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Abstract

Background: Unlike resident birds, migratory birds are generally believed to have evolved to enhance flight effi-
ciency; however, direct evidence is still scarce due to the difficulty of measuring the flight speed and mechanical
power.

Methods: We studied the differences in morphology, flight kinematics, and energy cost between two passerines
with comparable size, a migrant (Fringilla montifringilla, Brambling, BRAM), and a resident (Passer montanus, Eurasian
Tree Sparrow, TRSP).

Results: The BRAM had longer wings, higher aspect ratio, lower wingbeat frequency, and stroke amplitude com-
pared to the TRSP despite the two species had a comparable body mass. The BRAM had a significantly lower maxi-
mum speed, lower power at any specific speed, and thus lower flight energy cost in relative to the TRSP although the
two species had a comparable maximum vertical speed and acceleration.

Conclusions: Our results suggest that adaptation for migration may have led to reduced power output and maxi-
mum speed to increase energy efficiency for migratory flight while residents increase flight speed and speed range

adapting to diverse habitats.
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Background

Flight performance is a fundamental factor for fitness in
ecological and evolutionary contexts (Webster et al. 2002;
Bauer and Hoye 2014). According to the theory of migra-
tion syndrome (Bauchinger et al. 2005; Hedenstrém
2008), migratory birds have evolved a suite of modifica-
tions in wing morphology and kinematics in terms of
energy consumption for long-journey flight than resi-
dents (Hedenstrom 2008; van Qorschot et al. 2016). For
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example, migratory birds not only have highly efficient
wings (more prolonged and narrower wings, lower wing
loading) but also exhibit lowered wingbeat frequency
and stroke amplitude for continuous flight avoiding addi-
tional parasite drag relative to residents (Minias et al.
2015; Grilli et al. 2017). Given that it is difficult to directly
measure these parameters under the natural conditions
(Zhao et al. 2017; Horton et al. 2018), little information
is available on how migratory birds adjust airspeed and
mechanical power relative to residents.

Considering that power consumption follows a
U-shaped relationship with flight speed, fly at a speed too
low or high than usual will demand an extra amount of
energy and lower energy efficiency (Alerstam et al. 2007;
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Alerstam 2011). Theoretically, small migratory birds
should fly at speed with the maximum range speed (V,,,)
and maximize the efficiency of flight to meet the strategy
of energy-minimization during the flight (Hedenstrom
2002; Tobalske et al. 2003). By contrast, residents are less
constrained by the energy demand of long-distance flight,
and a higher maximum speed (V,,,,) can improve chasing
and escaping ability (Clemente and Wilson 2016, Fig. 1).
The maximum load-lifting capacity experiment (as
imposed via asymptotic loading) is a quantifiable way to
determine maximum flight performance and estimate
maximum power available during the flight in volant
animals (Marden 1987; Altshuler et al. 2010). By meas-
uring flight-related morphology, kinematics, and maxi-
mum weight lifted during maximum load-lifting flight
trials, we can calculate aerodynamic power output with
aerodynamic model and estimate flight speed (V. and
Vinax)- Specifically, V.. is calculated with flight-related
morphology and optimized kinematics; V., is the maxi-
mal flight speed supported by maximal available output
power in load-lifting flight trials (Pennycuick 2008). The
minimal flight energy cost at a certain distance (Distance
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X Pggni/ Vinp 1-€., power cost per 100 km per unit body
mass) can provide a framework to investigate the air-
borne energy consumption of transport. Measuring the
vertical speed, acceleration during load-free flight tri-
als, and power margin (the excess available aerodynamic
power for vertical ascent) can evaluate the maneuverabil-
ity of birds (Altshuler et al. 2004).

Passerines (Passeriformes, Aves) are typically featured
with flapping flight that have higher power requirements
than those birds with other flight modes (e.g., soaring,
gliding). Therefore, passerines are under more selective
pressures of optimizing flight speed and energy con-
sumption (Gavrilov 2011; Vincze et al. 2018). To test
the hypothesis that migrants would enhance the energy
efficiency at V., and residents would have high V. to
improve maneuverability (Chernetsov 2012). We com-
pared the differences in flight speed and energy efficiency
between two passerines with a resident species (Passer
montanus, Eurasian Tree Sparrow, TRSP) and a migra-
tory species (Fringilla montifringilla, Brambling, BRAM).
We predicted that (1) BRAM would have a higher
V.. and a better flight efficiency to meet the time- and
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Fig. 1 The relationship between airspeed and the aerodynamic power requirement during flight (Pennycuick 2008; Klein et al. 2015). At minimum
speed (V) and maximum speed (V,,,,,), the required aerodynamic power equals the maximum available power output. At minimum power speed
(\/mp) is when the required aerodynamic power is minimal (the speed for maximum endurance). At maximum range speed (V,,) is when the cost of
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energy- minimization of migration (Alerstam 2011);
(2) TRSP would flight at a higher V|, to achieve bet-
ter maneuverability for local competition and anti-pre-
dation, with a lower flight efficiency (Askew and Ellerby
2007).

