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Simple Summary

The wings of birds are finely tuned by evolution to meet specific ecological demands. We
investigated this assumption by comparing the wing morphology of three migratory war-
blers that have a common ancestry—the Garden Warbler, Eurasian Blackcap, and Common
Whitethroat—during their autumn stopover on the Greek island of Antikythera. Our anal-
ysis combined traditional biometrics with geometric morphometrics to reveal distinct wing
shapes aligned with each species’ behavior. The Garden Warbler’s long, pointed wings
are adapted for energy-efficient, long-distance flight. In contrast, the Eurasian Blackcap’s
shorter, rounder wings provide superior maneuverability for navigating dense foliage. The
Common Whitethroat exhibited an intermediate form, balancing both efficiency and agility.
These findings underscore how morphology reflects a species’ lifestyle and improve our
understanding of how physical adaptations relate to different environments and migration
challenges. These insights are particularly relevant in the context of habitat fragmentation
and climate change, as wing morphology is often used to indicate dispersal ability and
species resilience.

Abstract

Avian morphology is a product of complex interactions among ecology, behavioral traits,
and phylogeny. The wing, as a primary aerodynamic structure, is particularly indicative of
these selective pressures, which are especially pronounced in migratory species. This study
investigates interspecific variation in wing morphology among three migratory warblers of
the family Sylviidae: the Garden Warbler (Sylvia borin), Eurasian Blackcap (Sylvia atricapilla),
and Common Whitethroat (Curruca communis). We combined traditional morphometric
measurements (body mass, wing length, primary feather lengths, and wing area) with
functional aerodynamic indices (wing loading, aspect ratio, Kipp’s index) and geometric
morphometric analysis of wing shape. Data were collected during autumn migration on
the Greek island of Antikythera, a key stopover site in the Mediterranean. Our analysis re-
vealed distinct morphological adaptations: Garden Warblers possessed elongated, pointed
wings with a high aspect ratio, indicative of selection for long-distance, energy-efficient
flight. Conversely, Eurasian Blackcaps exhibited shorter, rounder wings, a morphology
associated with high maneuverability and quicker takeoffs in dense habitats. Common
Whitethroat displayed an intermediate wing morphology, balancing aerodynamic effi-
ciency with maneuverability. These findings possibly demonstrate how wing morphology
reflects a compromise shaped by selective pressures, including migratory distance, habitat
structure, foraging behavior and predation risk.
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1. Introduction

The morphology of an organism is the outcome of a dynamic interaction between in-
trinsic structure and extrinsic pressures. It reflects a reciprocal process where environmental
demands shape functional design, which in turn defines the ecological opportunities and
constraints an organism faces [1,2]. Wing morphology is a key component of the functional
anatomy of birds, forming the principal aerodynamic structure that enables flight across
nearly all avian taxa.

Because flight is a highly energy-demanding mode of locomotion, strong selective
pressures are exerted for optimal structure and form of the flight apparatus to enhance flight
performance and minimize energy expenditure [3-7]. Consequently, wing morphology
is subject to a complex suite of interacting and often opposing selective pressures [8],
resulting in functional trade-offs among the demands of many ecological and behavioral
variables [4,5,9]. These selective pressures are associated with migration and aerodynamic
efficiency [8,10-14], foraging strategies [15], habitat type [11,16], predation risk [17] and
spring phenology of vegetation at breeding grounds [18]. Wing morphology has been
shown to vary across different species, populations, age classes and sexes [14,19-22].

A fundamental trade-off exists between adaptations for efficient, sustained flight and
those for high maneuverability and rapid take-off. For birds undertaking long-distance
migrations, a substantial body of literature suggests that selection favors longer, more
pointed and higher aspect ratio wings (i.e., wingspan?/total wing area; [8,23-25]). Based
on avian flight aerodynamics [4,5], these types of wings minimize induced drag, as they
generate little lift due to weaker tip vortices [26], reducing the energetic cost of transport
and providing greater flight efficiency [5]. Wing sweep has also been shown to influence
aerodynamic performance, with more swept wings allowing for less drag during flapping
flight [27]. Conversely, shorter and rounder wings are known to generate greater lift
at the tip, shed larger vortices and hence create greater induced drag [26], providing
greater maneuverability and takeoff ability [11,23]. These wing traits are advantageous
for birds living and foraging in cluttered habitats with dense vegetation [4,28,29] or birds
susceptible to high ground predation rates [26]. Accordingly, wing morphology reflects
a compromise between selective pressures associated with migratory flight and habitat-
specific flight performance.

Investigating this adaptive compromise among species with differing degrees of relat-
edness can be informative, particularly when comparisons include both closely related taxa
and more distantly related species within the same family. The present study focuses on
three migratory passerines of the family Sylviidae: the Garden Warbler Sylvia borin (Bod-
daert, 1783), Eurasian Blackcap Sylvia atricapilla (Linnaeus, 1758) and Common Whitethroat
Curruca communis (Latham, 1787). These species are all widely distributed, medium-sized
Afro-Palearctic passerines (Figure 1), with most of their populations undertaking annual
migrations along the European—African flyway. Garden Warblers and Eurasian Blackcaps
are considered sister species, and Common Whitethroats represent a more distantly related
lineage within the family [30,31]. In addition, there is strong evidence of sympatry across
many parts of their breeding and migratory ranges [32-34].

