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Consistent changes in muscle phenotype and mitochondrial
abundance underlie dive performance across multiple lineages of

diving ducks
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ABSTRACT

Diving animals must sustain high muscle activity with finite oxygen
(O,) to forage underwater. Studies have shown that some diving
mammals exhibit changes in the metabolic phenotype of locomotory
muscles compared with non-divers, but the pervasiveness of such
changes across diving animals is unclear, particularly among diving
birds. Here, we examined whether changes in muscle phenotype and
mitochondrial abundance are associated with dive capacity across 17
species of ducks from three distinct evolutionary clades (tribes) in the
subfamily Anatinae: the longest diving sea ducks, the mid-tier diving
pochards and the non-diving dabblers. In the gastrocnemius (the
primary swimming and diving muscle), mitochondrial volume density
in both oxidative and glycolytic fiber types was 70% and 30% higherin
sea ducks compared with dabblers, respectively. These differences
were associated with preferential proliferation of the subsarcolemmal
subfraction, the mitochondria adjacent to the cell membrane and
nearest to capillaries, relative to the intermyofibrillar subfraction.
Capillary density and capillary-to-fiber ratio were positively correlated
with mitochondrial volume density, with no variation in the density of
oxidative fiber types across tribes. In the pectoralis, sea ducks had
greater abundance of oxidative fiber types than dabblers, whereas
pochards were intermediate between the two. These data suggest
that skeletal muscles of sea ducks have a heightened capacity for
aerobic metabolism and an enhanced ability to utilize O, stores in the
blood and muscle while diving.

KEY WORDS: Mitochondria, Locomotion, Exercise performance,
Hypoxia, Muscle ultrastructure

INTRODUCTION

One of the most pressing issues facing air-breathing vertebrates that
forage underwater is the lack of access to breathable oxygen (O;)
while diving. In non-diving vertebrates, the cardiorespiratory
system provides a continuous supply of O, to meet the demands
of locomotory muscles (Hepple, 2000; Hochachka et al., 1983).
Diving vertebrates, in contrast, must sustain aerobic metabolism
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using the limited O, stores in the lungs, blood and tissue. Studies on
free-diving vertebrates have shown that most dives stay within the
aerobic dive limit, indicating that aerobic metabolism is typically
sustained for the duration of an underwater foraging bout (Kooyman
et al., 1980; Ponganis et al., 1997b). However, O, levels decrease at
later stages of a dive, whereas muscle activity, and thus metabolism,
may not. These factors have likely driven the evolution of a range of
strategies to match O, supply and demand in diving vertebrates.

Balancing O, supply and demand while diving can occur through
cardiovascular adjustments, metabolic regulation and increases in
overall O, storage capacity (Kooyman and Ponganis, 1998; Lenfant
et al,, 1970; Meir and Ponganis, 2009). Because underwater
locomotion is metabolically demanding, conserving O, via
reductions in metabolic rate is not seen in diving vertebrates. In
fact, the activity of mitochondrial enzymes is often increased in the
locomotory muscles of diving animals, most notably -citrate
synthase (Butler and Turner, 1988; Kanatous et al., 1999; Schell
et al., 2023). Studies of some diving taxa have shown that these
increases in mitochondrial enzyme activities are associated with
increases in mitochondrial volume density (Kanatous et al., 1999;
Ponganis et al., 1997a), which may serve to increase the capacity for
oxidative phosphorylation supported by blood- and muscle-O,
stores.

Within skeletal muscle, there are two distinct mitochondrial
fractions, which are characterized based on their location in the cell
and biochemical properties. The subsarcolemmal mitochondria (also
referred to as paravascular mitochondria) are located directly adjacent
to the cell membrane, and the intermyofibrillar mitochondria are
located deeper in muscle fibers among the myofibrils (Palmer et al.,
1977). Subsarcolemmal mitochondria have been found to have lower
enzyme activities (e.g. citrate synthase, ATP synthase) and a greater
relative capacity for oxidizing lipids over carbohydrates compared
with intermyofibrillar mitochondria (Dawson and Scott, 2022;
Palmer et al., 1977). Owing to their location adjacent to the cell
membrane, increasing the abundance of subsarcolemmal mitochondria
may be particularly advantageous for utilizing blood-O, stores within
capillaries. However, examinations of intracellular mitochondria
distribution have so far been limited to relatively few diving species
(Kanatous et al., 1999, 2008; Kielhorn et al., 2013; Watson et al.,
2007). Thus, it remains unclear whether consistent changes in
mitochondrial abundance and distribution in muscle have occurred
across divers. Very few previous studies on this subject have focused
on diving birds (Ponganis et al., 1997a; Turner and Butler, 1988).

We might also expect to see increases in capillarity in the
locomotory muscles of diving vertebrates to facilitate the delivery
and use of O, stores in the blood. The opposite trend is seen in diving
mammals, with capillarity reduced in swimming muscles, perhaps
due to the reduction in blood flow from peripheral vasoconstriction
and decreased heart rate while diving. This decrease in O, delivered
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by the blood could be offset by a strong reliance on myoglobin-
bound O; stores (Davis, 2014; Kanatous et al., 2001). The few ducks
that have been studied, however, exhibit a much more pronounced
elevation in heart rate above resting levels and muscle perfusion
upon submersion (Bevan and Butler, 1992; Stephenson et al., 1986).
Thus, we might expect to see increases in capillarity to support
aerobic muscle activity, although capillary density in the
gastrocnemius in the diving tufted duck (4ythya fuligula) was not
significantly different from that of the non-diving mallard (4nas
platyrhynchos) (Torrella et al., 1996; Turner and Butler, 1988).

