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Morphology

Covariation in Shapes between the Sternum and Pelvis in Aquatic Birds with Different Locomotor
Modes. Shatkovska, O. V. & Ghazali, M. — Birds associated with aquatic environments have diverse lo-
comotor and foraging strategies. We hypothesise that aquatic birds have different covariation patterns in
the shapes of the sternum and pelvis depending on the locomotor mode and the predominant use of wings
or hind limbs when moving through the water. The study was conducted on 26 bird species, among which
we identified three ecological categories: surface swimmers, wing- and foot-propelled divers. The last two
categories included only species that dive from the water surface. Geometric morphometric methods were
applied to analyze shapes, and covariance was investigated with two-block PLS analysis. We show that
wing- and foot-propelled divers have different patterns of covariation between sternum and pelvis shapes.
A narrower, elongated and flattened sternum correlates with a shortened postacetabular region of a pelvis
in wing-propelled divers. A widened and shortened sternum with a deep keel correlates with an elongated
post-acetabular region of a pelvis in foot-propelled divers. Surface swimmers have a wide variety of com-
binations of sternum and pelvis shapes, which is apparently explained by their lower specialisation for
specific aquatic locomotion, and by the influence of different ecological factors.

Key words: surface swimmers, wing-propelled divers, foot-propelled divers, geometric morphometrics,
morphological integration.
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Introduction

Ecomorphology is a key aspect in understanding the evolution of different taxonomic groups of animals.
Habitat specialisations often are well seen in skeletal traits on different taxonomic levels (Ghazali et al., 2017;
Dzeverin, 2020). Shifts to different adaptive zones often lead to rebuilding of covariation patterns of different
parts of the organism (Shatkovska et al., 2018; Shatkovska & Ghazali, 2020). In the case of aquatic locomotion,
the level of specialisation for movement in water correlates with the scale of morphological transformations
of an animal’s body, which was shown in an example of fossil cetaceans (Gol'din et al., 2013; Gol’din, 2014;
Davydenko et al., 2021).

Aquatic birds are of particular interest in this respect, since they demonstrate a wide range of gradations
in relation to the aquatic environment during feeding. The specific lifestyle imposes specific restrictions on the
body shape of aquatic birds: they have a streamlined body, short hindlimbs and an elongated pelvis, which con-
tribute to their hydrodynamic characteristics related to propulsion through water (Dabelow, 1925; Kurochkin,
1971; Zefter et al., 2003; Stoessel et al., 2013). At the same time, waterbirds have diverse locomotor and foraging
strategies. It is possible to distinguish species that swim and graze on aquatic surface or filter the prey by dipping
the head or front part of the body into water like many ducks (Hini¢-Frlog & Motani, 2010). The second type
includes birds that search for prey by diving. Among underwater foraging birds, there are species that move
with wings (wing-propelled divers) such as most alcids and penguins (Kaftanovskii, 1951; Watanuki et al.,
1997) or use hindlimbs (foot-propelled divers) such as loons, cormorants, grebes and some ducks (Townsend,
1909; Heath et al., 2006; Ibaniez & Tambussi, 2012) or species that use both wings and feet such as some eiders
and scoters (Heath et al., 2006). Here, we consider only underwater foraging birds, which dive from the water
surface. Many other birds such as gannets, some pelicans, kingfishers, petrels, gulls and terns also dive for prey,
but these birds are not true divers as they plunge-dive into water using the momentum gained in the air and
gravity (Kurochkin, 1971, Shealer, 2002, Chang et al., 2016, Shoop & Tilson, 2022).

Divers are more highly specialised than surface swimmers, as they moved to dive from swimming (Kuro-
chkin, 1971). They have a number of morphological features that distinguish them from those swimming on
the water surface. Diving birds have narrow pelvic girdles (Kurochkin, 1971; Rainkow, 1985; Bogdanovich,
2003), posteriorly positioned feet (Storer, 1960; Johnsgard, 1987; Ibafiez & Tambussi, 2012), reduced bone
pneumaticity (Kurochkin, 1967; Johnsgard, 1987; Llimona & del Hoyo, 1992), high wing loading (Kurochkin,
1971; Livezey & Humphrey, 1986), a number of features in shapes of wing and leg bones (Kurochkin, 1971;
Raikow, 1985; Livezey & Humphrey, 1986), pygostyle form (Felice & O’Connor, 2014). Hini¢-Frlog & Motani
(2010) revealed that measurements of appendicular skeletons successfully separated diving birds from surface
swimmers and flyers.