The Garden Warbler and Common Whitethroat (hereafter “‘Whitethroat’) are long-
distance trans-Saharan migrants that breed across much of Europe and western Asia, and
winter in a wide range of areas in Africa [35-38]. The Eurasian Blackcap (hereafter ‘Black-
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cap’) exhibits striking variation in migratory patterns [39], ranging from long-distance
trans-Saharan populations to short-distance or resident populations in southern Europe
and North Africa [40]. Breeding populations of northern, central and eastern Europe
are obligatory migrants, whereas southern European and north-western African pop-
ulations are partial migrants, and Mediterranean and Atlantic Island populations are
primarily residents [41,42].

In this study, we investigated interspecific variation in wing size and shape among
the three Sylviid warblers, collecting data during their autumn passage from the small
island of Antikythera, Greece, located in the eastern Mediterranean Sea. Our objectives
were to a) achieve a holistic description of their wing morphology by using a combination
of traditional morphometric measurements, aerodynamic indices and landmark-based
geometric morphometric analyses and b) quantify differences in wing morphology among
the three species. We predicted that the trans-Saharan long-distance migrants (Garden
Warbler, Whitethroat) would exhibit more pointed and elongated wings compared to the
more variable Blackcap, based on principles of avian flight aerodynamics. Furthermore, we
discuss our results in the context of possible selective pressures related to daily survival
and habitat use once migration is complete.

B ¢

- Breeding //% Non-breeding - Breeding % Non-breeding

-] Resident - Breeding 7// Non-breeding

Figure 1. Distribution maps of (A) Whitethroat, (B) Garden Warbler and (C) Blackcap, shown from
left to right. The maps depict the breeding, non-breeding and resident ranges. Data are from BirdLife
International (2024, 2025) [37,38,43]. The red square indicates the approximate location of Antikythera
Island, Greece, where all wing morphology data were collected.

2. Materials and Methods
2.1. Study Site

Fieldwork was conducted on the Greek island of Antikythera (35°51’ N, 23°18’ E).
The island has an area of approximately 20 km? and is located in the Aegean Sea, roughly
equidistant (31.5 km) between Kythera to the northwest and Crete to the southeast. The
landscape is dominated by characteristic Mediterranean maquis and phrygana vegetation,
while arable land covers only a small part of the island [44,45].

2.2. Data Collection

Data were collected during the autumn migration of 2022 at the Antikythera Bird
Observatory as part of the long-term standardized ringing program for migrants run by the
Hellenic Ornithological Society and the Hellenic Bird Ringing Centre. Birds were captured
from 7:00 AM to 1:00 PM using 11 mist nets deployed at fixed locations in the island’s
center. Nets were checked at fixed one-hour intervals and were closed during adverse
weather conditions, such as rain or strong winds, to ensure bird safety.

A total of 117 individuals from the family Sylviidae were measured, comprising
47 Garden Warblers (Sylvia borin), 40 Blackcaps (Sylvia atricapilla), and 30 Whitethroats
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(Curruca communis). Trapped birds were identified to species. Age (adult/juvenile) and sex
(male/female) were determined for those exhibiting sexual dimorphism, using standard
morphological criteria [46,47]. Garden Warblers were not sexed, as the species lacks reliable
external sexual dimorphism that can be assessed in the field. For individuals whose
sex could not be reliably determined, it was recorded as unknown. From this sample,
111 individuals were used for geometric morphometric analysis of wing shape (43 Garden
Warblers, 39 Blackcaps, and 29 Whitethroats).

2.2.1. Biometric Measurements

We recorded the following measurements: (a) body mass to the nearest 0.1 g using a
portable digital scale [46]; (b) wing length (the length of the folded wing from the carpal
joint to the tip of the longest primary) to the nearest 0.5 mm using a metal ruler [46];
(c) wingspan (the distance between the tips of the longest primaries on both wings); and
(d) Kipp’s distance, measured as the linear distance between the tips of the longest primary
and the first secondary feather on the closed wing to the nearest 1 mm [25,48]. This index
is a measure of wing pointedness (i.e., in pointed wings the longest primary is more distal)
and is a known indicator of flight performance and dispersal ability [8,49].

To analyze wing shape in detail, we measured the lengths of primary feathers P9 to P1
(numbered distally to proximally; Figure 2) and the first secondary feather (51), following
Lockwood et al. [8]. The vestigial most-distal primary (P10) was excluded due to its minute
size [50]. All feather lengths were measured from the tip to the point where they enters
the skin with an accuracy of 1 mm. The relative lengths of specific primaries, such as a
longer P9 and a shorter P5, are associated with a more pointed wing shape characteristic of
long-distance migrants [51].