Methods

Study species

The BRAM is a small passerine migrant which can
migrate as far as 3600 km (Fang et al. 2008; see distribu-
tion map in Fig. 2) with comparable body size (~21 g),
similar diets (seeds and invertebrates), and habitats (for-
ests, shrublands, and artificial; Snow and Perrins 1998;
Summers-Smith 2016) as the TRSP (common resident
species with broad distribution range, Sun et al. 2017; Li
et al. 2019).

Birds collection

The TRSP (#n=13) and BRAM (n=8) were captured
opportunistically using mist nets from March 13 to
April 1, 2017, at the campus of Hebei Normal University
(37°59.88'N, 114°31.18'E, elevation: 72 m), Shijiazhuang,
China. Within 30 min post-capture, body mass was
measured with a portable digital balance for each bird
to the nearest 0.01 g and transferred to the university
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laboratory for determining their maximum flight capac-
ity within 2—4 h.

Maximum load-lifting assay and wing kinematics

Each bird was evaluated for asymptotic load-lifting
capacity in a rectangular flight chamber using a maxi-
mum load-lifting approach described in detail by Sun
et al. (2016) and Wang et al. (2019). In brief, one high-
speed video camera (GCP100BAC, JVC Kenwood Cor-
poration, Yokohama, Japan; operated at 250 frames™)
placed on the top of the chamber was used to obtain
wingbeat frequency and stroke amplitude (Additional
file 1: Movie S1). The other synchronized camera (oper-
ated at 50 frames™!) positioned laterally at a distance
of 80 cm to the chamber was used to record the beads
remaining on the chamber floor during the maximum
load-lifting flight (Additional file 2: Movie S2).

The maximum lifted weight was calculated by the total
weight of beads subtraction to the weight of remain-
ing beads on the chamber floor when peak lifting was
achieved. The sum of bodyweight gave the maximum
load (total lifted load) and the maximum lifted weight.
A time-averaged wingbeat frequency was determined
by the interaction frequency between wing motions and
the camera filming speed over the same measurement
period. Wing stroke amplitude was derived from video
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Fig. 2 Breeding and non-breeding distribution ranges of Fringilla montifringilla (Brambling, BRAM; extracted from BirdLife International 2019)
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Table 1 Statistical results of flight-related morphology, load-lifting capacity, flight kinematics, flight speed and energy
efficiency between Fringilla montifringilla (Brambling, BRAM; n=8) and Passer montanus (Eurasian Tree Sparrow, TRSP;

n=13) in independent t-tests or Mann-Whitney U tests

Type of variable Variable tvalue P value
Flight-related morphology Body mass (g) 0.569 0.576
Wing length (mm) 16.69 <0.001
Wing area (cm?) 6.158 <0001
Wing loading (N/m?) 4326 <0.001
Aspect ratio 5.024 <0.001
Load-lifting capacity Maximum load (g) 1.321 0.202
Mass-corrected maximum load 2.040 0.056
Maximum wing loading (N/m?) 4326 <0.001
Flight kinematics Wingbeat frequency (Hz) 6.627 <0.001
Wing stroke amplitude (deg) 2.691 0.015
Flight performance Maximum vertical speed (m/s) 0.625 0.540
Maximum vertical acceleration (m/s?) 0171 0.866
Power margin 0.641 0.529
Maximum range speed (V,,, m/s) 8.298 <0.001
Maximum speed (V,,.,,, m/s) 8.176 <0.001
Flight energy efficiency Power at V,,, (W)? 5914 <0.001
Powerat V., (W) 6.266 <0.001
Mass-corrected power at V,, (W/kg) 6.669 <0.001
Mass-corrected power at V., (W/kg) 7228 <0.001
Parasitic drag at V,,, (N) 5.972 <0.001
Parasitic drag at V., (N) 5817 <0.001
Reynolds number at V,,, 3336 0.003
Reynolds number at V; . 3411 0.003
Mass-corrected power cost per 100 km at V., (Wh/kg)® 7.901 <0.001
Mass-corrected power cost per 100 km at V,,,, (Wh/kg) 9.544 <0.001

