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Is wing morphology across
birds associated with life
history and sociality?

Guy Beauchamp*

Independent Researcher, Montréal, QC, Canada
Wings in birds vary tremendously in size and shape across species. Ecological

needs are thought to shape variation across species in wing morphology over

evolutionary times. For instance, demands for energetic efficiency in species that

fly long distances have produced long and narrow wings with a high aspect ratio.

Demand for maneuverability in cluttered habitats or to escape predators more

easily have favored wings with large areas relative to body size producing a low

wing loading. The association between ecological needs and wingmorphology is

complex, however, and could involve other ecological variables. Here, I draw

attention to two ecological factors that have received little attention, namely, life

history and sociality. Species at the slow end of the life history continuum

emphasize adult survival over reproduction and are considered risk averse. I

predicted that such species would benefit from low wing loading and low aspect

ratio to increase maneuverability and the ability to escape predators. More

solitary species cannot rely on others in their groups to decrease predation

risk. I predicted that such species should also benefit from low wing loading and

low aspect ratio. Using data from the literature on wing loading and aspect ratio

in a large number of species, I examined these predictions in a phylogenetic

framework including several potentially confounding ecological variables that

have been previously linked to wing morphology such as habitat, lifestyle, and

migration. As predicted, more solitary species tended to have low wing loading

and low aspect ratio. Low wing loading was also more common in species at the

slow end of the life history continuum, but aspect ratio was higher than

predicted. Overall, the results support the idea that life history and sociality can

predict variation across species in wing morphology and highlight the effect of

predation risk on the evolution of wing morphology in birds.

KEYWORDS

annual adult survival, aspect ratio, flocking, phylogenetic linear mixed model,
wing loading
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1 Introduction

Wings are a defining trait in many species of animals including

insects, birds and some mammals. Generally, the ability to fly allows

individuals to escape more easily from predators and poor

conditions providing a clear evolutionary advantage. Volant

vertebrates, for instance, tend to live longer than their ground

counterparts of the same size (Healy et al., 2014). Wings in birds

achieve this success despite tremendous variation in size and shape

across species. To sustain flight in birds of different sizes, wing size

varies allometrically with body size (Greenewalt, 1962; Rayner,

1988) although larger species tend to have relatively larger wings

than predicted from their size. In addition to changes expected from

body size variation, large variation in shape also occurs across

species ranging from long and narrow wings in species of seabirds

to short and broad wings in species like owls (Rayner, 1988).

Variation in size and in shape across species beyond allometric

considerations suggests that wing morphology is subject to selection

pressures. The current thinking is that variation in ecological needs

across species has shaped wing morphology over evolutionary times

(Rayner, 1988; Dial, 2003; Grilli et al., 2017; Lapsansky et al., 2022).

The avian wing is a complex structure and several wing features

could be shaped by evolutionary pressures. This includes overall

wing length and area, but also more specific features like armwing

and handwing length, wingtip shape along with traits related to the

supporting locomotor apparatus like bone shape and muscle length

(Biewener, 2011; Wang and Clarke, 2015; Baumgart et al., 2021).

Two metrics, in particular, have often been used to characterize

wing morphology (Norberg, 1990). Wing loading refers to the ratio

between body mass and total wing area so that wing loading is low

in species with large wings relative to their body size. Aspect ratio

measures how pointy the wings are by relating wingspan to total

wing area. Long, narrow wings thus have a high aspect ratio.

Combinations of these two metrics have important consequences

for flight type and maneuverability (Norberg, 1990; Dudley, 2002).

Researchers have thus sought to relate variation across species in

wing loading and aspect ratio to ecological needs associated with

factors such as migration, lifestyle, and predation risk (Swaddle and

Lockwood, 1998).

The need to fly long distances during migration or to forage for

long periods on the wing is associated with low wing loading and

high aspect ratio across birds (Minias et al., 2015; Vincze et al., 2019;

Evans, 2021), two features that increase the energetic efficiency of

flight (Norberg, 1990). Foraging under water, a substrate that offers

more resistance to movement than air, has been linked to the

evolution of relatively short wings with high loading as a means to

reduce the cost of movements under water (Elliott et al., 2013).