Figure 2. Depiction of the location of the 27 landmarks (LM) in a Blackcap wing for the purpose of
landmark-based morphometric analysis. Primary feathers (P1-P9), secondary feathers (S1-56), and
the first tertial feather (T1) are indicated in white alphanumeric text.

To minimize bias, all measurements were taken by a single, experienced ringer, and
only individuals not undergoing molt or exhibiting significant feather wear were included.
Upon completion of all procedures, all birds were released unharmed at their capture site.
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2.2.2. Geometric Morphometrics: Imaging and Digitization

Image Acquisition

To analyze wing shape, we obtained a digital image of the fully extended left wing
of each bird using a Canon EOS 1300D camera. The camera was mounted on a tripod,
positioned approximately 40 cm perpendicular to the wing with a 0.55x magnification,
ensuring the lens was parallel to the dorsal wing surface. The wing was gently stabilized
in a fully outstretched position using a small metallic magnet. Each image included scaled
graph paper (1 mm accuracy) for subsequent calibration and the bird’s unique ringing code
for identification. Only images from individuals without active molt or significant feather
wear were analyzed.

Landmark Digitization

The wing shape was characterized using 27 two-dimensional landmarks (Figure 2),
digitized using tpsDIG software, version 2.32 [52]. The landmark set was designed follow-
ing the protocol of Provinciato et al. [14] to adequately capture the overall wing shape while
adhering to the criterion of minimizing bending energy [53]. It comprised 18 homologous
(Type I/1I) landmarks placed at discrete anatomical structures: the shoulder joint (i.e., the
anteroproximal point of the humerus; LM17), the wrist joint (i.e., the articulation of the ulna
with the carpometacarpus; LM18), the tips of the rachis of the nine primary (LM1-LM9)
and six secondary feathers (LM10-LM15), and the tip of the tertial feather (LM16). The
vestigial distal primary was excluded. Additionally, nine semi-landmarks (Type I1I) placed
along curved regions to capture proportional variation: two between the shoulder and
wrist (LM19, LM20), two along the anterior vane of the ninth primary (LM25-LM27), three
on the alula (LM21-LM23), and two on the vestigial (P10) primary feather (LM24, LM25).
The alula region was included due to its aerodynamic role as a vortex generator, which
influences lift and maneuverability [54,55]. The most-distal (P10) primary feather was
included as its reduction varied among the three species, allowing additional variation in
wing shape to be captured.

All landmarks were manually and consistently placed at corresponding positions
across all scaled images by a single observer. This final set of digitized landmarks consti-
tuted the dataset for the wing morphospace used in subsequent statistical analyses.

2.2.3. Functional Indices

To complement the traditional measurements and geometric morphometric analy-
sis, we calculated three functional wing indices: Kipp’s Index (obtained directly in the
field), aspect ratio, and wing loading. The latter two describe the shape and size of the
wings, respectively, and are widely used in both aeronautical engineering and studies of
animal flight [6].

Wing area was quantified from the digital images using Image]J software, version
1.54¢g [56]. The area of the single extended wing was measured, and this value was doubled
to estimate the total wing area. All image analyses were performed by a single observer to
ensure consistency.

Aspect ratio, which reflects wing shape and thus aerodynamic efficiency, was calcu-
lated as the square of the wingspan divided by the total wing area [57]. Wing loading, an
indicator of the force supported per unit of wing area, was calculated by dividing body
mass by the total wing area [22].

Since wing loading can be sensitive to body mass variation, we tested for mass
differences between age classes (adult vs. juvenile) within each species using independent
t-tests. Levene’s test confirmed homogeneity of variances in all cases. No significant
differences in body mass were found (Garden Warbler: t = —0.667, d.f. =45, p = 0.507;
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Blackcap: t = —0.346, d.f. = 38, p = 0.731; Whitethroat: t = —0.227, d.f. =27, p = 0.822). We
therefore concluded that age-related bias in our wing loading estimates was negligible.

2.3. Analyses
2.3.1. Statistical Analysis of Morphometric Variables

We began by calculating the mean values for all morphometric variables for each
species. To assess interspecific differences, we employed a combination of parametric
and non-parametric tests. All variables were first tested for normality and homogene-
ity of variances (Levene’s test); where necessary, data were log-transformed to meet
these assumptions [58].

For variables satisfying the assumption of homogeneity of variances (p > 0.05), we
used a one-way Analysis of Variance (ANOVA) with species as the independent factor.
This was applied to wing length, wing area, the length of the 5th and 9th primary feathers,
and aspect ratio. Where the ANOVA was significant, Tukey’s HSD post hoc test was used
for pairwise comparisons between species.

For variables that violated the assumption of homogeneity of variances even after
transformation, we used the non-parametric Kruskal-Wallis test. This was applied to body
mass, Kipp’s Index, and wing loading. A significant Kruskal-Wallis result was followed by
pairwise Mann—-Whitney U tests to identify specific species differences.