Variation in muscle traits such as mitochondrial volume density
and capillarity could result from phenotypic plasticity or from natural
selection and evolutionary diversification. For example,
mitochondrial volume density and muscle capillarity can increase
as a result of exercise training (Butler and Turner, 1988; Hoppeler,
1986), so the muscle phenotype of divers is likely influenced by their
level of activity, which can also vary seasonally. Such changes in
mitochondrial volume density can occur rapidly. For example,
barnacle geese experience rapid increases in mitochondrial density in
the pectoralis (as reflected by citrate synthase activity) over the few
weeks leading up to migration (Bishop et al., 1995). Furthermore,
little is known about differences between the sexes in birds. In
addition to seasonal shifts in individuals, evolved changes in
mitochondrial volume density and intracellular distribution can
arise from hypoxia adaptation, such as has occurred in some high-
altitude taxa (Mahalingam et al., 2017; Scott et al., 2009). Studies of
animals in their native environment are key first steps towards
understanding the combined influence of plasticity and adaptation on
the muscle phenotype of diving animals.

Here, we used the taxonomically diverse waterfowl subfamily
Anatinae (Livezey, 1997) as a novel study system to investigate
diving adaptations across several avian lineages. The species in this
subfamily encompass a wide range of diving abilities, from the non-
diving dabbling ducks (Tribe Anatini) to the common eider
(Somateria mollissima), with a recorded maximum dive duration
of 80 s (Guillemette et al., 2004), or the long-tailed duck (Clangula
hyemalis), which can dive to 55 m depth or more (Schorger, 1947).
Within the Anatinae, diving has evolved separately in multiple
lineages, including once in the sea ducks (Tribe Mergini) and once
in the pochards (Tribe Aythyini) (McCracken et al., 1999).
Phylogenetic analysis suggests that the sea ducks, not pochards,
represent the more basal lineage and thus the earlier origin of these
two diving clades, which are not sister taxa (Gonzalez et al., 2009;
Sun et al., 2017).

Inclusion of members of all three clades in the present study enabled
us to investigate whether the unique pressures of breath-hold diving
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have led to convergent changes in muscle phenotype. In the 17 species
studied, a range of dive capabilities were represented: the longest and
deepest diving sea ducks (nine species), the mid-tier diving pochards
(three species) and the non-diving dabblers (five species) (Fig. 1). We
used these three tribes to investigate how the evolution of diving has
restructured the phenotype of skeletal muscles. We compared the
abundance and distribution of mitochondria, fiber-type composition
and capillarity in the gastrocnemius, as all the diving species here are
known to be primarily leg-propelled divers (Lovvorn, 1991). We also
complemented these detailed analyses with a comparison of fiber-type
composition in the pectoralis major, the primary flight muscle, owing
to the importance of flight as a primary mode of locomotion for these
species as well, as well as secondary locomotion for species that use
their wings during dives. All 17 species studied share a close
evolutionary history, so we utilized a phylogenetic framework for all
statistical analyses to account for the non-independence of individual
observations (Felsenstein, 1985; Garland et al., 1993).

MATERIALS AND METHODS

Specimen collection

Tissue samples were taken from five to eight individuals from each
of the 17 species studied. All species except harlequin ducks, surf
scoters and common eiders were collected in Alaska between 2019
and 2021 from ponds and rivers surrounding Fairbanks, the Dalton
and Denali Highways, and Kodiak. Harlequin ducks and surf
scoters were collected in Prince William Sound in March 2020, and
common eiders were collected in Nome during May 2022. We
standardized the months of sample collection to the spring period
between March to May to include only adults and to minimize the
potential influence of phenotypic variation owing to seasonal
changes in activity (McKechnie, 2008). Upon collection, two tissue
samples from the gastrocnemius and one from the pectoralis were
immediately dissected and prepared for either transmission electron
microscopy (TEM) or succinate dehydrogenase (SDH) staining.
Previous work has shown that the fiber-type composition of both
the pectoralis and gastrocnemius varies with depth in the tissue, and
that intermediate depths are most representative of the average
composition of the entire muscle (Torrella et al., 1996, 1998).
Therefore, we sampled from the same intermediate depth halfway
between the surface of the muscle and the bone for all analyses, as
done previously for enzyme analyses (Dawson et al., 2020; Schell
et al., 2023).

All specimen collection and import/export was conducted with
permits from the US Fish and Wildlife Service (MB33283C,
MB812229, MB836720), Alaska Department of Fish and Game
(19-091, 19-153, 20-033, 20-091, 21-103), Environment and

Fig. 1. Phylogeny reconstructions for the oxidative
fiber numerical density and mitochondrial

Clangula hyemalis
Histrionicus histrionicus
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abundance analyses. (A) Species tree for oxidative
fiber numerical density, with the topology originally
published in Schell et al. (2023) using 10,731
overlapping autosomal ddRADseq loci. (B) Our original
topology for mitochondrial abundance, updated to
include the common eider (Somateria mollissima)
based on the topology of Lavretsky et al. (2021) and to
remove the mallard (Anas platyrhynchos) and northern
pintail (Anas acuta). Branch lengths have been set to

1 for uniformity in analyses in both trees. The red circle
indicates where nodes differ from the original topology.
Tribes are indicated by color: sea ducks, dark blue;
pochards, teal; and dabblers, gold.
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Climate Change Canada (SC-OR-2021-POS 369, SC-OR-2022-
POS 369), and Institutional Animal Care and Use Committee
(IACUC) from the University of Miami (17-107, 20-090).