However, an aquatic environment might also reduce the need for

maneuverability during flight due to lack of obstacles, which would

relax selection against wings with a high loading (Lapsansky et al.,

2022). Cluttered terrestrial habitats, by contrast, with more

obstacles to flight should increase selection pressure for low wing

loading to increase maneuverability (Van Hooydonck et al., 2009;

Desrochers, 2010; Saino et al., 2017).

Adaptations related to wing morphology can also be viewed as

the outcome of interactions with predators (Hedenstrom and
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Rosen, 2001). Low wing loading is thought to produce greater lift,

which would facilitate escape from predators from stationary

positions. Escape speed thus typically increases when birds carry

less weight for a given wing size (Burns and Ydenberg, 2002; Krams,

2002) making birds with a higher wing loading more vulnerable to

attacks (Bednekoff, 1996). In addition, low wing loading can also

increase turning maneuverability when airborne (van den Hout

et al., 2010) reducing the odds of capture by pursuing predators.

Low aspect ratio is thought to increase flight performance during

escape. Low aspect ratio reduces inertia, a crucial component to get

airborne rapidly (van den Hout et al., 2010). Any ecological niche

that reduces exposure to predators should relax selection for a

particular wing morphology. For instance, in aquatic habitats, the

ability to dive to escape predators might relax selection against high

wing loading (Lapsansky et al., 2022).

Research on wing morphology thus far has identified many

ecological correlates. Additional work, however, is needed to get a

fuller picture. Recent studies, for instance, have shown that earlier

conjectures about wing morphology are not necessarily supported

in large-scale comparative analyses (Baumgart et al., 2021;

Lapsansky et al., 2022), suggesting that the association between

ecological needs and wing morphology might be more complex

than once thought and could involve other ecological variables.

Here, I draw attention to two ecological factors that have received

little attention, namely, life history and sociality. Life history is

typically viewed as a continuum of strategies involving trade-offs

between reproduction and survival (Roff, 2002). At the slow end of

the continuum, species tend to produce fewer offspring and live

longer while species at the fast end have shorter lives but greater

reproduction. Species at the slow end of the continuum are

considered less likely to accept risk on themselves to ensure their

own survival and future ability to invest in reproduction. At the fast

end of the continuum, by contrast, species might accept more risk

on themselves since the probability of reproducing in the future is

small. Generally, species that emphasize adult survival and future

reproduction tend to be more cautious. Indeed, species at the slow

end of the continuum flee sooner when predators approach

(Blumstein, 2006; Gotanda et al., 2009; Møller and Liang, 2012)

and take fewer risks when raising young (Ghalambor and Martin,

2001). Wing morphology in species at the slow end of the life

history continuum should show features that reduce the likelihood

of capture by predators, such as low wing loading and low aspect

ratio, to increase maneuverability during flight.

In terms of sociality, some species live alone while others occur

in groups throughout their lives. Living in groups provides several

anti-predator advantages (Caro, 2005; Beauchamp, 2014). For

example, individuals in groups are more likely to detect predators

early and also benefit from the dilution of risk among all group

members. Supporting this conjecture, mortality is often lower in

groups with more individuals (Cash et al., 1993; Clutton-Brock

et al., 1999; Williams et al., 2003; Brown and Brown, 2004; Serrano

et al., 2005) or in species that feed in groups rather than alone

(Jullien and Clobert, 2000; Cruz-Angón et al., 2008; Srinivasan,

2019; Beauchamp, 2021). Death through predation is also lower in

species forming larger groups (Shultz et al., 2004; Beauchamp,

2023a). Solitary species cannot rely on others to decrease the risk
frontiersin.org
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of predation. As for species at the slow end of the life history

continuum, solitary species are likely to benefit from wings that

offer more maneuverability to escape predators more easily.

