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Hand-Wing Index as a surrogate for dispersal ability: the
case of the Emberizoidea (Aves: Passeriformes) radiation
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Measuring the dispersal ability of birds is particularly challenging and thus researchers have relied on the extended
use of morphological proxies as surrogates for such ability. However, few studies have tested the relationship between
morphological proxies and other dispersal-related traits. In this study, we test the relationship of the most commonly
used morphological proxy for dispersal—the Hand-Wing Index (HWI)—with traits highly associated with dispersal
abilities, such as geographic range size, migratory behaviour and migratory distances. We used the Emberizoidea
superfamily to evaluate these relationships and measured the HWI of 2520 individuals from 431 species (almost half
of all the species in the superfamily). We first estimated the phylogenetic signal of HWI and searched for the best
evolutionary model to explain its variation. We then performed PGLS analyses to assess the relationships between
HWTI and dispersal abilities. Our results showed that HWI has a strong phylogenetic signal and is positively related
to dispersal abilities. Our findings support the use of HWI as a viable morphological proxy for dispersal in birds.
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INTRODUCTION

Dispersal is a universal process with consequences
for the ecology and evolution of species (Gadgil,
1971; Bowler & Benton, 2005; Burgess et al., 2016;
Claramunt, 2021). For example, dispersal determines
colonization and recruitment rates of new individuals
into populations across space, potentially governing
gene flow within metapopulations (Kokko & Lopez-
Sepulcre, 2006; Burgess et al., 2016). As such, dispersal
is an important process underlying the conservation
and recovery of wildlife populations in habitat change
and loss (Claramunt et al., 2012; Smith et al., 2014;
Kennedy et al., 2016; Sheard et al., 2020). Moreover,
dispersal traits can also help us understand species
distributions (Ree & Smith, 2008) and responses to
biological invasions (Capinha et al., 2015), climate
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change (Travis et al., 2013) and land-use changes
(Bregman et al., 2014).

However, measuring dispersal is often difficult
since it requires expensive and complicated methods
(Claramunt & Wright, 2017; Sheard et al., 2020).
Despite improved technologies and much effort to
directly measure animal movement, dispersal data
is scant. For instance, the most comprehensive
dispersal data for vertebrates contain only 75 bird
species [(Paradis et al., 1998), recently expanded to
114 in Weeks et al. (2022)] and 57 mammal species
(Tucker et al., 2018). The inherent difficulty of directly
measuring dispersal has led to the widespread use
of biometric indices as proxies for dispersal abilities
(Claramunt & Wright, 2017; Sheard et al., 2020;
Fudickar et al., 2021). In birds, wing shape metrics
are the most common dispersal proxies given their
relationship with flight efficiency and mobility
(Monkkonen, 1995; Lockwood et al., 1998; Claramunt,
2021). Moreover, in many species the wing shape of
birds has evolved under the selection pressures of
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migration (Lockwood et al., 1998; Dawideit et al., 2009;
Kennedy et al., 2016; Sheard et al., 2020), where
migratory birds have more elongated wings compared
to closely related non-migratory species (Lockwood
et al., 1998).

Several wing shape metrics such as aspect ratio,
Kipp’s distance, wing pointedness and Hand-Wing
Index (HWI) are known to correlate with flight
efficiency and metabolic demands; traits thought to
be critical in bird dispersal abilities (Claramunt et al.,
2012; Claramunt & Wright, 2017). For instance, avian
aerodynamic models have shown that wings with a
high aspect ratio are more efficient for long-distance
flights (Pennycuick, 2008). The HWI, which is positively
correlated with aspect ratio (Lockwood et al., 1998;
Claramunt et al., 2012) and can be measured using
museum specimen skins, has become the predominant
proxy for bird dispersal abilities in macroecological
and macroevolutionary studies (Claramunt et al.,
2012; Bitton & Graham, 2015; Kennedy et al., 2016;
White, 2016; Stoddard et al., 2017; Sheard et al., 2020;
Stojanovic et al., 2020). HWI, as a proxy of dispersal
ability, has also been suggested to influence historical
distribution and colonization dynamics in corvids
(Kennedy et al., 2016), thamnoflilids, and tyrannids
(Capurucho et al., 2020). However, few studies have
directly addressed the relationship between HWI and
other dispersal-related traits (Lockwood et al., 1998;
Dawideit et al., 2009; Baldwin et al., 2010), including
a couple of recent studies relating it to natal dispersal
distances (Claramunt, 2021; Weeks et al., 2022). Natal
dispersal distances are also difficult to obtain, requiring
capture-mark-recapture efforts (Paradis et al., 1998),
and thus other traits are usually employed to describe
birds’ dispersal ability.