TEM imaging and analysis

TEM was used to visualize and quantify mitochondrial abundance
and distribution as well as capillarity. In the field, samples dissected
from the gastrocnemius were fixed at resting length (no tension or
compression applied) with 2% glutaraldehyde in a 0.1 mol 17!
sodium cacodylate buffer (pH 7.4), and stored on ice until transfer
to a refrigerator. Fixed muscle tissue was then washed in buffer,
post-fixed in 1% osmium tetroxide in a 0.1 mol1™' sodium
cacodylate buffer, dehydrated in ethanol, and embedded in
Spurr’s resin for overnight polymerization at 60°C. Ultrathin
sections (~80 nm) were cut using a Leica UCT ultramicrotome
(Leica, Wetzlar, Germany) and stained with uranyl acetate and
lead citrate. All TEM images were analyzed using FIJI v. 2.1.0
(Schindelin et al., 2012).

Transmission electron micrographs of entire muscle fibers were
taken for 10 oxidative and 10 glycolytic fibers per individual using a
JEOL JEM 1200 EX TEMSCAN transmission electron microscope
(JEOL, Peabody, MA, USA) at a magnification of 2000x. A
previous study showed that glycolytic fibers are 1.4-2.0x larger
than oxidative fibers in the mallard gastrocnemius (Torella et al.,
1999), so we distinguished fiber types based on size. Post hoc
assessment of mitochondrial volume densities in each of these two
fiber size classes (as determined below) confirmed that the smaller
group of fibers within each individual bird always had higher overall
densities of mitochondria and higher densities of subsarcolemmal
mitochondria than the larger group of fibers. We determined the
volume density of the subsarcolemmal and intermyofibrillar
subfractions of mitochondria for each fiber using a 3 pm? area
grid and the point count method of Weibel (1979). Subsarcolemmal
mitochondria were determined visually as those directly adjacent to
the cell membrane outside the myofibrils, whereas intermyofibrillar
mitochondria were those located between the contractile filaments.
A minimum of five images per individual was used to obtain a stable
mean for each parameter. Average mitochondrial volume density for
the gastrocnemius (¥ymito.m) Was calculated according to Scott et al.
(2009):

()

where  Vymioox and Vymiogly are the volume densities of
mitochondria in oxidative and glycolytic fibers, and Axoxm and
A agly,m are the areal densities of each fiber type in the gastrocnemius
(see below). Transverse area for each fiber type was determined as
image area (um?) multiplied by the number of grid points overlaying
a fiber, divided by the total number of grid points in the image.

Sixteen additional images were taken at random locations in the
muscle at 2000x magnification to analyze capillarity. All fibers and
capillaries in each image were counted using the unbiased sampling
rule outlined in Egginton (1990). Capillary density was calculated
as the number of capillaries per image area. Eight images were
sufficient to obtain a stable mean for each individual.

VVmito,m = VVmito,ox X Aon,m + VVmito,gly X AAgly,ma

Succinate dehydrogenase staining and analysis

Succinate dehydrogenase activity was used as a marker for
mitochondria to distinguish and quantify oxidative and glycolytic
fiber types. Tissue samples from both the pectoralis and
gastrocnemius were coated with embedding medium before being
flash frozen in 2-methylbutane that was cooled to near freezing in

liquid N,. These frozen samples were stored in liquid N, until
transfer to a —80°C freezer. Because liquid N, was not available
where the common eiders were collected, they were only included in
the TEM analyses (see above). Frozen samples were sectioned
(10 pm) transverse to muscle fiber length using a Leica CM 1850
Cryostat at —20°C. Sections were dried at room temperature for 2 h,
and then incubated in working buffer (2.0 mmol1=! KH,PO,,
15.4 mmol I"!  Na,HPO,, 16.7mmoll~' sodium succinate,
0.61 mmol 17! nitroblue tetrazolium chloride, 1.3 mmol 1=' NaCN)
at avian body temperature (41°C) for 1 h under constant rotation.
After incubation, sections were rinsed, post-fixed in sucrose formol
fixative [160 mmol 17! sucrose, 55 mmol1~! Ca(NOs;),, 3.3%
formaldehyde] for 2 min, and rinsed again. Images were captured
using a Leica DM IL inverted microscope. Each image was analyzed
for areal density of oxidative and glycolytic fibers (Egginton, 1990;
Weibel, 1979) using a grid area of 3000 um?. A total of 8—16 images
were captured and analyzed depending on the size of the section,
which exceeded the minimum of six images that was necessary to
reach a stable mean for each individual.