Wing-proplled divers obviously differ from foot-propelled divers in the functional load on muscles of dif-
ferent locomotor modules that implies morphological variation in these groups of aquatic birds. Diametrically
opposed ways of specialisation to underwater locomotion in wing- and foot-propelled divers are of particular
interest in terms of the presence of covariation between the sternum and pelvis as skeletal regions that belong to
different locomotor modules. As flying animals, birds have a number of limitations that are associated with both
an increase in overall body mass and an increase in individual parts of a body, which is associated with the posi-
tion of the center of gravity of a body (Gladkov, 1949; Gatesy, 1990; Stegmann, 1949). Building up muscles of one
of the locomotor modules in divers cannot but cause changes in other parts of the body. It is assumed that mus-
cle development of differently specialised locomotor modules in birds, like wing and hindlimb, is inversely re-
lated: strengthening of one is associated with weakening of the other (Hartman, 1961; Sych, 1992; Bogdanovich,
2014). For example, grebes that use foot-propelled underwater locomotion, have short wings with poorly devel-
oped muscles (Johnsgard, 1987). We can expect that an increase in one of the locomotor modules in divers is cor-
related with a decrease in the other, which is also accompanied by a change in shape, since the shape of skeletal
elements depends on muscles that attach to them (Shmalgauzen, 1982; Bogdanovich, 2014). An example of the
relationship between the shape and size of the sternum and pelvis in wing- and foot-propelled divers is shown in
fig. 1. An additional argument in favor of the presence of covariation between shape and size of the sternum and
pelvis in birds is that these neighboring regions should be spatially combined with each other within the body.
Diving birds, with their particularly streamlining and elongation bodies (Kurochkin, 1971), have additional
restrictions on reshaping of these skeletal regions. A recent study of the integration of skeletal regions in a
wide sample of bird species showed that the integration of element shapes has a strong relationship to ecology
(Orkney et al., 2021).

With this in mind, we assume that divers as a highly specialised group of birds have a greater degree of
sternum and pelvis integration than surface swimmers. We also expect that wing-propelled and foot-propelled
divers have opposite directions of change in both shape and size of the sternum and pelvis. So, we tested several
hypotheses in this paper. The first is the presence of integration between shapes of the sternum and pelvis in
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wing-propelled foot-propelled —
diver diver

Fig. 1. The sternum and pelvis in Common guillemot (Uria aalge) (wing-propelled diver) and Imperial
cormorant (Phalacrocorax atriceps) (foot-propelled diver).

aquatic birds. The second is the effect of aquatic locomotion style on covariate changes in shape of the sternum
and pelvis among aquatic birds in general and among divers in particular. We also hypothesise that the covaria-
tion between shapes of the sternum and pelvis may be related to the size ratio of these skeletal regions, since the
strengthening of one of the locomotor modules may be accompanied by a weakening of the other. To test this
hypothesis, we examined the correlation between the covariate changes in the shape of the sternum and pelvis
and the ratio of their sizes.

In this study, we tried, first of all, to evaluate the integration between different locomotor modules, which
has not previously been the subject of a special study in water birds. Studies of locomotion mechanisms in
aquatic birds revealed a significant variation in hindlimb movement patterns even among foot-propelled divers
(Johansson & Norberg, 2003; Clifton & Biewener, 2018), which affects some structural features of both the pel-
vis and hind limbs (Kurochkin, 1971; Bogdanovich, 2014). These data extend the understanding of pathways of
narrow adaptations in water birds. However, the question of the presence of correlated systems within a whole
organism and their ability to respond in a consolidated manner to environmental influences remains open.

Material and Methods

Our sample consists of sternum and pelvis of 26 bird’s species representing 7 orders (fig. 2). The studied
skeletal regions belonged to one individual per species. Taxonomy is given according to Jetz et al. (2012). Data
on the studied species is presented in Appendix 1. Materials were gathered from the collection of the National
Natural Science Museum of NAS of Ukraine (Kyiv).

Bird species were divided into ecological categories according to predominant aquatic locomotor modes.
We use simplified classification of Hini¢-Frlog & Motani (2010) and recognised foot-propelled underwater
swimmers (FP) (divers that use feet for propulsion and chasing prey), wing-propelled underwater swimmers
(WP) (divers that use wings for propulsion and pursuit of prey) and surface swimmers (SSW) that grazing or
seizing and filtering the prey mainly during surface swimming. Species that occupy semi-aquatic habitats and
search for food among thickets of coastal aquatic vegetation, as members of Rallidae family, or in fields like
many geese, but also swim and find food on water surface (Spangenberg, 1951; Flint et al., 1968; Flint, 1991),
were classified as surface swimmers. Among the Rallidae family, Coot (Fulica atra) also uses diving for forag-
ing, but since the leading method of taking food is pecking (Spangenberg, 1951), we referred this species to
surface swimmers. We analysed two sets of species: the first was a total sample with all species representing
three locomotor categories (FP, WP and SSW), the second one included only underwater swimmers (FP and
WP: 11 species).