Total geographic range size, migratory behaviour
and migratory distance are the most common traits
used to characterize dispersal ability (Paradis et al.,
1998; Schwarz & Bairlein, 2004; Alzate & Onstein,
2021). Indeed, species that are good dispersers often
have large geographic ranges and migrate long
distances, and some are experiencing range expansion
(Paradis et al., 1998; Holt, 2003; Schwarz & Bairlein,
2004; Claramunt, 2021). More specifically, range size
is thought to be a likely result of species’ dispersal
ability and its ecological and evolutionary effects on
demography, colonization and gene flow (Brown et al.,
1996; Gaston, 2003; Lester et al., 2007). For example,
it is usually assumed that species with high dispersal
ability can colonize different areas and thus attain
large range sizes or that dispersal affects gene flow
and thus local adaption and speciation, with low
dispersal being associated with low gene flow and high
isolation resulting in small range sizes (Lester et al.,
2007). Migratory behaviour has also been related to
dispersal ability in several bird clades (Lockwood

et al., 1998; Kennedy et al., 2016; Hosner et al., 2017,
Stoddard et al., 2017). For example, it has been shown
that migrant birds with high dispersal ability, such as
swallows, can successfully disperse and colonize new
areas through migration (Winkler et al., 2017; Areta
et al., 2021) and that some migratory bird species
appear to have expanded their distributional ranges
giving origin to non-migratory species (Hosner et al.,
2017). Recent studies have either supported (Sheard
et al., 2020) or questioned (Claramunt, 2021; Weeks
et al., 2022) the relationship between migratory
behaviour and dispersal ability, so its validity remains
to be determined. These studies have mainly focused
on migratory behaviour, comparing migrants vs. non-
migrants without explicitly considering migratory
distances (distance between breeding and wintering
ranges) among migrants, which can also be an essential
component of dispersal ability (Studds et al., 2008).

Here, we use phylogenetic approaches to test if
wing shape, as measured by HWI, is effectively
related to dispersal traits (i.e. geographic range size,
migratory behaviour and migratory distance). We
used the Emberizoidea superfamily to conduct our
investigation. The Emberizoidea superfamily was
previously known as part of the New World’s nine-
primaried Oscines (Barker et al., 2004), comprising
a diverse monophyletic clade with species with
contrasting geographic ranges, different migratory
behaviours and distinct migratory distances (Barker
et al., 2015). Therefore, we consider it a particularly
appropriate clade to test the relationship of HWI with
differential dispersal abilities.

MATERIAL AND METHODS

WING MORPHOLOGY

We used HWI, which is related to the aspect ratio of the
wing and Kipp’s distance (Claramunt et al., 2012). We
calculated HWI following Claramunt et al. (2012) as:

WL — SL
WL )

We used the standard length of the closed wing (WL)
and distance from the carpal joint to the tip of the first
secondary feather (SL). In short, HWI values represent
the elongation of the wing, where high HWI values
indicate more elongated wings and low HWI values
less elongated wings.

We estimated the HWI in Emberizoidea using
museum specimens. The lead author measured WL
and SL of 2520 individuals from 490 species (~58% of
the species in the superfamily). We selected at least
two males and two females when possible, excluding
all specimens labelled as juveniles. We measured a
mean of five individuals per species. All individuals

HWI = 100(
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were measured using a standard banding wing and
tail ruler at the Carnegie Museum of Natural History.
Despite the existence of recent wing trait databases,
such as AVONET (Tobias et al., 2022), we decided to
use our own measurements because the same person
made them. With this, we minimized the inconsistency
in measurements and the error associated with the lack
of data for migrant species in our clade in said database.

PHYLOGENETIC AND GEOGRAPHIC DATA

We used the Maximum Clade Credibility (MCC)
tree of a calibrated species-level phylogeny of
the Emberizoidea superfamily containing the
relationships of 795 species (Barker et al., 2015).
The geographic data was obtained from BirdLife
International (BirdLife International & Handbook of
the Birds of the World, 2019). Unfortunately, several
species (32) had their geographic data protected, so
we considered only 431 species with enough data (i.e.
HWI, geographic and phylogenetic data) for further
analyses, where 319 species were classified as non-
migrants and 112 as migrants. The excluded species
did not have extreme HWI or range size values
(Supporting Information, Figs S1, S2), thus we do
not expect them to influence our results. Our final
set of species comprises representatives of different
clades within the superfamily Emberizoidea, such as
Parulidae (N = 78), Icteridae (IN = 75), Passerellidae
(N = 83), Cardinalidae (N = 33), Emberizidae (N = 16)
and Thraupidae (N = 133).