Phylogeny

The phylogeny used in our analyses was adapted from Schell et al.
(2023). Briefly, the phylogeny was reconstructed using autosomal
double digest restriction-site associated DNA sequencing (ddRAD-
seq) data for all species. Sequences were aligned using the pipeline
outlined in Lavretsky et al. (2020). The tree was reconstructed using
SNAPP (Leaché et al., 2014) in *BEAST v. 2.5.2 (Bouckaert et al.,
2014) and run for 100,000,000 iterations with a burn in of 10% and
sampling every 1000 iterations to obtain an effective sample size of
>100.

The original phylogeny published in Schell et al. (2023)
contained all species in this study except the common eider. To
add in the common eider, we adjusted our phylogeny to match the
sea duck topology from Lavretsky et al. (2021), which has the
common eider (and other eider species) sister to the long-tailed
duck, which in turn are sister to the harlequin duck plus the rest of
the sea ducks (Lavretsky et al., 2021, their fig. 4). Preliminary
analyses yielded similar results using a phylogeny with actual
branch lengths and a phylogeny with all branch lengths set to 1. For
uniformity, results of all analyses reported here used our updated
phylogeny with all branch lengths set to 1 (Fig. 1).

Dive times

All dive times are reported as mean dive time and maximum
dive time, with non-diving species assigned a dive time of 0s
(Table S1). We undertook a comprehensive literature search for each
species. Where multiple dive times were reported, we prioritized
accounts of wild birds in their natural habitat and studies that
reported dive times for multiple species to reduce observer bias
(Schell et al., 2023).

Statistical analyses
All data are reported as the meants.e.m. Given the close
evolutionary relationships of the 17 species studied here, all
statistical analyses were conducted in a phylogenetic framework
to account for the non-independence of data points (Felsenstein,
1985). Phylogenetic signal in each trait was tested for by measuring
Pagel’s A (Pagel, 1999), followed by % tests to determine whether
the value was significantly different from perfect Brownian
motion (A=1).

We first wanted to determine whether muscle phenotypes
(mitochondrial volume, proportion of subsarcolemmal mitochondria,
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fiber transverse area, areal density of oxidative and glycolytic fibers,
and capillarity) were significantly different between species with
different diving habits. Phylogenetic ANOVA accounts for species
identity and relatedness in its covariance matrix, making it impossible
to test for differences between individual species in a phylogenetic
context. Instead, we collapsed species into testable groups of the three
clades with varying dive capabilities: sea ducks, pochards, dabblers.
All traits were tested using phylogenetic ANOVA (phytools,
nsim=1000; Revell, 2012), with Benjamini-Hochberg post hoc tests
to make pairwise comparisons between each group.

We next wanted to learn whether differences in mitochondrial
abundance or capillarity were more highly correlated with dive
performance (as reflected by mean dive time) for each species using
phylogenetic generalized least squares regression (PGLS). Owing
to the highly collinear nature of all mitochondrial variables, we
chose average mitochondrial volume density in the muscle as an
overall representation of mitochondria in the gastrocnemius, and
capillary density as an overall representation of capillarity.
Previous work has shown that dive time is correlated with body
mass and blood- and muscle-O, stores (Elliott et al., 2010;
Ponganis, 2015), so we also included those as covariates in the
model for a total of five variables: average mitochondrial volume
density, capillary density, body mass, hemoglobin [Hb]
concentration and myoglobin [Mb] concentration from Schell
et al. (2024) (Table 2). We used the AICcmodavg package (https:/
cran.r-project.org/package=AlCcmodavg) for our model selection
and based the best model off the lowest AICc, including both the
null and global models for completeness. Because the calculation
of average muscle mitochondria required data from the fiber-typing
analyses using SDH staining, common eider was excluded from
this analysis.

RESULTS

Phylogenetic signal

Of all traits studied, five showed phylogenetic signal, with A
values that were not significantly different from 1 (2, P>0.05).
These traits were: mitochondrial volume density in glycolytic
fibers (A=0.742, P=0.073), volume density of intermyofibrillar
mitochondria in glycolytic fibers (A=0.828, P=0.111), volume
density of subsarcolemmal mitochondria in oxidative fibers
(A=0.896, P=0.122), proportion of subsarcolemmal mitochondria
in oxidative fibers (A=0.908, P=0.200), and the areal density of
oxidative fibers in the pectoralis (A=0.629, P=0.051).

Differences in muscle phenotype between tribes

After accounting for phylogenetic signal, sea ducks were still found
to have significantly higher overall mitochondrial volume density in
both oxidative (P=0.007) and glycolytic (P=0.007) fibers compared
with dabblers (Table 1). In both fiber types, this overall greater
mitochondrial volume density was driven by a significantly higher
volume density of subsarcolemmal mitochondria (P=0.005
[oxidative], 0.016 [glycolytic]) (Fig. 2). There was a concurrently
higher intermyofibrillar mitochondrial volume density in the
glycolytic fibers (P=0.033), but not in the oxidative fibers
(P=0.217). Correspondingly, the proportion of total mitochondrial
volume made up by the subsarcolemmal fraction was significantly
higher in sea ducks compared with dabblers in oxidative fibers
(P=0.004), but not in glycolytic fibers (P=0.223) (Fig. 3). When the
average mitochondrial abundance across the gastrocnemius was
calculated, accounting for the variation in the densities and
mitochondrial volume between oxidative and glycolytic fibers
(see Materials and Methods), sea ducks also had significantly higher
abundance compared with dabblers (P=0.002) (Table 1). Pochards
were generally intermediate and did not differ significantly from
either dabblers or sea ducks (all P>0.05).