The significance level for all tests was set at o« = 0.05.

2.3.2. Landmark-Based Morphometric Analysis

Geometric morphometric analyses were conducted using Morpho] software (v.
1.08.02; [59]). The landmark dataset was first screened for outliers to identify potential
digitization errors.

Data Preprocessing and Allometry Correction

A Generalized Procrustes Analysis (GPA) was performed to superimpose landmark
configurations, removing variation due to position, orientation, and scale, thus isolating
pure shape information [53,60,61]. Centroid size (the square root of the sum of the squared
distances between the center of the configuration of landmarks and each landmark) was
calculated as a measure of overall wing size. A multivariate regression of Procrustes
coordinates on centroid size revealed a significant allometric effect in all three species
(all p < 0.05). Consequently, the regression residuals were used as size-corrected shape
variables for all subsequent analyses to isolate size-independent shape variation [62].

Exploring and Comparing Wing Shape

The size-corrected shape variables were analyzed using Principal Component Analysis
(PCA) to identify the major axes of wing shape variation. Principal components (PCs) were
visualized using transformation grids and wireframe diagrams to illustrate shape changes
associated with each axis [63]. The first two axes (PC1 and PC2) often account for the most
meaningful variation in the data.

To further investigate shape differences and determine the most important features
discriminating groups, we performed a Canonical Variate Analysis (CVA) with ‘species’ as
the grouping factor. The significance of pairwise differences in mean shape was assessed
using 10,000 permutation tests on Mahalanobis and Procrustes distances. A Discriminant
Function Analysis (DFA) with cross-validation was used to determine classification accu-
racy, estimating the proportion of individuals correctly assigned to their species based on
wing shape. The DFA also produced graphical displays of the mean wing outlines for each
species. Finally, a Procrustes ANOVA was used to quantify and test the significance of
wing shape differences among species.

https://doi.org/10.3390/birds7010018


https://doi.org/10.3390/birds7010018

Birds 2026, 7, 18

7 of 18

3. Results
3.1. Measurements and Functional Indices

Descriptive statistics for all measurements are presented in Table 1. One-way ANOVA
and Kruskal-Wallis tests revealed significant interspecific differences across multiple mor-
phometric traits among the three Sylviid warblers.

Table 1. Mean Values (+5SD; N) of morphological traits for Garden Warbler, Blackcap and Whitethroat.

Morphological Traits Garden Warbler Blackcap Whitethroat
Body mass (g) 19.80 (£3.34, 47) 17.48 (+1.36, 40) 17.83 (£1.40, 29)
Wing length (cm) 8.09 (£0.22, 46) 7.67 (£0.20, 40) 7.52 (£0.29, 30)
Ninth primary feather (cm) 5.93 (£0.21, 46) 5.19 (£0.17, 40) 5.46 (£0.23, 30)
Fifth primary feather (cm) 5.35 (4+0.18, 46) 5.33 (+0.15, 40) 5.46 (+0.15, 30)
Wing area (cm?) 40.70 (£2.38, 43) 38.41 (£1.89, 35) 39.10 (£1.66, 27)
Aspect ratio 6.03 (£0.31, 40) 5.77 (£0.31, 33) 5.49 (£0.24, 27)
Wing loading 0.245 (£0.041, 43) 0.228 (£0.020, 35) 0.229 (£0.019, 26)
Wing pointedness
(i.e., Kipp’s Index) 1.88 (40.48, 43) 1.76 (£0.22, 40) 1.58 (£0.18, 30)

In particular, our analyses showed significant differences in wing length and ninth (P9)
primary feather length among the three pairwise comparisons; Garden Warblers showed
the greatest mean values for both traits. Whitethroats had the shortest mean wing length,
and Blackcaps had the shortest ninth primary feather length. Fifth (P5) primary feather
length was significantly longer in Whitethroats compared to the other two species, which
did not differ significantly from each other.

Additionally, our results showed that Garden Warblers presented significantly higher
body mass and greater wing area than both Blackcaps and Whitethroats, which did not
differ significantly from each other in these measures.

Regarding functional indices, aspect ratio differed significantly among the three
species, with all pairwise comparisons being statistically significant. Wing loading also
differed significantly among species; however, post hoc comparisons revealed a significant
difference only between Garden Warblers and Blackcaps. Wing pointedness (Kipp’s Index)
varied significantly among species, with Whitethroats showing significantly lower values
compared to both Garden Warblers and Blackcaps, whereas no significant difference was
detected between the latter two (Table 2, Figure 3).

Table 2. Results of interspecific comparisons of morphometric traits among Garden Warbler, Blackcap,
and Whitethroat. Parametric variables were analyzed using one-way ANOVA (F statistic) followed
by Tukey’s HSD post hoc tests, while non-parametric variables were analyzed using Kruskal-Wallis
tests (H statistic) followed by pairwise Mann-Whitney U tests. Significant results (p < 0.05) are shown
in bold.