I tested the prediction that life history and sociality predict

variation in wing morphology across birds using a phylogenetic

approach. This is important as wing morphology tends to be similar

in more closely related species exposed to similar ecological factors

(Rayner, 1988; Wang and Clarke, 2015). In addition, I adopted a

multivariable approach to take into account the potential

confounding effects of other ecological variables. Indeed, life

history and sociality are associated with particular ecological

niches whose features could on their own directly influence wing

morphology. For instance, sociality as well as wing morphology are

associated with body size and lifestyle (Greenewalt, 1962; Rayner,

1988; Beauchamp, 2022). Migrating species share traits with species

at the slow end of the life history continuum such as high adult

survival (Winger and Pegan, 2021). Migration is also expected to

alter wing morphology (Minias et al., 2015; Vincze et al., 2019).

Therefore, to isolate the association between wing morphology and

life history or sociality, it is important to control for the possible

effect of body size, lifestyle and migration.
2 Methods

Neither the definition nor units of measurements of wing

loading and aspect ratio is consistent in the avian literature. For

the definition of wing loading, the main difference lies in the

inclusion or exclusion of the area of the body between the wings

(known as the root box). I opted to exclude the root box from wing

loading measurements to reduce potential variation caused by the

inclusion of measurements with or without the root box.

Nevertheless, these two measurements are highly correlated and

have similar ecological correlates (Vincze et al., 2019). Wing loading

thus refers to body mass divided by the total area of the two wings

excluding the root box (g cm-2). For aspect ratio, I also excluded the

root box and defined wingspan (cm) as twice the wing length

measured from the shoulder joint to the tip of the extended wing.

Aspect ratio is the square of wingspan divided by the total area of

the two wings (no units).

Using these definitions, I searched the avian literature for data

on wing loading or aspect ratio. I first consulted large-scale

published compilations (Banks, 1930; Poole, 1938; Hartman,

1961; Greenewalt, 1962; Greenewalt, 1975; Vincze et al., 2019;

Evans, 2021; Lapsansky et al., 2022; Fu et al., 2023; Gill, 2023). I

then made searches on Google Scholar for other sources using the

following key words: wing loading, aspect ratio, wing morphology. I

excluded studies that used other definitions of wing loading or

aspect ratio, and relied only on studies that measured wing length

and wing area directly from museum samples, recently dead birds

or live birds. I also excluded all flightless species of birds. When

sources distinguished between males and females, I opted for female

subjects to increase homogeneity among samples (Lapsansky et al.,

2022). This is because sexual selection can influence wing

morphology and induce differences between males and females

(Hedenström and Møller, 1992). Wing morphology can also change
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with age so I avoided samples obtained from juvenile birds. Average

body mass was obtained from the different specimens measured in

each study. When body mass was not provided, I used data from the

literature (Dunning, 2008).

I used a published source for information on sociality

(Beauchamp, 2022). The occurrence of flocking during foraging

was the metric for sociality. Flocking was defined as the occurrence

of roving groups including more than two adults searching for food,

excluding family parties. I distinguished between species that

regularly form flocks (flocking) and species that flock irregularly

(occasional) or not at all (solitary). I pooled the dataset on sociality

and the dataset on wing morphology to obtain a dataset including

species with full information on sociality and at least one

wing feature.

For each included species, I extracted information for other

variables from the literature (Table 1). From Beauchamp (2022), I

obtained data for annual adult survival and average clutch size. I

used a published standardized dataset for lifestyle, habitat, and

migration (Tobias et al., 2022). Lifestyle refers to the main substrate

used during foraging (e.g. aquatic or aerial). Habitats are classified

according to the extent of vegetation present. Migration status

distinguishes between year-round residents and short- or long-

distance migrants.