Although there was no difference in the areal density of oxidative
fibers in the gastrocnemius (P=0.599), sea ducks had a significantly
greater areal density of oxidative fibers in the pectoralis compared
with the dabblers (P=0.002; Fig. 4, Table 1). Transverse fiber area
was not significantly different between tribes, but glycolytic fibers
were 1.4-1.7 times larger compared with oxidative fibers across
tribes (all P<0.01). Capillary density and the capillary-to-fiber ratio
were also not significantly different between tribes (Table 1).
However, ordinary least squares regression using all individuals
showed that both capillary density and the capillary-to-fiber ratio
were positively correlated with the average mitochondrial
abundance across the muscle (Fig. 5).

Correlations of muscle phenotype with dive time

The best model correlating muscle phenotypes with dive time using
PGLS included average mitochondrial volume density in the
gastrocnemius, total body mass and [Mb] in the gastrocnemius
(AICc=96.3, Table 2). In this model, [Mb] was the sole significant
predictor of dive time (P=0.004), although average mitochondrial
volume density was an almost significant predictor (P=0.052).
Mitochondrial volume density was included as a predictor in four of
the top five models (AAICc=3.8-7.1; Table 2).

Table 1. Muscle phenotypes (ts.e.m.) in the gastrocnemius and pectoralis of diving and non-diving ducks

Muscle trait Sea ducks (n=53) Pochards (n=18) Dabblers (n=18)
Glycolytic fiber mitochondrial volume density 0.234+0.009* 0.170+0.015 0.136+0.038
Subsarcolemmal mitochondrial volume density 0.087+0.005* 0.053+0.008 0.038+0.006
Intermyofibrillar mitochondrial volume density 0.147+0.005* 0.117+0.008 0.098+0.009
Oxidative fiber mitochondrial volume density 0.384+0.006** 0.345+0.014 0.288+0.010
Subsarcolemmal mitochondrial volume density 0.182+0.004** 0.153+0.008 0.116+0.007
Intermyofibrillar mitochondrial volume density 0.201+0.003 0.191+0.007 0.172+0.004
Average mitochondrial volume density 0.311+0.007** 0.255+0.013 0.198+0.011
Oxidative fiber transverse area (um?) 1216142 1384495 1120483
Glycolytic fiber transverse area (um?) 1974172 1911486 195775
Capillary/fiber ratio 1.67+0.05 1.43+0.09 1.41£0.09
Capillary density (mm~2) 1050440 964+73 784+31
Oxidative fiber areal density Sea ducks (n=61) Pochards (n=24) Dabblers (n=39)
Gastrocnemius (%) 48.8+1.2 49.3+1.9 44.3+1.3
Pectoralis (%) 89.2+0.9** 83.11+0.7 71.7+£1.0

All muscle traits include the common eider except estimates of areal density and average mitochondrial volume density. *<0.05 or **P<0.01 compared with
dabblers in phylogenetic ANOVA Benjamini—-Hochberg post hoc tests. n, sample size per tribe.
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Table 2. Results of model selection to determine whether changes in mitochondrial abundance or capillarity were more highly correlated with dive

time using AlCcmodavg

Model K AlCc AAICc —InL Intercept Mass Avg Mito CD [Mb] (g) [Hb]
Avg mito+mass+[Mb] 5 9627 0 —39.39 -28.4+8.9 (0.01) 0.002+0.004 (0.64) 86.5+£36.1 (0.04) - 3.240.9 (0.005) -

Avg mito 3 100.07 3.80 -45.83 -26.3+12.1(0.051) - 151.2+45.7 (0.006) - - -

Avg mito+mass+[Mb]+[Hb] 6 100.25 3.98 -38.12 -56.5+23.0 (0.04) 0.0006+0.004 (0.88) 72.6+36.4 (0.08) - 3.1+0.8 (0.006) 2.5+1.7 (0.22)
CD+mass+[Mb] 5 100.44 417 -4147 -17.7+9.3 (0.09) 0.00001+0.005 (0.98) - 0.007+0.008 (0.36)  4.2+0.9 (0.001) -

Avg mito+mass 4 103.37 710 -4546 —31.9£12.8(0.03) 0.007+0.006 (0.26) 153.3+45.0 (0.006) - - -
CD+mass+[Mb]+[Hb] 6 103.98 7.71  -39.99 -58.2+26.9 (0.06) —0.001+0.005 (0.78) - 0.006+0.007 (0.44)  3.8+0.9 (0.002) 3.0+1.9(0.15)
Null 2 106.56 10.29 -50.74 - - - - - -
Avg+mass+[Hb] 5 107.21 1093 -4485 -68.1+33.8(0.07) 0.005+0.006 (0.43) 132.1+48.0 (0.02) - - 2.9+2.5(0.27)
CD 3 10866 12.38 -50.13 1.3+13.3 (0.92) - - 0.01+0.01 (0.45) - -
CD+mass 4 11221 1593 -49.88 —3.0£14.7 (0.84) 0.006+0.008 (0.48) - 0.009+0.01 (0.47) - -
Global 8 11785 2157 -36.53 -32.4+35.0(0.38) 0.003+0.005 (0.57) 80.2+40.4 (0.09) —0.0004+0.008 (0.96) 3.74+1.1(0.01) 2.97+1.9(0.17)

Values are meansts.e.m. with the associated P-value in parentheses. The best model with the lowest AlCc is placed at the top. K, number of model parameters; avg mito, average
mitochondrial volume density in the gastrocnemius; mass, total body mass; CD, capillary density; [Mb], myoglobin concentration in the gastrocnemius; [Hb], blood hemoglobin concentration;

—InL, log likelihood of each model.