Species Pairwise Comparison Statistic (F/H) d.f. p-Value
Wing length 64.826 (F) 2,113 <0.001
Garden Warbler-Blackcap <0.001
Garden Warbler—Whitethroat <0.001
Blackcap-Whitethroat 0.018
Wing area 12.781 (F) 2,102 <0.001
Garden Warbler-Blackcap <0.001
Garden Warbler-Whitethroat 0.006
Blackcap-Whitethroat 0.385
P9 primary feather 151.914 (F) 2,113 <0.001
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Table 2. Cont.

Species Pairwise Comparison Statistic (F/H) d.f. p-Value
Garden Warbler-Blackcap <0.001
Garden Warbler-Whitethroat <0.001
Blackcap-Whitethroat <0.001
P5 primary feather 6.129 (F) 2,113 0.003
Garden Warbler-Blackcap 0.718
Garden Warbler-Whitethroat 0.019
Blackcap-Whitethroat 0.003
Aspect ratio 28.018 (F) 2,97 <0.001
Garden Warbler—Blackcap <0.001
Garden Warbler-Whitethroat <0.001
Blackcap—Whitethroat 0.001
Body mass 16.309 (H) 2,112 <0.001
Garden Warbler-Blackcap <0.001
Garden Warbler-Whitethroat 0.015
Blackcap—Whitethroat 0.259
Wing loading 6.544 (H) 2,101 0.038
Garden Warbler-Blackcap 0.014
Garden Warbler-Whitethroat 0.099
Blackcap-Whitethroat 0.564
Kipp’s Index 19.025 (H) 2,114 <0.001
Garden Warbler-Blackcap 0.088
Garden Warbler-Whitethroat <0.001
Blackcap—-Whitethroat 0.007
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Figure 3. Interspecific comparison of key wing morphometric traits (aspect ratio, wing loading, wing
length, and wing area) across Blackcap (S. atricapilla), Whitethroat (C. communis) and Garden Warbler
(S. borin). Points represent species means; error bars indicate 1 standard error. Sample sizes vary

among traits and species (see Table 1 for details).

3.2. Geometric Morphometrics

Landmark-based morphometric analysis revealed a good wing shape distinction
between the three species. Representative wing images with digitized landmarks are
shown in Figure 4A, while the Procrustes-superimposed landmark configurations for
each species are presented in Figure 4B. In the latter, each larger point indicates the mean
landmark position, and the surrounding scattered points reflect the individual variation.
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Figure 4. Geometric morphometric analysis of wing shape. (A) Dorsal view of a left wing for each
species with all 27 landmarks. (B) Consensus wing shape for each species after Procrustes superim-
position. (C) Transformation grid depicting shape changes along the first principal component (PC1)
relative to the consensus. Species: (i) Garden Warbler, (ii) Blackcap, (iii) Whitethroat.

A Procrustes ANOVA confirmed significant interspecific differences in wing shape
(Table 3). All pairwise comparisons were highly significant (all p < 0.0001), supported by
high Goodall’s F-statistics and Pillai’s trace values (Table 3), confirming that each species
possesses a distinct wing shape configuration.

Table 3. Procrustes ANOVA results for interspecific wing shape variation among the species. Signifi-
cant results (p < 0.05) are in bold.

Interspecific Procrustes ANOVA F d.f. Pillai’s Trace p-Value
Garden Warbler—Blackcap 36.31 50 0.99 <0.0001
Garden Warbler-Whitethroat 11.66 50 0.98 <0.0001
Blackcap—Whitethroat 20.53 50 0.99 <0.0001

Principal Component Analysis (PCA) of wing shape generated 50 measures of relative
deformations (Figure S1). The first three principal components (PCs) collectively explained
50% of the total shape variance, with PC1 and PC2 accounting for 21.01% and 17.28% of
the variance, respectively. The distribution of individuals along PC1 and PC2 is shown
in Supplementary Figure 52. The shape changes associated with PC1, visualized using a
transformation grid, are shown in Figure 4C.

Canonical Variate Analysis (CVA) clearly separated the three species based on wing
shape. The first two canonical variates (CVs) explained 100% of the between-group varia-
tion (CV1 =77.07%, CV2 = 22.93%). The scatterplot of these CVs (Figure 5) shows three
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Canonical variate 2

-10

107

distinct, non-overlapping clusters with 90% confidence ellipses. Wireframe graphs super-
imposed on the plot illustrate the mean wing shape configuration for each species.

O Sylvia atricapilla
® Curruca communis
O Sylvia borin

-15

—I10 -’5 I0 I5 1‘0 1‘5
Canonical variate 1
Figure 5. Canonical Variate Analysis (CVA) of wing shape. The scatterplot shows the distribution
of individuals with 90% confidence ellipses along the first two canonical variates (CV1 and CV2).

From left to right: Blackcap S. atricapilla (white), Whitethroat C. communis (black) and Garden Warbler
S. borin (gray).

