3,72 0.408 0.748

Stroke plane angle (deg) Captivity 3,72 2.639 0.059
Load 1,72 118.195 <0.001
Load×Captivity 3,72 0.119 0.948

Effects of captivity duration (0, 15, 30 and 45 days) on physiological variables
and maximum load were analyzed using one-way analysis of variance
(ANOVA; repeated-measures for maximum load). Effects of captivity duration,
load condition (load-free and load-lifting flight) and their interaction on flight
kinematics were analyzed using two-way repeated-measures ANOVA.
Significant values (P<0.05) are shown in bold.
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measures ANOVA: F3,36=10.873; P<0.001). However, there were
no significant differences in relative downstroke duration among all
groups when undergoing maximum load lifting (F3,36=0.536;
P=0.661; Table S2).
Although the 30 day captivity led to a suite of physiological

changes, maximum lifted load and maximum takeoff speed
(in both load-free and load-lifting conditions) were unchanged.
Our results differ from those of well-trained human athletes,
who exhibit decreased endurance and isokinetic strength within
4 weeks of detraining (Mujika and Padilla, 2000, 2001). Significant
deprivation of muscle contractility and locomotor capacity
also characterizes other mammalian model taxa following activity
restriction (Hortobágyi et al., 2000; Lohuis et al., 2007).
To maintain maximum flight performance, the sparrows here kept
unchanged various features of flight kinematics (i.e. stroke
amplitude, wingbeat frequency and relative downstroke duration),
and also of body and wing stroke orientation during load lifting
(i.e. body angle and stroke plane angle). More generally, maximum
flight capacity of birds at particular life-history stages or in
different environments can be impaired by altered body condition,
e.g. blue tits (Kullberg et al., 2002) and zebra finches
(Kullberg et al., 2005; Criscuolo et al., 2011). Specifically, our
result indicates that sparrows maintained maximum loading and
takeoff performance in spite of captivity-induced physiological
changes.
The unloaded maximum takeoff speed and the maximum lifted

mass significantly declined at 45 days relative to controls (and in
parallel with physiological changes). Birds often adopt alternative
behavioral strategies to compensate for reduced flight ability when
encountering abnormal physiological conditions, and in particular
during certain life-history stages in extreme weather (e.g. Macleod,

2006; Dietz et al., 2007; Ortega-Jimenez et al., 2016; Walters
et al., 2017). Although Eurasian tree sparrows here increased stroke
amplitude and decreased downstroke duration at 45 days, they
apparently could not offset an overall decline in flight power during
vertical ascent. It is important to note that long-term captivity is
clearly an unnatural condition, and one that may fall outside the
bounds of typical environmental stressors.

Our results showed that maximum takeoff speed decreased
significantly under load lifting relative to the load-free condition,
independent of duration of captivity (Fig. 2B; Table S3). Stroke
amplitude did not change as a function of load in the control, and
15 and 30 day captivity groups, but increased significantly in
the 45 day captivity group under load-lifting relative to load-free
conditions (Fig. 2C). There were also no significant differences
in the relative downstroke duration between load-free and load-
lifting conditions in any group except for the 45 day captivity
condition, which showed an increase in the relative downstroke
duration (Fig. 2D). Sparrows flew with significantly decreased
body angle and increased stroke plane angle when load lifting
relative to load-free conditions, independent of captivity duration
(Fig. 2E,F).

An extra load significantly reduced maximum speed during
takeoff, as predicted. Unexpectedly, there were no significant
differences in stroke amplitude, wingbeat frequency and relative
downstroke duration between load-free and load-lifting conditions
until 30 days of captivity. These flight kinematic parameters were
thus maintained in spite of dramatic changes in physiological
condition, and presumably other (and here unmeasured) features of
the wingbeat (such as wing angle of attack), which can be altered to
yield increased vertical forces during load lifting. At 45 days,
however, Eurasian tree sparrows did increase stroke amplitude and
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relative downstroke duration in maximum load lifting. An increase
in stroke amplitude is broadly characteristic of hummingbirds when
challenged aerodynamically (Altshuler and Dudley, 2003; Altshuler
et al., 2004, 2005), but birds other than hummingbirds flex their
wings during the upstroke and predominantly use the downstroke to
generate force, suggesting that relative stroke timing is also
important (Berg and Biewener, 2010; Muijres et al., 2012).
Variation in downstroke duration can correspondingly influence
the costs of muscle activation and of power output (see Bruderer
et al., 2001; Usherwood, 2016). Independent of the duration of
captivity, Eurasian tree sparrows also increased stroke plane angle
and decreased body angle to increase vertical forces via rotation of
the net force vector (e.g. Tobalske et al., 2007; Berg and Biewener,
2010; Chin and Lentink, 2019). By contrast, wingbeat frequency
did not vary with either duration of captivity or loading condition.
Wingbeat frequency in Eurasian tree sparrows tends to be conserved
and is not linked with maximum lifting capacity among individuals,
either within a population (Wang et al., 2019) or for distinct
populations at different altitudes (Sun et al., 2016).
In summary, this study is the first to investigate trade-offs

between maximum flight performance and physiological condition
for birds exposed to varying durations of captivity stress. Eurasian
tree sparrows defended flight capacity over 30 days, as reflected by
invariant maximum takeoff speed and maximum lifted mass, but
total lifted mass declined after 45 days. The sparrows reduced
relative downstroke duration to yield greater vertical forces in the
load-free condition, and also increased stroke amplitude to increase

force production when challenged by extra load. Wingbeat
frequency was disassociated from the duration of captivity and
loading condition, and body angle and stroke plane angle only
changed with load condition. Notably, our results indicate that the
sparrows can maintain relatively stable maximum locomotor
performance when experiencing dramatic changes in both their
internal milieu and external environment, although the specific
mechanisms of physiological and molecular adjustment responsible
for achieving such invariance are unclear. Whether such a capability
would enhance survival and ultimately fitness of free-living birds
when confronted with unfavorable conditions over varying
ecological time scales also remains to be determined.
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angle. A dotted line of the corresponding color represents a significant change in response to captivity in load-free and load-lifting conditions. Different letters
represent significant differences between groups with the corresponding color (see Table S2 for further details). Asterisks indicate significant differences between
load-free and load-lifting conditions in a particular group (*P<0.05, **P<0.001; see Table S3 for further details). Error bars represent s.d. of means.
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