DISCUSSION

The ability of air-breathing vertebrates to forage successfully
underwater and sustain aerobic locomotion without breathing
necessitates multiple specializations in O, storage, delivery and
utilization. Our results suggest that a higher oxidative capacity in the
swimming muscles helps enable longer dive times in these small-
bodied diving ducks (Fig. 2, Table 1), potentially by improving
endurance capacity and/or the extraction and utilization of O, from
blood and tissue O, stores. Comparisons across three clades of
diving and non-diving ducks showed that longer dive times in the
diving ducks are correlated with higher mitochondrial volume
densities, with much higher densities seen in the subsarcolemmal
fraction in both oxidative and glycolytic fibers of the gastrocnemius,
as well as a higher areal density of oxidative fibers in the pectoralis.
These changes provide evidence that diving ducks rely on a greater
muscle oxidative capacity to fuel the ATP demands of foraging
dives, likely helping avoid anaerobic ATP production.

Mitochondrial volume density and distribution
The volume densities of mitochondria reported here are some of the
highest reported for diving animals (Table 1). Previous work has

shown that mitochondrial volume scales inversely with body mass
(Hoppeler and Weibel, 2000; Mathieu et al., 1981), which could
explain why our mitochondrial volume densities for ducks ranging
in body mass from 400 g to 3 kg are much higher than those found
in another diving bird, the 25 kg emperor penguin (4ptenodytes
forsteri) (Ponganis et al.,, 1997a). The volume densities of
mitochondria here are much higher than the previously reported
value of 0.085 in the gastrocnemius of the tufted duck (Turner and
Butler, 1988). However, this previous study did not distinguish
oxidative and glycolytic fibers, and the high 25,000x magnification
used would have precluded quantification of volume density across
entire fibers, which requires much lower magnifications for accurate
quantification.

Mitochondrial volume density was greater in both oxidative and
glycolytic fibers of sea ducks (Fig. 2), and mitochondrial volume
density was a predictor of dive capabilities in four of the top five
correlative models (Table 2). This suggests that the best divers have
the most oxidative muscle and have high capacities for aerobic
metabolism to support sustained locomotion. However, the extent to
which this high oxidative capacity of locomotory muscles is realized
throughout the dive is unclear. It is unknown in these species the rate

Dabblers Subfraction
Subsarcolemmal
B Intermyofibrillar
Glycolytic | Pochards
Sea ducks * H %k
Dabblers -
Oxidative | Pochards -
Sea ducks *% H o okk
0 0.1 0.2 0.3 0.4 0.5

Mitochondrial volume density

Fig. 2. Mitochondrial volume density and distribution in both oxidative and glycolytic fibers across three tribes of ducks: sea ducks (diving, n=53),
pochards (diving, n=18) and dabblers (non-diving, n=18). (A) The overall higher mitochondrial volume density seen in the sea ducks is due to
concurrently high volume densities of the subsarcolemmal fraction of mitochondria in both fiber types (asterisks in the light gray bars), and higher
intermyofibrillar volume density in glycolytic fibers (asterisks in the dark gray bars). *P<0.05 or **P<0.01 compared with dabblers in phylogenetic ANOVA
Benjamini—Hochberg post hoc tests. (B) Representative TEM image of an oxidative fiber from a greater scaup (Aythya marila) showing subsarcolemmal

(arrow) and intermyofibrillar (asterisk) mitochondria. Scale bar: 8 pm.
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0.6 :

Proportion of subsarcolemmal mitochondria

Seaducks Pochards Dabblers

Fig. 3. The proportion of mitochondria in the subsarcolemmal
subfraction of oxidative fibers is greater in the sea ducks (diving, n=53)
compared with the dabblers (non-diving, n=18), with the pochards
(diving, n=18) intermediate between the two. Phylogenetic ANOVA
(P=0.002) with Benjamini—-Hochberg post hoc tests **P<0.01 compared with
dabblers.

at which blood- and muscle-O, stores decrease throughout the
duration of a normal dive, which would influence whether working
leg muscles remain aerobic later in a dive. However, the preferential
enrichment of subsarcolemmal mitochondria may facilitate the

A
Dabblers N M Oxidative
Glycolytic
Pochards N
Sea ducks 1 ¥ %
0 25 50 75 100

Areal density (%)

Fig. 4. The areal density of oxidative and glycolytic fibers in the
pectoralis muscle in three tribes of ducks: sea ducks (diving, n=61),
pochards (diving, n=24) and dabblers (non-diving, n=39). (A) Areal
density of oxidative fibers (dark gray) was significantly higher, and glycolytic
fibers (light gray) was significantly lower, in the sea ducks compared with the
dabblers. Phylogenetic ANOVA (P=0.005) with Benjamini-Hochberg post
hoc tests (**P<0.01). (B) Succinate dehydrogenase staining of pectoralis
muscle in a (i) a sea duck (common merganser, Mergus merganser), (i) a
pochard (ring-neck duck, Aythya collaris) and (i) a dabbler (northern
shoveler, Anas clypeata), showing the changes in areal density of oxidative
(asterisk) and glycolytic (arrow) fibers between tribes. Scale bar: 100 ym.