I used a phylogenetic generalized linear mixed model from the

phyr package (Ives et al., 2019), which included random effects as

well as a control for phylogenetic relatedness. The dependent

variable was wing loading in log10 scale in one model and aspect

ratio in log10 scale in the other. Given the strong correlation

between annual adult survival, body mass, and clutch size, I used

a phylogenetic PCA to extract independent components (Revell,

2012). For both wing loading and aspect ratio, the first extracted

component showed a strong negative load for annual adult survival

and a strong positive load for clutch size so that larger values on this

axis represented faster life histories (Table 2). The set of

independent variables in each model thus included body mass,

the PCA component for pace of life history, habitat, lifestyle,

migration, and sociality. I included study source as a random

effect to account for idiosyncratic differences among studies in

types of specimens included and measurement error. I also included

species as a random effect to account for multiple measurements for

each species. For phylogenetic relatedness, the variance–covariance

distance matrix was considered for the included species in each

model. The distance matrix was obtained from a 50% majority

consensus tree constructed from a set of 1000 phylogenetic trees

(Hackett et al., 2008). I used the ape package to obtain the consensus

tree and branch lengths (Paradis et al., 2004). I assessed

multicollinearity using variance inflating factors for the

independent variables included in each phylogenetic regression

model. All VIFs were below 4, indicating little or moderate

multicollinearity (O’Brien, 2007).
3 Results

For wing loading, the full dataset included 1373 measurements

from 647 species belonging to 112 families. The top five families
frontiersin.org
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were Laridae, Accipitridae, Scolopacidae, Procellaridae, and

Turdidae. Wing loading increased allometrically with body mass

(Table 3) and with faster life histories (Figure 1). Wing loading was

higher in aquatic species and lower in aerial species compared to

other lifestyles (Table 3; Figure 2). Wing loading was higher in

resident species, but was not related to habitat (Table 3; Figure 2).

Controlling for these co-factors, wing loading was lower in more

solitary species (Table 3; Figures 1 and 2).

For aspect ratio, I obtained 798 measurements from 520 species

belonging to 102 families. The top five families were Laridae,

Scolopacidae, Accipitridae, Picidae, and Turdidae. Aspect ratio

was not allometrically related to body mass (Table 4) and

decreased with faster life histories (Figure 3). Aspect ratio was

higher in more open habitats and in aerial species compared to

other species (Table 4; Figure 4). Aspect ratio was lower in resident

than in migratory species (Table 4; Figure 4). Controlling for these
Frontiers in Bird Science 04
co-factors, aspect ratio was lower in more solitary species

(Table 4; Figure 4).

4 Discussion

Using a phylogenetic approach, I examined whether life history

and sociality predict variation in wing morphology across birds. In a

large number of species occupying varied ecological niches, I found

some support for the hypothesis after controlling for potentially

confounding variables. More solitary species thus tended to have

low wing loading and low aspect ratio, two features that increase

maneuverability during flight. Species at the slow end of the life

history continuum tended to have low wing loading but contrary to

the prediction aspect ratio was larger than expected.

In the case of solitary species, which cannot rely on group

members to reduce predation risk, greater maneuverability through

low wing loading and low aspect ratio is expected to facilitate escape

from predators. Lower predation risk in more social species, by

contrast, appears to have relaxed selection against high wing

loading and high aspect ratio. Sociality in birds is more common

in open habitats and in aquatic species (Beauchamp, 2022). As

habitat and lifestyle can have a direct influence on wing morphology

(Rayner, 1988), the association between sociality and wing

morphology might occur indirectly through the effect of habitat

and lifestyle. Indeed, demands for maneuverability are considered

lower in more open habitats with fewer obstacles and high wing

loading is common in aquatic species (Rayner, 1988). Nevertheless,

the association between sociality and wing morphology persisted

after controlling for the effect of habitat and lifestyle.

The results fits with the idea that variation in predation risk

induced by sociality can shape wing morphology. Empirical

research generally supports an association between predation risk

and wing morphology but little attention has focused on sociality as

a correlate of wing morphology. For instance, across species of

birds, high aspect ratio is associated with longer flight initiation
TABLE 2 Results from a phylogenetic PCA for wing loading (n = 1373)
and aspect ratio (n = 798).