Skeletal regions were photographed in ventral view for sternum and dorsal view for pelvis and lateral pro-
jections for both. When photographing the pelvis from the dorsal view, the pelvis was oriented so that a preac-
etabular region was parallel to a supporting surface. Sternum in ventral view oriented so that a dorsal surface of
the corpus sterni rests on the supporting base. Thus, the corpus sterni and the preacetabular region of the pelvis
had approximately parallel planes, which correspond to a common anatomical plan of the bird’s body structure.
Also, the lateral and dorsoventral planes were common for the sternum and pelvis, which makes it possible to
correctly analyze covariant changes in shapes of these skeletal regions across two projections. The length of the
sternum and synsacrum were obtained by measuring skeletal specimens using a caliper with an accuracy of
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0.1 mm (fig. 3, Appendix 1). To test whether centroid sizes adequately displayed sternum and pelvic dimen-
sions, we tested the Pearson correlation (as coeficient of determination of linear regression, R?) between the
lengths obtained by measuring the skeletal regions with a caliper and their centroid sizes; MORPHO] (Klingen-
berg, 2011) and PAST (Hammer et al., 2001) were applied. We revealed a high degree of correlation between
the centroid size of sternum or pelvis and their length (R* > 0.92, permutation p = 0.0001 for all traits). So, we
believed that the chosen projections adequately reflect not only shapes of the sternum and pelvis but also their
sizes.

} Eudyptes chrysolophus

/\ Pelecanus crispus

——O Phalacrocorax atriceps

——O Phalacrocorax pelagicus

——O Phalacrocorax carbo
—+ Aethia psittacula
—+ Alca torda

——1 Uria aalge

O Podiceps cristatus

/\ Porphyrio porphyrio

——/\ Gallinula chloropus

A Fulica atra
Bucephala clangula
O Mergus merganser
Mergellus albellus
/\ Aix galericulata
{A Aix sponsa

—/\ Tadorna ferruginea

—/\ Alopochen aegyptiaca
Cygnus melancoryphus

—A\ Cygnus olor

L—/\ Cygnus cygnus

o FP
A SSW /\ Branta bernicla
+ WP

/\ Branta ruficollis

/\ Anser erythropus

/\ Chen caerulescens

Fig. 2. Phylogenetic relationships among the studied birds based on Jetz et al. (2012), with their locomotor
modes marked as: FP for foot-propelled divers, WP for wing-propelled divers, and SSW for surface swimmers.
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Table 1. Definitions of the landmarks and semilandmarks used on the sternum

Number | Description
Lateral view
landmarks
1 The rostrum sterni
2 The maximum concavity in the base of the processus craniolateralis
3 The most distal point of the processus craniolateralis
4 The most distal point of the processus caudolateralis
5 The most cranial point of the incisura medialis
6 The most caudo-lateral point of the corpus sterni
7 The mid-point at the caudal margin of the sternum
8 The apex carinae
Semilandmarks
Semilandmarks under the ventral margin of the carina sterni, located between landmarks 1 and 7
Semilandmarks over the lateral margin of the sternum, between landmarks 3 and 4
Ventral view
landmarks
1 The rostrum sterni
2 The maximum concavity in the base of the processus craniolateralis
3 The most distal point of the processus craniolateralis
4 The most distal point of the processus caudolateralis
5 The most cranial point of the incisura medialis
6 The most caudo-lateral point of the corpus sterni
7 The mid-point at the caudal margin of the sternum
Semilandmarks

Semilandmarks over the lateral margin of the sternum, between landmarks 3 and 4

Lst

c) d)

Fig. 3. Scheme of landmarks and semilandmarks location on lateral (a) and ventral (b) projections of sternum and
lateral (c) and dorsal (d) projections of pelvis in Aix galericulata. Descriptions of the landmarks and semilandmarks
are given in tables 1, 2. Measurements: Lst — length of sternum, Lsyns — length of synsacrum.
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Table 2. Definitions of the landmarks and semilandmarks used on the pelvis