extraction of blood-O, stores during the later stages of a dive
because this mitochondrial fraction is nearest to capillaries. Indeed,
some birds and mammals adapted to high-altitude hypoxia have
also evolved a greater abundance of subsarcolemmal mitochondria
in muscle (Mahalingam et al., 2017; Scott et al., 2009). This high
abundance of subsarcolemmal mitochondria likely acts as a large O,
sink that would facilitate O, diffusion into the cell by maintaining a
strong gradient for O, diffusion, even as blood-O, stores are
depleted (Ponganis et al., 2007).

The observed differences in the density of subsarcolemmal
mitochondria in sea ducks compared to dabblers contrasts findings
in diving pinnipeds. In these diving mammals, upwards of 70-90%
of mitochondria are located in the intermyofibrillar fraction
(Kanatous et al., 1999), far greater than the 50-60% observed
here in ducks. This characteristic of pinnipeds has been interpreted
as a strategy to facilitate utilization of the significant O, stores
bound to Mb throughout the sarcoplasm of locomotory muscle
fibers (Davis et al., 2004). It has been hypothesized that the strong
dive response of bradycardia and peripheral vasoconstriction may
limit muscle blood flow and lead to reductions in metabolism while
diving, which allows for O, savings in non-swimming muscles and
tissues, as well as inducing modest tissue hypoxemia that mobilizes
O, from Mb-bound O, stores (Davis and Kanatous, 1999; Davis and
Williams, 2012; Favilla and Costa, 2020). Although the sea ducks
studied here also have elevated [Mb] in the gastrocnemius (Schell
et al., 2024), and [Mb] was a significant predictor of dive time
(Table 2), they are also known to increase blood flow to the leg
muscles by five-fold during voluntary diving (Bevan and Butler,
1992). 1t is possible that diving ducks, which have shorter duration,
highly energetic dives, rely more heavily on blood-O, stores owing
to a more pronounced heart rate response to locomotion as a strategy
for maximizing O, extraction during dives.

Whereas a higher concentration of subsarcolemmal mitochondria
is likely beneficial for accessing bloodborne O, and metabolic fuels,
large aggregations of mitochondria at the edge of the cell could
increase diffusion distances for ATP (Kinsey et al., 2007). However,
subsarcolemmal mitochondria are electrically connected to
intermyofibrillar mitochondria in a reticulum, such that the former
prioritize generation of proton-motive force whereas the latter
prioritize ATP generation closer to where contraction occurs, which
would help overcome the issue of diffusion distance (Glancy et al.,
2015). This has been shown to be associated with functional
differences between subsarcolemmal and intermyofibrillar
mitochondria, with the former having lower ATP synthase activity
(Cogswell et al., 1993; Dawson and Scott, 2022). Thus, the
interconnectedness of the mitochondrial subfractions assures that
preferential enrichment of subsarcolemmal mitochondria may not
constrain ATP supply to the interior of the muscle. In our prior
study, ATP synthase activity in the gastrocnemius was not different
between the three tribes (Schell et al., 2023), suggesting that the
overall capacity for ATP generation in the muscle is preserved.

Muscle capillarity

The overall greater mitochondrial volume densities seen in sea
ducks were positively correlated with both capillary density and the
capillary-to-fiber ratio (Fig. 5). Our results are consistent with
previous work showing that capillarity scales with mitochondrial
volume (Conley et al., 1987; Hoppeler et al., 1981), although
mammalian divers have lower capillarity than expected by this
relationship (Kanatous et al., 1999). The correlation seen here
suggests that blood-O, stores support muscle O, demands across
these species. Given that diving ducks strongly perfuse the leg
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Fig. 5. Both capillary density and capillary to
muscle fiber ratio were significantly correlated
with the average mitochondrial volume density
across the gastrocnemius for 16 species of
ducks. (A) Capillary density (mm~2) and (B)
. capillary:muscle fiber ratio. Best fit line determined
by ordinary least squares regression, with 95%
confidence interval shown by gray shading
(P<0.001). Tribes are indicated by color: sea
ducks, dark blue; pochards, teal; and dabblers,
gold.
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muscles while diving (Bevan and Butler, 1992), and that both sea
ducks and pochards have a higher blood [Hb] compared with the
dabblers (Schell et al., 2024), blood flowing through the capillary
beds should provide a significant source of O, to fuel muscle
metabolism during dives (Hedrick and Duffield, 1991).