PC1 PC2 PC3

Wing loading

Cumulative proportion 0.46 0.77 1

Load: adult survival with arcsine square
root transformation

-0.74 -0.37 0.56

Load: body mass with log10 transformation -0.49 0.87 0.11

Load: clutch size with log10 transformation 0.77 0.19 0.51

Aspect ratio

Cumulative proportion 0.48 0.78 1

Load: adult survival with arcsine square
root transformation

-0.77 -0.26 0.58

Load: body mass with log10 transformation -0.52 0.85 -0.03

Load: clutch size with log10 transformation 0.76 0.32 0.56
frontie
TABLE 1 Definition of variables.

Variable Level Definition References

Body mass –
Body mass of the subjects
that provided wing data

Habitat Closed
Habitats with
dense vegetation

(Tobias
et al., 2022)

Semi-open
Habitats with sparse
vegetation (e.g., open forest
and shrubland)

Open
Habitats with little obstacles
(e.g., desert or water)

Lifestyle Aquatic
Foraging in aquatic habitats
(e.g. albatrosses, ducks,
and cormorants)

(Tobias
et al., 2022)

Aerial
Foraging in the air (e.g.
swallows,
swifts, hummingbirds)

Terrestrial
Foraging on the ground (e.g.
finches, grouse, crows)

Insessorial
Foraging at the surface of
substrates (e.g warblers,
woodpeckers, wrens)

Generalist
A mixed category (e.g.
gulls, thrushes)

Sociality Flocking Foraging in flocks most times
(Beauchamp,
2022)

Occasional
flocking

Foraging in flocks or alone

Solitary Foraging mostly alone

Migration Resident
No directional movement
during non-breeding season

(Tobias
et al., 2022)

Migrant
Short- or long-distance
directional movement during
non-breeding season

Life history –

PCA axis based on annual
adult survival and average
clutch size

This paper
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distances from approaching threats as predicted for species with less

maneuverable wings (Møller et al., 2013). When exposed to a

temporary increase in predation risk, species of birds often (but

not always) respond by decreasing wing loading (van den Hout

et al., 2010; Zimmer et al., 2011; Pascual and Senar, 2015; Walters

et al., 2017) presumably to facilitate escape from predators. Swaddle

and Lockwood (1998) showed that predation risk for a number of

small passerines exposed to one avian predator was lower for

species with a more rounded wingtip shape. While I did not

measure wingtip shape, rounded wingtip shape is associated with

greater lift of the sort produced by low wing loading. None of these

studies considered sociality as a correlate of wing morphology.

Comparing two species of shorebirds, Burns and Ydenberg (2002)

found that wing loading was lower in the species foraging in the

riskier habitat and that low wing loading allowed greater

acceleration from a stationary position, which would result in

faster escape from predators. They suggested that sociality

probably played a role because the species in the more exposed

habitat was also more solitary and could not rely on others as easily

to detect predators quickly. My results extend this observation to a

large number of species with varied ecological niches.

Wing morphology was also associated with the pace of life

history. In particular, wing loading was lower in species at the slow

end of the life history continuum, providing support to the idea that

more risk averse species tend to have low wing loading, which

would increase maneuverability and the ability to escape from

predators. Species at this end of the life history continuum

occupy niches that might have on their own an impact on wing

morphology. For instance, life history is associated with flocking

tendencies in birds (Beauchamp, 2022) and migration (Winger and

Pegan, 2021). However, the results show that life history is

associated with wing morphology independently of flocking and

other potentially confounding variables such as migration. Species

at the slow end of the continuum flee sooner when predators

approach (Blumstein, 2006; Gotanda et al., 2009; Møller and

Liang, 2012), which is compatible with the idea that such species

are risk averse. My results show that such species also have wing

traits that can reduce predation risk. This is similar to the finding

that species at the slow end of the life history continuum have larger

eyes than expected from their size, which would facilitate the early

detection of threats (Beauchamp, 2023b).