Italic values indicate significance of P value (P < 0.05)
2 Variables were compared by the Mann-Whitney U test

images in which the wings were located at the extreme
positions of the wingbeat within each bout of final 0.5 s
of maximum load-lifting. Multiple ascending flights
were recorded for each bird (mean of 4.1 flights), and the
maximum weight lifted within the series was assumed to
indicate the limit to load-lifting of flight performance. All
birds were released after completing all measurements
and flight trails (5-6 h post-capture).

Flight-related morphology

Following load-lifting experiments, flight-related mor-
phological traits were measured to the nearest 0.1 mm
using Vernier caliper (Mitutoyo, Kawasaki, Japan). The
right-wing of each bird was photographed for measure-
ments of the total wing area S (given by twice the area of
the right-wing) and wing length R using Image] (National
Institutes of Health, Bethesda, MD, USA). The aspect
ratio is given by 4R?/S. Wing loading was calculated by

dividing the body weight by S, and maximum wing load-
ing was provided by dividing the total maximum load
by S. Mass-corrected maximum load was calculated by
dividing the total maximum load by body weight.

Flight speed and energy efficiency

We measured the vertical speed for each individual based
on video records of load-free flight trials in the cham-
ber. The whole distance from the floor to the up limits of
the flight trials was evenly divided by four or five parts
with a length of 20 cm for each part. The maximum ver-
tical speed and acceleration were calculated as the high-
est achieved speed and acceleration among all parts for
each individual. Maximum power (maximum available
muscle power to support the flight) during the maximum
load-lifting flight was calculated using Ellington’s equa-
tion (Ellington 1984) following the method described by
Askew and Ellerby (2007). Theoretical V,, V,,.,» parasite
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Fig. 3 Comparisons of a wing length (mm), b wing area (cm?), c aspect ratio and wing loading (kg/mz) and d wingbeat frequency (Hz) and wing
stroke amplitude (degree) during the maximum load-lifting flight of Passer montanus (Eurasian Tree Sparrow, TRSP, n=13) and Fringilla montifringilla
(Brambling, BRAM, n=28). All variables differed significantly between species. All values depicted for each species are the means with standard error,
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drag, Reynolds number, and the airborne energy effi-
ciency of transport at V,,, and V,,, were calculated using
computeFlightPerformance functions in “afpt” package
for each individual (Klein et al. 2015) in R software (R
Core Team 2018). The power margin was calculated as
the difference of maximum power and minimum power
required to flight as an estimate of maneuverability.

Statistical analysis

The homogeneity of variances was tested using Levene’s
test of equality of variances before analysis. We imple-
mented independent ¢-tests or Mann—Whitney U tests
to compare all the variables between species. Statistical
analysis was performed using SPSS Statistics 21.0 soft-
ware (IBM, New York, USA). All data are presented as
mean =+ SEM. The significant difference was P<0.05.

Results

The BRAM and TRSP had a comparable body mass, max-
imum load, and mass-corrected maximum load. How-
ever, BRAM had significantly longer and larger wings,
higher aspect ratio, smaller wing loading, lower wingbeat
frequency, and stroke amplitude compared with TRSP
(Table 1; Fig. 3).

The BRAM and TRSP had a comparable maximum ver-
tical speed and acceleration, and power margin (Table 1).
However, BRAM had a significantly lower V., and V,,.,,
power, parasitic drag, Reynolds number, and mass-
corrected power cost per 100 km in both V, and V,_,,
compared with those of TRSP (Table 1; Figs. 4 and 5).
Furthermore, the BRAM had lower flight power, mass-
corrected flight power, and mass-corrected flight power
per 100 km relative to TRSP at low- and middle-speed