Pairwise comparisons confirmed these morphological distinctions. Both Mahalanobis
and Procrustes distances revealed highly significant differences among all species pairs
(10,000 permutations; p < 0.0001; Table 4). The greatest morphological separation was be-
tween Garden Warbler and Blackcap, which had the highest Mahalanobis distance (17.34).

Table 4. Pairwise wing shape differences among species after the CVA. Values above the diagonal
are Procrustes distances, values below are Mahalanobis distances. All comparisons were significant
(p < 0.0001; 10,000 permutations).

Wing Shape Garden Warbler Blackcap Whitethroat
Garden Warbler - 0.0716 (p < 0.0001) 0.0462 (p < 0.0001)
Blackcap 17.3373 (p < 0.0001) - 0.0577 (p < 0.0001)
Whitethroat 11.3409 (p < 0.0001)  14.1908 (p < 0.0001) -

The Discriminant Function Analysis (DFA) cross-validation test demonstrated
a high classification success percentage, with over 96% of specimens correctly as-
signed to their species (Table 5). Blackcaps had the highest correct classification per-
centage (97.44%). All pairwise species comparisons showed highly significant dif-
ferences in wing shape (all p <0.0001), as confirmed by both Mahalanobis and Pro-
crustes distances: Garden Warbler—Blackcap: Mahalanobis distance = 19.7239 (p < 0.0001),
Procrustes distance = 0.07160 (p < 0.0001); Garden Warbler—Whitethroat: Mahalanobis
distance = 37.2595 (p < 0.0001), Procrustes distance = 0.04616 (p < 0.0001); Blackcap—
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Whitethroat: Mahalanobis distance = 22.1924 (p < 0.0001), Procrustes distance = 0.057646
(p < 0.0001).

Table 5. Discriminant Function Analysis (DFA) classification results. The bold diagonal represents
the correct classification percentage (%) for each species.

. Garden )
Wing Shape Warbler Blackcap Whitethroat In Total
Garden 96.67 (29/30) - 3.33 (1/30) 100 (30)
Warbler ) ’
Blackcap - 97.44 (38/39) 2.56 (1/39) 100 (39)
Whitethroat - 3.57 (1/28) 96.43 (27/28) 100 (28)

The wireframes derived from the DFA provided a complementary visual synthe-
sis of wing shape differences among the species (Figure 6), adding further detail to the
quantitative results.

A) B) ~ o)

o Sylvia atricapilla
® Curruca communis
.| © Syvia borin

Frequency
T

Figure 6. Frequency graph of cross-validation scores by groups and the pairwise wing shape
comparison from Discriminant Function Analysis (DFA). Wireframe graphs overlay the mean wing
shape of two species for each comparison, with landmarks numbered. Solid lines represent the
first species listed, and dotted lines represent the second species listed. (A) Blackcap S. atricapilla
vs. Whitethroat C. communis; (B) Garden Warbler S. borin vs. Whitethroat C. communis; (C) Garden
Warbler S. borin vs. Blackcap S. atricapilla.

The most pronounced morphological divergence was between the Garden Warbler
and Blackcap. The wings of the Garden Warbler were more swept, elongated, and pointed,
tapering to a more slender tip (landmarks LM1-LM6). In contrast, the Blackcap exhibited a
broader wing with a more rounded wingtip and greater convexity. Differences were also
evident in the alula (LM21-LM23) and the vestigial primary (LM24, LM25), which were
more curved and pronounced in the Blackcap, and in the inner wing base (LM10-LM16),
which was narrower in the Garden Warbler.

While both the Garden Warbler and Whitethroat shared a pointed wingtip (LM27,
LM1-LM3), they differed in the proximal primary region (LM4-LM10). The Garden Warbler
maintained a more elongated and narrow profile, whereas the Whitethroat had a broader
wing with a more convex outline.

The comparison between the Blackcap and Whitethroat revealed the greatest overall
overlap, particularly in the wing base. However, the Whitethroat possessed a more pointed
wingtip compared to the rounder tip of the Blackcap and a slightly broader curvature in
the inner wing (LM4-LM9).
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4. Discussion

Overall, our integrative morphometric approach, combining traditional biometrics,
functional indices, and geometric morphometrics, revealed interspecific differences in
wing morphology among the three migratory Sylviid warblers. Landmark-based analyses
showed clearer separation in wing shape, whereas linear measurements and derived indices
differentiated among several, but not all, species comparisons. The wing morphologies
range from the elongated and pointed wings of the Garden Warbler to the shorter and
rounder wings of the Blackcap, with the Common Whitethroat occupying an intermediate
position. Our findings could possibly support the long-standing hypothesis that avian wing
shape is a product of a functional trade-off, primarily between the need for aerodynamic
efficiency during long-distance migration and the requirement for high maneuverability
within specific breeding and foraging habitats [4,5,8].