Number | Description

Lateral view
landmarks

1 The most cranial point of the crista iliaca dorsalis

2 The most ventral point of the ala preacetabularis ilii

3 The most cranial point of the foramen acetabuli

4 The most cranial point of the foramen acetabuli projected to ventral rim of the iliac

bone

5 A point located on the dorsal margin, vertically landmark 3

6 The most caudal point of the processus antitrochantericus

7 The most caudal point of the processus terminalis ilii

8 The most caudal point of the processus terminalis ischii

9 The most cranial point of the foramen ilioischiadicum

10 The most caudal point of the foramen ilioischiadicum
Semilandmarks

Semilandmarks located between landmarks 2 and 4
Semilandmarks located on the ventral margin of the ischial bone

Dorsal view

landmarks
1 The most cranial point of the synsacrum
2 The most cranial point of the crista iliaca dorsalis
3 The most lateral point of the ala preacetabularis ilii edge
4 The most cranial point of the foramen acetabuli
5 A point located in the midline of pelvis, medially to landmark 4
6 The most caudal point of the processus antitrochantericus
7 The most lateral point of the crista supratrochanterica (or analog structure)
8 The most caudal point of the processus terminalis ilii
9 The most caudal point of the synsacrum
Semilandmarks
1 Semilandmarks located between landmarks 3 and 4
2 Semilandmarks located between landmarks 7 and 8

Methods of geometric morphometrics were applied to the analysis of covariation of sternum and pelvis
shapes. We digitised two-dimensional coordinates of homologous landmarks and equally spaced semiland-
marks on curves in lateral and dorsal (ventral for sternum) projections of the sternum and pelvis using tpsDig2
v. 2.31 (Rohlf, 2017) (fig. 3). We tried to take into account as much as possible both the overall shape of the
sternum and pelvis, and proportions of individual components, like height of keel in the sternum and a ratio
of pre- and postacetabular regions in the pelvis. Anatomical description of landmarks and semilandmarks is
presented in tables 1, 2. The semilandmark curves were slid by minimizing Procrustes distances with function
gpagen in geomorph v. 3.2.1 R package.

Statistical analyses of shapes covariation were conducted in MORPHOYJ (Klingenberg, 2011). Procrustes
superimpositions were made for sternum and pelvis projections to remove effects of size, position, or orienta-
tion of skeletal regions. Procrustes shape coordinates were used in further analyses. We performed pairwise PLS
analyses between sternum and pelvis separately for the lateral and dorsal projections. RV coefficients were used
as a measure of covariance between blocks. Null hypothesis of complete independence of two blocks was tested
with the permutation test. Number of randomization rounds was 10 000.

To test the influence of aquatic locomotor strategy on covariation of blocks, we ran pooled within-group
PLS analyses. Also, we repeated PLS analysis for sample of WP-FP in order to determine impact of different
underwater locomotion on blocks covariation. Confidence intervals of the RV coefficients were estimated with
the function RVrarefied in GeometricMorphometricsMix v. 0.0.7.9000 (Fruciano, 2019) R package for each
PLS analysis. To assess differences in the covariation of sternum and pelvis shapes between ecological groups,
we performed a pairwise comparison of PLS axis 1 scores (PLS1) with One-way NPMANOVA in PAST (Ham-
mer et al., 2001). PLS1 scores are presented in Appendix 1.
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Evolutionary shape covariation of blocks was explored with phylogenetic independent contrasts. Phylo-
genetic hypothesis (fig. 2) was reconstructed as the maximum clade credibility tree of 5000 trees imported from
the database http://birdtree.org (Jetz et al., 2012). Ericson All Species subset was chosen. Best tree (fig. 2) was
chosen with the function maxCladeCred in R package phangorn v. 2.4.0 (Schliep, 2011; R Core Team, 2020).
We estimated angles between vectors of standard and evolutionary PLS analyses in MORPHO].

To test hypothesis that covariations of shapes of the sternum and pelvis are related to their size ratio, we
examined the correlation between PLS1 scores and the ratio of centroid sizes of the sternum and pelvis using
RMA regression analysis in PAST (Hammer et al., 2001). Determination coefficient R* was used as an indicator
of correlation strength.

Phylogenetic ANOVA and pairwise post-hoc comparisons (R package phytools v. 0.6-99 (Revell, 2012),
function phylANOV A, 2000 simulations) were applied to test differences between locomotor categories in the
ratio of centroid sizes of the sternum and pelvis. We applied false discovery rate (FDR) correction for multiple
tests when interpreting pairwise comparisons. Centroid sizes for lateral and dorsal projections were averaged
for each species before analysis.

Visualizations were performed with R packages geomorph v. 3.2.1 (Adams et al., 2019) and phytools.