ranges (Fig. 5).
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Discussion

By identifying the differences in flight-related morphol-
ogy, load-lifting capacity, kinematics, and theoretical
flight speed and energy efficiency between BRAM and
TRSP, we found a significantly lowered V. and V,,, in
BRAM relative to TRSP due to reduced power availabil-
ity (Fig. 4). The trade-off between time and energy cost
during migration is influenced by body size (Zhao et al.
2017), season (Nilsson et al. 2013), distance (Schmal-
johann 2018), etc. Our results suggested that migrant
passerines may be favored by a higher flight efficiency
to achieve an energy- minimization strategy rather than
a time-minimization strategy, while residents may be
favored by a higher V,,,, to achieve better maneuverabil-
ity. Furthermore, the flight energy efficiency was higher

in BRAM with lower power requirements (or available
power) when flying at any given speed relative to the
TRSP, especially at low- and middle-speed ranges (Fig. 5).
More importantly, our results found that it is a dilemma
for birds to enhance flight speed and efficiency. There-
fore, the flight ability of small passerine migrants was
more constrained by energy rather than time (lower flight
speed and higher energy efficiency).

The wing morphology and behavior of the wing motion
of birds are crucial components of powered flight perfor-
mance and energy efficiency (Alerstam 2011). Morpho-
logically, BRAM had larger and longer wings, and lower
wing loading relative to TRSP. Our results confirm that
the avian wing has evolved to adapt to their various life-
styles (Dudley 1991; Lockwood 1998). In comparison,
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migrants had high- efficiency wings for long-journey
flight, and residents had high-maneuverability wings for
escaping, foraging, etc. (Minias et al. 2015; Grilli et al.
2017). Lowered wingbeat frequency and wing stroke
amplitude for BRAM relative to TRSP can be an adapta-
tion for optimizing energy efficiency since aerodynamic
power output (Ellington 1984; Pennycuick 2008) and
metabolic rates (Bishop et al. 2015) are declining super-
linearly with the wingbeat frequency and stroke ampli-
tude. Lowered wing loading of BRAM would require a
reduced wingbeat frequency and stroke amplitude to stay
airborne, which could be one of the reasons that BRAM
showed higher efficiency of powered flight for long-dis-
tance migration. Our results provided evidence that the
migratory passerines exhibit a higher flight energy effi-
ciency, especially at a lower speed range, and this func-
tional improvement is evolved through the combined
adaptive features of wing morphology and kinematics.

Reduction in the flight speed resulted in decreased
parasite drag, which could prevent extra flight energy
consumption (Pennycuick 2008). Similarly, we found
the BRAM exhibited reduced V,,, and V,,,, and their
corresponding parasite drag, Reynolds number, and
efficiency of transport (mass-corrected power cost per
100 km) relative to the TRSP. The BRAM had a higher
energy efficiency of flight, especially at a low- and mid-
dle- speed range (Fig. 5), which may be an ecological
strategy for reducing extra energy cost during taking-
off and escaping flight. By contrast, the TRSP with sig-
nificantly higher power may be essential to enhance the
flight speed range (Askew and Ellerby 2007), since the
residents cannot mitigate the competition and preda-
tion through seasonal migration. Therefore, migrant
passerines enhanced flight energy efficiency not only
through lowering flight speed but energy efficiency
at a given speed, resulting from a suite of alterna-
tions in function-based morphology and kinematics
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(mentioned above) relative to residents. Our results
further suggest that migrants would increase their
flight efficiency without compromising flight maneu-
verability during takeoff since the vertical speed and
power margin are comparable between migrants and
residents. However, lower maximum speed for the
migrants may also decrease the success rates of escape
in extreme conditions compared with residents (Clem-
ente and Wilson 2016).

Conclusions

In summary, our results indicate that migrants exhibit
the feature of reduced flight power with the lower
cost for flight energy and maneuverability. On the
other hand, residents exhibit the opposite direction of
increasing flight power that is critical for enhancing
maximum flight speed and power to widen speed range
for predator escaping and local competition. Our find-
ings support the notion that migratory passerines have
acquired a better airborne energy efficiency through a
series of adaptive changes on flight-related morphology
and kinematics. However, these morphological and kin-
ematic adaptations are still not enough to increase both
flight speed and efficiency concurrently. Migrants are
under the selection of balancing time and energy con-
sumption of the long-distance migration during their
long-distance migration (energy seems more vital for
BRAM). Further investigations are needed to include
multiple avian taxonomies for exploring potential phy-
logenetic effects and their metabolic and molecular
alternations to expand our understanding of evolution
in the efficiency of airborne travel.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/540657-020-00211-y.

Additional file 1: Movie S1. TRSP top view.
Additional file 2: Movie S2. TRSP side view.
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