4.1. Methodological Convergence and Divergence

The different morphometric approaches used in this study provided complementary
perspectives on interspecific variation in wing morphology. Traditional linear measure-
ments and derived indices captured broad differences among species, while geometric
morphometric analyses offered an integrative representation of overall wing shape. How-
ever, some discrepancies were observed between methods, particularly in relation to wing
pointedness. While both Kipp’s Index and geometric morphometrics indicated that the
Garden Warbler exhibits the most pointed wings, Kipp’s Index suggested that Whitethroats
had the most rounded wings, a pattern that was not evident in the landmark-based geomet-
ric morphometric analyses. Such differences likely arise from the contrasting nature of the
methods, as biometric measurements reflect linear distances, whereas geometric morpho-
metrics incorporates the spatial configuration of multiple landmarks, which allows for a
much richer description of overall wing shape (e.g., [61]). Together, these results highlight
the value of combining multiple morphometric approaches while also emphasizing that
different methods may emphasize different facets of wing morphology.

4.2. Interpreting Wing Shape Variation in Relation to Migration Ecology

The correlation between wing morphology and migratory distance has been widely
documented in avian ecomorphology [4,5]. Numerous studies have provided evidence
that longer-distance migrants have longer and more pointed wings with higher aspect
ratios [8,11,13,23], traits that are generally associated with reduced energetic expenditure
during sustained flight [4,5]. Our results can be interpreted within this framework. The
Garden Warbler, which undertakes the longest migration of the three (on average ~6550 km
and a maximum migratory distance of ~11,700 km; [64]), exhibited the most profound adap-
tation toward this aerodynamically efficient phenotype, with the longest wings, highest
aspect ratio, and most pronounced wing pointedness. This morphology reduces induced
drag and wingtip vortices, lowering the cost of transport [26] and enabling sustained flight
over ecological barriers like the Sahara Desert and the Mediterranean Sea. In addition,
the higher wing loading and aspect ratio values observed in Garden Warblers are consis-
tent with their migratory behavior, as increased wing loading is associated with higher
flight speeds and shorter travel times [65], while higher aspect ratios are linked to lower
transport costs during flight [4,6]. The Common Whitethroat, also a long-distance migrant
(on average ~5550 km and a maximum of ~10,000 km; [64]), showed a relatively pointed
wingtip combined with greater overall wing breadth. This suggests a different, perhaps
more balanced, evolutionary compromise where aerodynamic efficiency is integrated with
other performance needs.

https://doi.org/10.3390/birds7010018


https://doi.org/10.3390/birds7010018

Birds 2026, 7, 18

13 of 18

The Blackcap presents a different morphological pattern compared to the other
two species. The species shows highly polymorphic migratory behavior, encompassing
long-distance, short-distance, and resident populations (short-distance migrants cover on
average ~1700 km, long-distance migrants cover on average ~4550 km, and migratory
distances are up to ~8950 km; [64]). Although some populations undertake substantial
migrations, Blackcaps generally overwinter at more northerly latitudes than the strictly
trans-Saharan Garden Warbler and Whitethroat [43], resulting in a shorter average migra-
tory distance. In this context, the relatively shorter and rounder wings observed in this
species may reflect reduced selective pressures for highly aerodynamically efficient wings
optimized for sustained long-distance flight.

While a direct causal relationship cannot be inferred, these observed patterns are
consistent with our a priori prediction and support the long-standing hypothesis that
longer-distance migrants exhibit wing traits associated with greater aerodynamic efficiency.

4.3. Beyond Migration: Additional Ecological Pressures Shaping Wing Morphology

Wings are multifunctional structures and are subject to further selective pressures
on functional traits related to flight [8,15,66]. Once migration is complete, wings must
perform in the context of daily survival, such as foraging, escaping predators, and navi-
gating complex habitats [9,17,29]. Adaptations toward broader, more rounded wings with
lower aspect ratio and wing loading are generally associated with increased lift produc-
tion, maneuverability, and acceleration, which are critical for rapid take-offs and tight
maneuvers in cluttered environments [11,22,23]. A bird’s wing loading strongly influences
maneuverability, as the minimum turning radius is proportional to body mass and wing
area [6]. The Blackcap’s wing morphology may be interpreted within this framework.
The species typically occupies woodlands with high vertical vegetation density, including
both closed-canopy and dense understory [32], and builds its nests low in dense broadleaf
shrubs or bush vegetation, making it particularly vulnerable to terrestrial predators [67,68].
Faster takeoff performance, associated with higher speed and acceleration capacity, facili-
tates predator escape [22,29], a fact of particular significance for birds susceptible to high
ground predation rates [26]. Its rounded wings and lower wing loading are adaptations
that could potentially maximize escape performance and foraging agility in such a three-
dimensionally complex habitat, likely outweighing the benefits of a more efficient but less
maneuverable wing.