Results
Covariation between shapes of the sternum and pelvis

Standard PLS analysis in the total sample revealed weak covariation between shapes
of the sternum and pelvis: correlation between first PLS axes r = 0.579, p = 0.039 for dor-
sal projection, and r = 0.605, p = 0.023 for lateral projection; covariation between shapes
estimated with RV coefficients was weak but significant (table 3). Corrected for locomotor
categories PLS analysis showed that the RV coefficient slightly increased for lateral view
and decreased for dorsal one (table 3). Rarefied RV coefficients were similar for both stand-
ard and pooled within-group PLS analyses, which indicated that locomotor strategy did
not significantly affect blocks covariation in the total sample. PLS analysis of phylogenetic
independent contrasts showed that the RV coefficient decreased and became insignificant
for both projections (table 3). Accordingly, the results of phylogenetic PLS did not confirm
evolutionary integration between the studied blocks in the total sample of species.

Standard PLS analysis in the divers' sample showed that RV coefficients strongly in-
creased compared to those in the total sample (table 3), which suggested that different
functional loads during diving affected the covariation of studied regions. Angles between
standard PLS and phylogenetic PLS analyses in the divers' sample were about 30-40 de-
grees (except an angle for sternum in dorsal view) (table 4), which indicated that the direc-
tion of integration of studied blocks coincided with evolutionary integration in this sample

Table 3. Results from the PLS analysis showing covariation between shapes of the sternum and pelvis

Corrected for
L Standard PLS locomotory Phylogenetic PLS

Projections n categories PLS

RV [ p RV | p RV [ p

Lateral (total sample) 26 0.2795 0.0103 0.2967 0.0099 0.1366 0.6004
Dorsal/ventral (total sample) 26 0.2631 0.0145 0.2249 0.0339 0.1842 0.1773
Lateral (WP-FP) 11 0.6185 0.0084 0.5723 0.0238 0.2559 0.5972
Dorsal/ventral (WP-FP) 11 0.6044 0.0047 0.5925 0.0059 0.5309 0.0185

Note. n— number of the studied species; RV— coeflicient of association between blocks; p — significance
of the permutation test for the null hypothesis RV = 0; FP — foot-propelled divers; WP— wing-propelled divers.



258

Table 4. Angular comparison of vector directions of PLS analyses in wing- and foot-propelled divers

O. V. Shatkovska & M. Ghazali

Pair of PLS axes Adréggl :esegl)n P-values
Lateral view
PLS Bl 1-PLS ind contr Bl 1 32.3 <.00001
PLS Bl 2-PLS ind contr Bl 2 38.9 <.00001
Dorsal view
PLS Bl 1-PLS ind contr Bl 1 70.5 0.06733
PLS Bl 2-PLS ind contr Bl 2 34.6 <.00001

Note. PLS — standard PLS; PLS ind contr — phylogenetic PLS; Bl 1 — sternum; Bl 2 — pelvis.

of species. The covariation of sternum and pelvis shapes occurred due to the opposite ways
of sternum and pelvis changes in wing- and foot-propelled divers and the presence of dif-
ferent patterns of blocks covariation in them. Within locomotor groups, the covariation
was not significant.

Morphospace of PLS analysis

The PLS1 accounted for most part of the covariation (77.9 % for lateral view and
84.6 % for dorsal view). So, we studied the covariance of skeletal regions across the PLS1
axis in detail. According to the PLS1, covariant changes in shapes are mainly associated
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Fig. 4. Covariation between lateral projections of the sternum and pelvis estimated with the standard PLS
analysis. Phylogenetic relationships are projected onto the PLS1 morphospace. Grey wireframe represents
mean shape. Species points are marked by locomotor categories (FP — foot-propelled divers, WP — wing-
propelled divers, SSW — surface swimmers) and numbers: 1 — Cygnus cygnus, 2 — Cygnus olor, 3 — Cygnus
melancoryphus, 4 — Chen caerulescens, 5 — Anser erythropus, 6 — Branta ruficollis, 7 — Branta bernicla, 8 —
Alopochen aegyptiaca, 9 — Tadorna ferruginea, 10 — Aix sponsa, 11 — Aix galericulata, 12 — Mergellus albellus,
13 — Mergus merganser, 14 — Bucephala clangula, 15 — Phalacrocorax carbo, 16 — Phalacrocorax pelagicus,
17 — Phalacrocorax atriceps, 18 — Pelecanus crispus, 19 — Eudyptes chrysolophus, 20 — Porphyrio porphyrio,

21 — Fulica atra, 22 — Gallinula chloropus, 23 — Podiceps cristatus, 24 — Aethia psittacula, 25 — Uria aalge,
26 — Alca torda.
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Fig. 5. Covariation between dorsal projections of the sternum and pelvis estimated with the standard PLS
analysis. Phylogenetic relationships are projected onto the PLS1 morphospace. Grey wireframe represents
mean shape. Species designation as in fig. 4.

with width of the sternum, size of carina sterni, orientation of processus craniolateralis,
curvature of incisura medialis and unequal development of the pre- and postacetabular
regions of pelvis, narrowness of ala postacetabularis ilii (figs 4 and 5).