GEOGRAPHIC RANGE, MIGRANT BEHAVIOUR AND
MIGRATORY DISTANCE

We obtained geographic range size by calculating
the sum of polygon areas corresponding to ranges
where birds were year-round residents, breeding and
wintering for all species considered in the analyses.
Before the area calculation, all polygons were projected
to an equal-area projection (Eckert VI). Next, we
designated 112 species as migrants based on spatially
separate breeding and wintering ranges reported by
the BirdLife maps. Migrant species represented mainly
Parulidae (N = 42), Passerellidae (N = 28), Icteridae
(IV = 13), Cardinalidae (N = 10) and Emberizidae
(N = 10) families. Finally, for each migrant species, we
calculated migratory distance as the geodesic distance
between the midpoints of the breeding and wintering
ranges using the equidistant cylindrical projection and
the ‘geodist’ package for R (Padgham et al., 2020).

PHYLOGENETIC ANALYSES

We evaluated the phylogenetic signal of HWI using
Pagel’s lambda and Blomberg’s K using the R package

‘phytools’ (Revell, 2012) to test for phylogenetic
independence of the trait. We also evaluated and
compared the fit of the most common models of
trait evolution (i.e. Brownian Motion, Ornstein—
Uhlenbeck, Early Burst and White Noise) to identify
the evolutionary processes underlying the observed
variation of HWI among species (Minkemiiller
et al., 2012). To assess the relationship between
wing morphology and other traits widely regarded
as indicative of dispersal abilities (e.g. range size,
migratory distance and migratory behaviour), we used
phylogenetic regressions (PGLS) and PhyloANOVA
using the ‘phytools’ and ‘caper’ R packages (Orme
et al., 2018). We assessed the relationship between
HWI—as a predictor variable—and geographic range
size—as a response variable—comparing the fit of
two PGLS models, one including and one excluding
migratory behaviour (migrant and non-migrant). Then,
considering only the 112 migrant species, we fitted a
third PGLS model to test the relationship between
HWTI and migratory distance. Finally, we performed
a PhyloANOVA to determine if migratory behaviour
influenced wing shape by comparing the HWI between
migrants and non-migrants. Geographic range size
was log-transformed to account for the large difference
in the area across some species (i.e. small islands to
most of the North American continent).

RESULTS

The HWI of Emberizoidea species had a mean value
of 21.44 (median: 21.34), whereas the non-migrants
had an average HWI of 19.14 and the migrant species
of 26.98. The lowest value (HWI 6.43) was Arremon
phaeopleurus (Caracas brushfinch)—a member of
the Passerellidae family confined to the western
mountains of Venezuela—and the highest values
(HWI = 39.47) belonged to Calcarius pictus (Smith’s
longspur) and Plectrophenax nivalis (snow bunting),
both migratory species of the Calcariidae family
(BirdLife International & Handbook of the Birds of the
World, 2019).

HWI showed significant phylogenetic signal
(A.=0.831,P<0.01; K=0.452, P < 0.01). The Ornstein—
Uhlenbeck (OU) model showed the best fit for explaining
HWTI evolution (a = 0.120; 02 = 11.78; phylogenetic
half-life = 5.73; Supporting Information, Table S1). We
found a positive and significant relationship between
HWTI and geographic range size in both the general
model (§ = 0.169; pseudo-R? = 0.158; P < 0.01, A = 0.44;
Supporting Information, Fig. S3) and the model
accounting for migratory behaviour (pseudo-R? = 0.237;
P <0.01; A =0.437; Fig. 1a). This relationship remained
positive and significant for both migrants (f = 0.149;
P <0.01) and non-migrants (f = 0.0747; P < 0.01). The
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Figure 1. Birds with more elongated wings tend to have longer dispersal abilities than birds with rounder wings, as
shown by their (a) geographic range size and (b) migrant behaviour. The model fitted in (a) represents the values of the
PGLS where log-area was predicted by HWI considering their migratory behaviour. In the map, the areas comprising USA
and Canada represent the breeding distribution and elongated wing shape of the migrant American redstart (Setophaga
ruticilla), whereas the areas comprising Mexico, the Caribbean, Central America and northern South America represent
its winter range. The range encompassing only northern South America and round wing shape represents the geographic
distribution of the non-migrant yellow oriole (Icterus nigrogularis; HWI= 14.66).