Contrary to expectation, aspect ratio was higher for species at

the slow end of the life history continuum. High aspect ratio is

typically associated with an aerial lifestyle, migration, and open

habitats (Rayner, 1988; Vágási et al., 2016; Evans, 2021). Such wings

reduce the cost of long flights and are suited to open habitats with

fewer obstacles and less demands for maneuverability. I found

support for all these associations suggesting that the effect of life

history on aspect ratio was independent of these ecological factors.

Species at the slow end of the life history continuum often live in

environments with little predation pressure on adults such as

islands (Covas, 2012). Relaxed predation pressure for such species

might reduce investment in maintaining a strong flight apparatus

and could explain why aspect ratio is high in such species (Gill,

2023). However, relaxed predation pressure would likely be

associated with high wing loading as well, but I found that wing
FIGURE 1

Association between residual wing loading and pace of life history in
birds. The association is illustrated for various categories of sociality
(flocking, occasional flocking, and solitary). Residuals are taken from
the full phylogenetic model with all variables minus the pace of life
history and sociality. Larger residuals indicate that wing loading is
larger than predicted given the size of a species and its ecology.
TABLE 3 Results from a phylogenetic linear model for the effect of body
mass, habitat, lifestyle, sociality, migration, and life history on wing
loading in birds (n = 1373).

Factor Level
Estimate
(SEM)

p-
Value

Fixed effects

Intercept – -1.034 (0.026) <0.0001

Body mass – 0.32 (0.0096) <0.0001

Habitat Semi-open vs. closed -0.013 (0.013) 0.31

Open vs. closed -0.0075 (0.0150 0.62

Lifestyle Aerial vs. terrestrial -0.042 (0.017) 0.01

Aquatic vs. terrestrial 0.27 (0.020) <0.0001

Generalist vs. terrestrial 0.023 (0.0150) 0.11

Insessorial vs. terrestrial -0.064 (0.014) <0.0001

Sociality
Occasional flocking
vs. flocking

-0.034 (0.012) 0.004

Solitary vs. flocking -0.026 (0.011) 0.02

Migration Short-range vs. resident -0.073 (0.014) <0.0001

Long-range vs. resident -0.039 (0.011) 0.0005

Pace-of-life
axis (PC1)

– 0.18 (0.037) <0.0001

Random effects

Study source – 0.0028

Species – 0.011

Residual – 0.0026
Estimates are in log10 scale.
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A B
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FIGURE 2

The relationship between residual wing loading and ecological variables in birds (A: Sociality; B: Lifestyle; C: Migration; D: Habitat). Residuals are taken from the full
phylogenetic model with all variables minus the target variable. Larger residuals indicate that wing loading is larger than predicted given the size of a species and its
ecology. Grey-filled violin plots show the distribution of the data. Box and whisker plots show the mean and interquartile range, and the whiskers extend to 1.5
times the interquartile range (outliers are shown as dots). The sample size for each category is shown under each box. Results from post-hoc testing between pairs
of means are shown under each box: means with different letters were significantly different after the Benjamini-Hochberg sequential adjustment procedure.
TABLE 4 Results from a phylogenetic linear model for the effect of body mass, habitat, lifestyle, sociality, migration, and life history on aspect ratio in
birds (n = 798).