In the PLS1 morphospace, ecological groups, although overlapping, still occupy sepa-
rate regions (figs 4 and 5). One end of a range is presented by foot-propelled underwater
swimmers, which had the widened sternum in ventral view with high carina sterni and
less pronounced incisura medialis in lateral view that correlated with the pelvis, which had
elongated postacetabular region in comparison with preacetabular one in both projections
and narrowed ala postacetabularis ilii in dorsal view. The opposite extreme is mainly oc-
cupied by the wing-propelled divers, which had narrowed in ventral view and flattened in
lateral view sternum with lower height of carina sterni that correlated with the wider pelvis
in dorsal view, which had a caudally shifted acetabulum in both aspects.

Surface swimmers generally fell between foot- and wing-propelled divers (figs 4
and 5). Although some of the surface swimmers overlapped with the wing-propelled divers.
These were members of family Rallidae and genus Aix.

Pelican (Pelecanus crispus) is an outlier in our species sample, it had an unusual com-
bination of sternum and pelvis features: expanded sternum with high carina sterni that is
matched with elongated preacetabular region of pelvis.

Differences between ecological groups

One-way NP MANOVA analysis of PLS1 scores revealed differences mainly between
wing- and foot-propelled divers (table 5). The RMA analysis revealed a low to moderate
positive correlation between PLS1 scores and the ratio of sternum and pelvis centroid sizes
(table 6). This correlation was mainly due to the contrast between diving birds with differ-
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Table 5. Results of One-way NP MANOVA analyses of PLS1 scores between ecological groups in
lateral (upper triangle) and dorsal (bottom triangle) projections. Values that remained significant after
Bonferroni correction are marked in bold

Groups Foot-propelled divers Surface swimmers Wing-propelled divers
Foot-propelled divers - 0.1558 0.0025
Surface swimmers 0.0042 - 0.8788
Wing-propelled divers 0.0019 0.021 -

Table 6. Correlation between PLS1 scores and the ratio of sternum and pelvis centroid sizes

PLSI scores of sternum PLSI scores of pelvis
Groups n
R? permutation p R? permutation p

Total sample (lateral view) 26 0.39 0.0004 0.30 0.0023
Total sample (dorsal view) 26 0.20 0.0192 0.38 0.0005
Underwater swimmers (lateral view) 11 0.83 0.0002 0.69 0.0027
Underwater swimmers (dorsal view) 11 0.51 0.0128 0.89 0.0001
Surface swimmers (lateral view) 15 0.09 0.2766 0.11 0.2297
Surface swimmers (dorsal view) 15 0.35 0.019 0.36 0.02

Note. n — number of the studied species; R>— coefficient of determination.

ent underwater locomotion. When underwater swimmers and surface swimmers were ana-
lyzed separately, the correlation between PLS1 scores and the ratio of sternum and pelvis
centroid sizes was higher among divers than surface swimmers (table 6).
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Fig. 6. Boxplot of the ratio of sternum and pelvis centroid sizes. Box represents interquartile range with solid
line inside as median, whiskers are minimal and maximal values. Locomotor categories: FP — foot-propelled
divers, WP — wing-propelled divers, SSW — surface swimmers.
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Pairwise comparison revealed that wing-propelled divers differed from others in the
ratio of sternum and pelvis centroid sizes (p = 0.009 in both cases), they had the highest
value of this index (fig. 6). Foot-propelled divers did not differ from surface swimmers in
this parameter (p = 0.627). Since the high degree of correlation exists between the centroid
size of sternum or pelvis and their length (R? > 0.92, permutation p = 0.0001 for all traits),
the highest value of the ratio of sternum and pelvis centroid sizes meant that wing-pro-
pelled divers had an elongated sternum and shortened pelvis compared to other ecological
groups.