model accounting for the migratory behaviour provided
a better fit than the one excluding it (Supporting
Information, Table S2). The PhyloANOVA of HWI
predicted by migratory behaviour showed a significant
difference in the wing shape between migrant and non-
migrant species (F =172.27; P < 0.01; . = 0.75; Fig. 1b),
where non-migrant species displayed rounder wings.
Accordingly, the PGLS where HWI predicted migration
distance showed a positive and significant relationship
(p =111.492; pseudo-R? = 0.145; P < 0.01; A = 0.076; Fig.
2), implying that species with more elongated wings
perform longer migratory distances.

DISCUSSION

We showed that bird wing morphology, specifically HWI,
has a strong phylogenetic signal and shows positive
and significant relationships with biogeographical
and ecological traits related to dispersal abilities.
Our results support recent findings relating HWI
and direct measures of natal dispersal distances
(Claramunt, 2021; Weeks et al., 2022). Specifically, we
found that Emberizoidea species with more elongated
wings have larger geographic range sizes, regardless
of their migratory behaviour (Fig. 1a; Supporting
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Figure 2. Positive relationship of HWI with geodesic
distance between breeding and wintering areas of migrant
species.

Information, Table S2). We also found that migratory
species tend to have more elongated wings than non-
migratory species (Fig. 1b). Even among migratory
species, wing shape is significantly related to their
migratory distance (Fig. 2).

HWI of emberizoid species showed a significant
phylogenetic signal, suggesting that the wing shape
of species across the Emberizoidea radiation is more
similar among closely related than distantly related
species. This finding was supported by the two most
common measures of phylogenetic signal; Pagel’s
lambda and Blomberg’s K. Moreover, our model-fitting
approach indicated that the evolution of HWI can be
explained by a constrained evolutionary process that
supports phylogenetic niche conservatism (i.e. the
tendency of species to retain ancestral characteristics;
Minkemiiller et al., 2012), as suggested by the
best-fitting OU model. A similar finding of strong,
but higher, phylogenetic signal was found for the
relatively short-winged birds of the Furnariidae
family (median HWI = 15.7, Pagel’s lambda = 0.99)
by Claramunt et al. (2012). However, contrary to
our findings for Emberizoidea, these authors found
that a Brownian motion model best-explained wing
shape evolution in the Furnariids. These differences
between Emberizoidea and Furnariidae clades,
although being different taxonomic levels, indicate
distinct evolutionary pathways of their wing shape
that may depend on their particular ecological and
evolutionary settings. For example, emberizoids are
more geographically widespread and ecologically
varied than furnariids (Barker et al., 2015; Winkler
et al., 2020) which may ultimately determine the
strength and direction of evolution (Harmon, 2019).

In addition, compared to Furnariidae, Emberizoidea
comprises a higher number of migratory species that,
in turn, have more elongated wing shapes than their
non-migrant sister species (Lockwood et al., 1998;
Alerstam et al., 2003). This difference in wing shape
among closely related species within the Emberizoidea
would increase trait variation within the whole clade,
thus decreasing the values of its phylogenetic signal
compared to the Furnariidae.

Although the relationship between geographic
range size and dispersal abilities has been challenged
in recent years (Lester et al., 2007), the ecological
and evolutionary explanations for this relationship,
such as the ability of highly dispersive species to
colonize different areas and/or to reduce gene flow
and extinction risk, remain widely accepted (Alzate
& Onstein, 2021). In fact, a recent meta-analysis
by Alzate & Onstein (2021) found that, in birds, the
positive relationship between geographic range size
and dispersal proxies (e.g. wing morphology, flight
efficiency, natal dispersal distance) is persistent
at diverse taxonomic and spatial scales. Likewise,
the relationship between HWI and dispersal has
been questioned, arguing that other morphological
measurements that affect flight efficiency (e.g. aspect
ratio, lift-to-drag ratio) may better explain dispersal
abilities in birds (Claramunt, 2021). Nonetheless,
our findings confirm the recent ones made by Sheard
et al. (2020), showing that geographic range size is a
significant predictor of wing shape and vice versa. The
significant relationship between HWI and geographic
range size in different avian lineages indicates the
high viability of HWI as a dispersal proxy for birds
when direct dispersal measures are unavailable.