The Garden Warbler, while sharing some broad habitat categories with the Black-
cap [32], shows a subtle but ecologically significant divergence. It occupies more open-
canopy woodland edges and scrub with dense undergrowth rather than dense forests [36].
This marginally more open structure may reduce the pressure for low-speed maneuver-
ability, thereby permitting a greater degree of specialization for migratory flight. The
Whitethroat’s intermediate morphology, combining a pointed wingtip with a broader and
more convex wing outline, may represent an adaptive compromise. The species typically
occupies semi-open habitats, with low and dense vegetation [32,36] and builds its nests
close to the ground within bushes or other fairly dense cover [38], potentially increasing ex-
posure to terrestrial predators. In addition, compared to the other two species, Whitethroats
forage mainly in bushes or other low vegetation, gleaning from leaves and twigs, while
occasionally capturing insects in flight or on the ground [38,69]. In this ecological context,
this intermediate morphology may provide sufficient aerodynamic efficiency for its long
migration while retaining the enhanced lift and maneuverability beneficial for surviving in
its preferred habitats, where predation risk remains a key concern.

While ecological variables were not directly measured in the present study and the
interpretations above are based on species’ natural-history information, they provide a
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plausible ecological context for the observed morphological differences and highlight
hypotheses that could be tested in future research.

4.4. Conclusions, and Future Directions

In conclusion, the wing morphology of these three warblers may be interpreted
as a map of their ecological priorities. The Garden Warbler showed wing traits more
closely associated with sustained, long-distance migration; the Blackcap exhibited features
consistent with maneuverability and faster take-off, traits suited for structurally complex
habitats; while the Whitethroat displayed an intermediate wing morphology. The study
underscores that even among related and broadly sympatric species, subtle differences in
life-history strategies may contribute to divergence in functional anatomy.

While some possible explanations that may account for the differences in species’
wing morphologies were provided, further research is required to better understand the
drivers underlying these phenotypical patterns. In particular, future studies could explore
the influence of selective pressures associated with daily survival in both breeding and
non-breeding areas within an ecological context. In addition, intraspecific variation in wing
morphology could be further explored, as sex, age class, and population level differences
are considered factors that may be associated with phenotypic variation. Previous work
has documented morphological differences related to demographic and population-level
variation in migratory passerines [14,19,22,70,71]. This may be particularly interesting for
the Eurasian Blackcap, a species exhibiting a substantial variation in migratory strategies
across different populations [40,72].

Analyses of external morphological traits have progressively improved our under-
standing of avian evolution, ecology, and dispersal processes [73]. However, integrating
skeletal elements and pectoral muscle architecture could reveal how internal anatomy
covaries with external wing form to produce integrated flight systems. Furthermore, em-
ploying phylogenetic comparative methods across the entire Sylviidae family would help
disentangle evolutionary heritage from adaptive convergence and identify the macroevo-
lutionary patterns underlying the microevolutionary differences we observed here. Wing
morphology is often considered a proxy for dispersal capacity [74]. In an era defined by
habitat fragmentation and climate change, species with wing morphologies specialized
for efficient long-distance travel may have a greater inherent capacity to track shifting
climatic niches. Conversely, species with morphologies specialized for resident agility in
specific habitats may be more vulnerable if those habitats become fragmented. Thus, under-
standing these ecomorphological relationships could provide a crucial tool for predicting
vulnerability and informing conservation strategies in a rapidly changing world.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/birds7010018/s1, Figure S1. Diagram showing the relative per-
centage of variance explained by each principal component of the wing shape Principal Component
Analysis (PCA) for the three migratory warbler species (Garden Warbler, Whitethroat and Blackcap);
Figure S2. Principal Component analysis (PCA) of wing shape. The scatterplot shows the distribution
of individuals with 90% confidence ellipses, along the first two principal components (PC1 = 21.01%
of variance; PC2 = 17.28% of variance). Species are indicated by color: Garden Warbler Sylvia borin
(red), Whitethroat Curruca communis (blue) and Blackcap Sylvia atricapilla (green); Table S1. Complete
dataset of biometric measurements for the Garden Warbler (Sylvia borin) individuals sampled during
autumn migration period on Antikythera Island, Greece; Table S2. Complete dataset of biometric mea-
surements for the Eurasian Blackcap (Sylvia atricapilla) individuals sampled during autumn migration
period on Antikythera Island, Greece; Table S3. Complete dataset of biometric measurements for the
Common Whitethroat (Curruca communis) individuals sampled during autumn migration period on
Antikythera Island, Greece; Table S4. Complete dataset of wing area and derived functional indices
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(aspect ratio, wing loading) for the Garden Warbler (Sylvia borin) individuals included in the analyses.
Blank cells indicate missing values resulting from incomplete measurements required for index
calculation; Table S5. Complete dataset of wing area and derived functional indices (aspect ratio,
wing loading) for the Eurasian Blackcap (Sylvia atricapilla) individuals included in the analyses. Blank
cells indicate missing values resulting from incomplete measurements required for index calculation;
Table S6. Complete dataset of wing area and derived functional indices (aspect ratio, wing loading)
for the Common Whitethroat (Curruca communis) individuals included in the analyses. Blank cells

indicate missing values resulting from incomplete measurements required for index calculation.
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