Discussion

Aquatic birds exhibit a wide range of diversity in covariations of sternum and pelvis
shapes, despite strong selective limitations on elongated and streamlined body. The variety
of integrative relationships between shapes of the sternum and pelvis is mainly related to
the level of specialisation of birds for aquatic movement. This is most clearly seen in the
case of wing- and foot-propelled underwater swimmers. Although both ecological groups
share a number of distinctive features, such as posterior position of legs on a long axis of
a body (Kurochkin, 1971; Johnsgard, 1987; Ibafiez & Tambussi, 2012), narrow elongated
pelvis (Raikow, 1970, 1985; Kurochkin, 1971; Bogdanovich, 2003), a great height of the
acetabular zone (Ibafiez & Tambussi, 2012; Anten-Houston et al., 2017), low pelvic angles
(Anten-Houston et al., 2017) that facilitate their movement under water (Kurochkin, 1971;
Ibanez & Tambussi, 2012), the result of our study showed that covariant changes of the
sternum and pelvis in these groups have opposite directions.

A need for the predominant development of one of the locomotor modules, used in
underwater locomotion, combined with a particular orientation of pelvic limbs probably
determine the specificity of sternum and pelvis shapes covariation in divers. The results of
the regression analysis of the PLS1 axis on the ratio of sternum and pelvis centroid sizes
show that the correlation between sternum and pelvis shapes and their relative sizes is
particularly pronounced among divers. Wing-propelled divers require predominant de-
velopment of muscles, which lower and raise a wing (the pectoralis and supracoracoideus),
as they flap their wings to propel themselves underwater while their pelvic limbs remain
motionless (Watanuki et al., 1997). Foot-propelled divers, in contrast, need the predomi-
nant development of pelvic limb muscles. The lengthening of their hip is associated with an
increase in the area of attachment of muscles for holding the thigh stationary, and together
with strengthening of the knee joint contributes to increasing propulsive forces transmitted
by the tarsometatarsus (Hini¢-Frlog & Motani, 2010). The muscle power is proportional
to the muscle area and the larger mass of the muscles associated with the increase in size of
the skeletal regions to which they are attached. In wing-propelled divers, sternum is larger
than pelvis while foot-propelled divers have significantly lower ratio of sternum and pelvis
centroid sizes.

Sternum size alteration in birds may be limited by the orientation of pelvic limbs. Due
to a subhorizontal orientation of a femur in a standing position, the knee joint is pointed
cranially. It is important that the knee joints avoid contact with the abdominal cavity and
thorax. During underwater locomotion, the thigh is oriented horizontally and is a fixed
part of the pelvic limb; locomotion is carried out due to the distal elements of the limb
(Hini¢-Frlog & Motani, 2010). It would seem that the possibility of contact with the thorax
is reduced. However, divers’ thigh is short (Kurochkin, 1971; Raikow, 1985) and the pelvis
is very narrow (Kurochkin, 1971; Raikow, 1985; Bogdanovich, 2003; Ibafiez & Tambussi,



262 O. V. Shatkovska & M. Ghazali

2012; Frank et al,, 2022). In addition, foot-propelled divers have elongated cnemial process
on tibiotarsus (Raikow, 1985; Livezey & Humphrey, 1986; Hini¢-Frlog & Motani, 2010),
which is oriented cranially. Given the combination of such characteristics, the ability to re-
duce thigh-to-thorax contact is also relevant during underwater locomotion. Accordingly,
elongation of the sternum and thorax in the caudal direction becomes difficult. Neverthe-
less, divers, with the exception of penguins, are flying birds and require developed pectoral
muscles. In this case, a compromise between the need for wing muscles development, the
narrowness of the pelvis and the limiting position of the femur can be achieved in several
ways. The first is the shortening and widening of a sternum in order to reduce contact with
thigh bones, and the second is the narrowing and lengthening of a sternum along with
more caudal displacement of pelvic limbs.

Both of these variants are observed in diving birds. Despite the generally posterior ar-
rangement of pelvic limbs in divers, the location of the acetabulum in wing-propelled and
foot-propelled divers is significantly different. The relationship between the position of the
acetabulum and locomotion of birds has been repeatedly noted earlier (Hertel & Campbell,
2007; Ibanez & Tambussi, 2012; Anten-Houston et al.,, 2017). Wing-propelled divers have
a caudally shifted acetabulum, and foot-propelled divers have a cranial displacement. The
cranially displaced acetabulum in foot-propelled divers apparently limits the possibility
of caudal lengthening of the sternum, and the sternum is shortened and widened in these
birds. The shortening and relative widening of a sternum was previously noted in grebes,
cormorants, and diving ducks (Kurochkin, 1971). A teardrop body shape in foot-propelled
divers contributes to the generation of downward force when diving (Johansson, 2002).
Narrowing and lengthening of the sternum in wing-propelled divers is probably due to
the more caudal position of the acetabulum. These shape transformations allow neighbor-
ing regions, like the sternum and pelvis, to align spatially within a body. Previously, it was
suggested that the lengthening and narrowing of the sternum in auks is associated with
the need to protect internal organs from hydrostatic pressure when diving to great depths
(Kurochkin, 1971). Thus, sternum shape is associated with its size alterations in diving
birds: lengthening and narrowing of the sternum are accompanied by its increase in wing-
propelled divers while widening and shortening of the sternum in foot-propelled divers are
associated with its decrease.