Migratory behaviour has also been shown toinfluence
the wing shape of bird species (Monkkonen, 1995;
Lockwood et al., 1998; Sheard et al., 2020). For example,
the recent global analysis of Sheard et al. (2020) found
that migratory behaviour was a strong predictor of
HWT across avian radiation and suggested that this
metric is mechanistically linked to flight ability and
the capacity to overcome geographic barriers. Agreeing
with this global finding, we found that wing shape
of Emberizoidea is significantly different between
migratory and non-migratory species, and species
that participate in lengthy seasonal migrations tend
to have more elongated wings better suited for faster
and more efficient flights (Lockwood et al., 1998). In
contrast, two more recent studies (Claramunt, 2021;
Weeks et al., 2022) on smaller species sets (75 and 114,
respectively) did not find differences in natal dispersal
distances between migratory and non-migratory
species, mainly due to philopatry in the former, but
that such dispersal distances are still positively related
with HWI. Still, other studies found a relationship
between flight efficiency, as described by migratory
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behaviour (Winkler et al., 2017; Areta et al., 2021)
and HWI (Hosner et al., 2017), and dispersal via
range expansion, suggesting altogether that dispersal
may indeed be related to migration but constrained
by factors such as philopatry (Claramunt, 2021) and
the dependence of successful colonization on other
species requirements [e.g. niche breath, trophic level
or population abundance (Gaston, 2003)].

While the relationship between dispersal and
migration needs further testing for its generality, our
findings and those of others (e.g. Sheard et al., 2020)
prove that migratory birds have more elongated
wings that non-migrants. The mechanisms of this
morphological-migratory relationship remain elusive,
mainly because of the dual possibility that migratory
behaviour selects for wing shape or vice versa
(Monkkonen, 1995). Migration or nomadism would
generate selection for more elongated wings (Stojanovic
et al., 2020). At the same time, sedentarism would
favour the selection for rounder wings benefiting from
increased manoeuvrability for foraging and predator
avoidance or diet and substrate specialization (Bitton
& Graham, 2015). Accordingly, recent studies (Bitton
& Graham, 2015; Stojanovic et al., 2020), including
our findings, suggest that wing shape may result from
the pressure of particular movement needs, such as
displacement and foraging (Claramunt, 2021).

We also described a positive and significant
relationship between HWI and migratory distances
in migratory species. This finding may have resulted
from the complex interaction between dispersal ability,
migratory behaviour, morphological adaptations
(Claramunt, 2021) and the non-linearity of migratory
distances caused by stopovers (Parker, 1994). On the
one hand, the sustenance of long-distance migratory
flights cannot be accounted for by morphology alone
(Claramunt, 2021), requiring physiological adaptations
(Baldwin et al., 2010). On the other hand, the stopovers
that birds conduct throughout their migrations
(Mehlman et al., 2005) might undermine the flight
efficiency provided by their wing shape for dispersal.
Stopovers, in this case, would give resting stops that
could prevent migrants from using their optimal
dispersal distance given their wing shape or allow non-
efficient fliers to migrate long distances. Nonetheless,
migrants with less efficient wings (i.e. rounder-shaped
wings) would still be more affected by adverse weather
conditions (Saino et al., 2010) and would have closer
stopovers (Buler et al., 2017). Therefore, migrants
with rounder wings would have shorter migratory
distances due to a lack of energy or time for straying
further away from their natal distribution (Claramunt,
2021), reinforcing our results that migratory distance is
positively related to the wing shape.

Our findings confirm that HWI is significantly and
positively related to traits indicative of birds’ dispersal

and flight abilities. Although additional evidence
suggests that other measurements, such as the drag-
to-lift ratio, might perform slightly better in predicting
natal dispersal for birds (Claramunt, 2021), the
relative ease of measurement of HWI—primarily via
museum specimens—compared to other morphological
traits, makes it an accessible proxy for dispersal when
available.
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Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Table S1. Comparison among different evolutionary models (Ornstein—Uhlenbeck, Brownian motion, Early Burst
and White Noise) fitted to HWI for the Emberizoidea superfamily.

Table S2. Akaike scores for the PGLS models relating HWI and geographic range area

Figure S1. Distribution of HWI in Emberizoidea, the blue-coloured bars indicate species for which geographic
range area could not be calculated using the methods stated in the manuscript.

Figure S2. Geographic range size predicted by HWI with the inclusion species whose area could not be calculated
using the methods stated in the manuscript. The approximate geographic range size of these species (No-geodata)
was acquired from the Bird Life DataZone and the ITUCN Red List.

Figure S3. Positive, general relationship of HWI and geographic range size for Emberizoidea.
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