Factor Level Estimate (SEM) p-Value

Fixed effects

Intercept – 0.64 (0.026)

Body mass 0.0046 (0.0077) 0.55

Habitat Semi-open vs. closed 0.0039 (0.010) 0.70

Open vs. closed 0.072 (0.011) <0.0001

Lifestyle Aerial vs. terrestrial 0.099 (0.013) <0.0001

Aquatic vs. terrestrial 0.023 (0.015) 0.13

Generalist vs. terrestrial -0.0097 (0.011) 0.38

Insessorial vs. terrestrial -0.017 (0.011) 0.11

Sociality Occasional flocking vs. flocking -0.019 (0.0089) 0.03

Solitary vs. flocking -0.028 (0.0087) 0.001

Migration Short-range vs. resident 0.054 (0.010) <0.0001

Long-range vs. resident 0.070 (0.0087) <0.0001

Pace-of-life axis (PC1) – -0.22 (0.026) <0.0001

Random effects

Study source – 0.0064

Species – 0.0051

Residual – 0.00092
F
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loading was actually lower in such species ruling out relaxed

predation pressure. As pointed out by other researchers, the

association between ecological needs and wing morphology is

complex and more work is needed to get a full picture (Baumgart

et al., 2021; Lapsansky et al., 2022).

I found support for expected associations between ecological

needs and wing morphology. For instance, wing loading increased
Frontiers in Bird Science 07
with body mass, was higher in aquatic species, and lower in aerial

species or in migrating species (Rayner, 1988; Minias et al., 2015;

Vincze et al., 2019; Evans, 2021; Lapsansky et al., 2022). Aspect

ratio, as expected, was higher in aerial species, in migratory species,

and in more open habitats (Rayner, 1988; Minias et al., 2015; Vincze

et al., 2019; Evans, 2021). This suggests that these effects are robust

across studies with different samples of species. In addition, the
A B

DC

FIGURE 4

The relationship between residual aspect ratio and ecological variables in birds. (A: Sociality; B: Lifestyle; C: Migration; D: Habitat). Residuals are
taken from the full phylogenetic model with all variables minus the target variable. Larger residuals indicate that aspect ratio is larger than predicted
given the size of a species and its ecology. Grey-filled violin plots show the distribution of the data. Box and whisker plots show the mean and
interquartile range, and the whiskers extend to 1.5 times the interquartile range (outliers are shown as dots). The sample size for each category is
shown under each box. Results from post-hoc testing between pairs of means are shown under each box: means with different letters were
significantly different after the Benjamini-Hochberg sequential adjustment procedure.
FIGURE 3

Association between residual aspect ratio and pace of life history in birds. The association is illustrated for various categories of sociality (flocking,
occasional flocking, and solitary). Residuals are taken from the full phylogenetic model with all variables minus the pace of life history and sociality.
Larger residuals indicate that aspect ratio is larger than predicted given the size of a species and its ecology.
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inclusion of species with varied lifestyles and from various habitats

reduced possible inclusion bias.

My study has limitations. While the sample size here was

relatively large, I could only sample a fraction of the total number

of known avian species (< 10%). Because I sampled species with a

known pace of life history, the study is biased toward species from

countries with a long ornithological research history such as North

America, Europe, and Australia. Therefore, a broader sample of

species is needed to assess the robustness of the conclusions. I

focused on two wing traits (wing loading and aspect ratio), which

have been used frequently in comparative analyses of flight among

species (Norberg, 1990). Nevertheless , such summary

measurements may not fully capture the effect of ecology on wing

morphology (Rayner, 1988; Baumgart et al., 2021). For the above

measurements, I also ignored the area between the two wings as well

as the tail, which are all involved in providing lift during flight

(Pennycuick, 1989). Tail features, in particular, have been linked to

ecological needs (Norberg and Boycott, 1979; Thomas and

Balmford, 1995; Hedenström, 2002). Future studies could thus

used other available measurements of wing morphology and also

extend the analysis to the tail. Wing morphology is shaped by

different environmental factors including habitat, lifestyle, and

migration, which I considered in my analysis. However, I ignored

the potential use of wings for sexual displays as systematic

information on their occurrence was not widely available.

Nevertheless, it is clear that wing features can be adapted to the

production of sexual displays (Hedenström and Møller, 1992).

In conclusion, life history and sociality can predict variation

across species in two aspects of wing morphology, wing loading and

aspect ratio. This study highlights the importance of predation risk

acting through life history and sociality in shaping wing

morphology across species of birds.
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