Surface swimmers have the wide variety of sternum and pelvis shapes according to
PLS 1. Although most of them (members of Anseriformes) fall between the extremes are
represented by the diving species, surface swimmers also partially overlap with them. The
greater variability in the pelvis shape in surface swimmers compared to divers was not-
ed previously (Kurochkin, 1971). This is probably because Anseriformes is a generalized
group among birds that have adapted to aquatic locomotion. Most of them are not highly
specialised. Many geese graze on crops or meadows (Ptushenko, 1952; Flint et al., 1968),
staying on water mainly to rest or at night. Members of Anseriformes do not have strict re-
strictions on shapes of sternum and pelvis, like divers, although their body is elongated and
streamlined, which is generally associated with movement in the water. These results are
consistent with earlier findings by Hini¢-Frlog & Motani (2010), who noted that skeletal el-
ements are not a good predictor of habitats among birds which use multiple environments.

Nevertheless, not all covariate combinations of sternum and pelvis shapes in studied
birds can be explained in terms of specialisation to aquatic locomotion. Members of the Aix
(Aix galericulata, Aix sponsa) and rails have a shortened postacetabular region of pelvis,
which is similar in this trait to that of wing-propelled divers. These birds also have a some-
what narrowed and elongated sternum. However, the covariance of forms of the sternum
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and pelvis in members of the genus Aix is not associated with diving, since they dive very
rarely (Flint et al., 1968), they often forage on land, a significant part of diet consists of plant
seeds or invertebrates (Isakov, 1952). Among the rails, diving to find food is mainly used
only Coot (Fulica atra) (Spangenberg, 1951). A reason for the morphological peculiarities
of sternum and pelvis shapes in these ducks and rails lies in some other specialisations that
require further research on more extensive material.

An unusual combination of covariate changes in shapes of sternum and pelvis is ob-
served in the Dalmatian pelican (Pelecanus crispus). Widened and short sternum is ac-
companied with elongated pelvis with shortened post-acetabular region. Reasons for these
characteristics are not entirely clear. Given that pelicans have a large body mass of up to
10.5 kg and are migratory birds (Kurochkin, 1991), it can assume that they have well-de-
veloped pectoral muscles. The caudal displacement of the acetabulum does not seem to
prevent elongation of the sternum in a caudal direction. However, this does not happen. An
explanation of this phenomenon may lie in a position of the center of body’s gravity, which
is located on the line connecting the centers of wings (Gladkov, 1949). Pelicans are known
to have a very massive beak. Probably to reduce the impact of the massive skull, pelicans lay
heads on backs when flying or resting on the water (Sudilovskaya, 1951; Flint et al., 1968).
We assume that in order to balance the massive skull and avoid shifting the center of body’s
gravity, pectoral muscles should be located compactly, closer to the center of body’s gravity
that prevents the possibility of caudal lengthening of the sternum.

Our sample is represented by a small number of species. Nevertheless, the listed facts
show that the group of surface swimmers includes species with a wide variety of sternum
and pelvis shapes, which may be morphologically similar to those of divers. In our sample
of species, surface swimmers do not differ significantly from foot-propelled divers in the
ratio of centroid sizes. This seems to us, to be because movement through the water in the
members of both groups is carried out by the pelvic limbs. On the other hand, multifunc-
tionality of pelvic limbs can also obscure a clear association between pelvic morphology
and aquatic locomotion traits, as previously noted by Ibaiez and Tambussi (2012). Nev-
ertheless, results of the study show that highly specialised birds, such as wing- and foot-
propelled divers, have covariations between sternum and pelvis shapes, which are clearly
related to underwater locomotion patterns. Our sample does not include species that use
both wings and pelvic limbs in underwater locomotion, such as eiders and scoters (Heath et
al., 2006). It is likely that such species would be closer to foot-propelled divers in the shape
and size ratio of the sternum and pelvis since these birds use their feet in a similar fashion
to FP divers in the water (Hini¢-Frlog & Motani, 2010), while the use of wings alone is not
as efficient for diving in this group of birds (Heath et al., 2006). However, the inclusion of
such species in the study may further expand understanding of mechanisms of trade-offs
between the parity use of the two locomotor modules.
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