Oxidative capacity in the flight muscle

Although there was no difference in the areal density of oxidative
fibers in the gastrocnemius, there was a striking difference in the
pectoralis between the sea ducks and the dabblers (Fig. 4). The
pectoralis of the long-tailed duck, in particular, was composed of
99% oxidative fibers (Table S2). The phenotype of the pectoralis
impacts the biomechanics of flight, with the fast-contracting
glycolytic fibers being most important in generating short bursts
of power during takeoff, while the more fatigue-resistant oxidative
fibers are most important during sustained flight (Norberg, 2012).
Dabbling and diving ducks differ in how they take off from the
water, with dabblers ‘rocketing’ vertically off the surface whereas
diving ducks tend to run across the surface to gain momentum and
lift. Although these differences have been previously attributed to
the evolution of different morphologies associated with divergent
feeding strategies (i.e. larger mass of the pectoralis in dabbling
ducks, hind limbs placed farther to the posterior in diving ducks),
our results here suggest that underlying differences in muscle
phenotype may also play a role (Bethke and Thomas, 1988; Raikow,
1973). The higher proportion of glycolytic fibers in the pectoralis of
dabblers should allow for them to generate the short burst of energy
required for a vertical takeoff. The sea ducks and pochards may not
be able to generate the muscle forces required for vertical takeoff
with the lower proportion of glycolytic fibers present, leading to
long takeoff runs supported primarily by oxidative fibers.

Conclusions

The locomotory muscles of ducks appear to be specialized to support
high rates of aerobic metabolism during locomotion. In the
gastrocnemius, sea ducks had greater mitochondrial volumes than
dabblers, particularly driven by the preferential proliferation of
subsarcolemmal mitochondria, which was correlated with higher
capillary density and capillary-to-fiber ratio. Together, these findings
emphasize the vital importance of both blood- and muscle-O, stores
for diving and that locomotory muscles are restructured to enhance
the utilization of these O, stores during natural dives. Our study
highlights several key adaptations that support dive performance
across this understudied group of diving birds. Future directions
might include the studies of intra-individual variation across the

0.3 0.4

Mitochondrial volume density

annual cycle as affected by shifts in diet, migration chronology,
timing of breeding, or exercise performance.

Acknowledgements

We thank the following people for their support and valuable contributions:
University of Alaska Museum at the University of Alaska Fairbanks, James Baker,
Jim Brashear, Evan Brashear, Oscar Alexis Diaz Campo, Kelly Drew, Van Levey,
Caroline Milliet, Catherine Olson, David Orluck, Beth Pattinson, Derek Patton, Jeff
Peters, Elyssa Watford, Jeff White, Wilhelm Wiese and Jack Withrow. A huge thanks
also to Marcia Reid at the Canadian Centre for Electron Microscopy at McMaster
University.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Conceptualization: E.R.S., G.R.S., N.J.D., K.G.M.; Methodology: G.R.S.; Validation:
E.R.S.; Formal analysis: E.R.S.; Investigation: E.R.S.; Resources: G.R.S., K.W.,
K.G.M,; Data curation: E.R.S.; Writing - original draft: E.R.S.; Writing - review &
editing: G.R.S., N.J.D., KW., K.G.M.; Visualization: E.R.S.; Supervision: G.R.S.,
K.G.M,; Project administration: E.R.S.; Funding acquisition: K.W., K.G.M.

Funding

This work was supported by funds from the Kushlan Endowment for Waterbird
Biology and Conservation at the University of Miami and the University of Miami
Department of Biology. N.J.D. was also supported by an ISSF ECR Catalyst Grant
(#310331-01/Wellcome Trust) and an Advanced Grant from the European Research
Council (ERC; no. 834653) to Neil B. Metcalfe. G.R.S. was supported by the Canada
Research Chairs program.

Data availability
Data are available from duckDNA.org: https://duckdna.org/data/jeb247550/.

References

Bethke, R. W. and Thomas, V. G. (1988). Differences in flight and heart muscle
mass among geese, dabbling ducks, and diving ducks relative to habitat use.
Can. J. Zool. 66, 2024-2028. doi:10.1139/z88-297

Bevan, R. M. and Butler, P. J. (1992). Cardiac output and blood flow distribution
during swimming and voluntary diving of the tufted duck (Aythya fuligula). J. Exp.
Biol. 168, 199-217. doi:10.1242/jeb.168.1.199

Bishop, C. M., Butler, P. J., Eggington, S., el Haj, A. J. and Gabrielsen, G. W.
(1995). Development of metabolic enzyme activity in locomotor and cardiac
muscles of the migratory barnacle goose. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 269, R64-R72. doi:10.1152/ajpregu.1995.269.1.R64

Bouckaert, R., Heled, J., Kiihnert, D., Vaughan, T., Wu, C.-H., Xie, D., Suchard,
M. A., Rambaut, A. and Drummond, A. J. (2014). BEAST 2: a software platform
for Bayesian evolutionary analysis. PLOS Comput. Biol. 10, e1003537. doi:10.
1371/journal.pcbi.1003537

Butler, P. J. and Turner, D. L. (1988). Effect of training on maximal oxygen uptake
and aerobic capacity of locomotory muscles in tufted ducks, Aythya fuligula.
J. Physiol. 401, 347-359. doi:10.1113/jphysiol.1988.sp017166

Cogswell, A. M., Stevens, R. J. and Hood, D. A. (1993). Properties of skeletal muscle
mitochondria isolated from subsarcolemmal and intermyofibrillar regions.
Am. J. Physiol. Cell Physiol. 264, C383-C389. doi:10.1152/ajpcell. 1993.264.2.C383

7

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_


https://journals.biologists.com/jeb/article-lookup/DOI/10.1242/jeb.247550
https://duckdna.org/data/jeb247550/
https://doi.org/10.1139/z88-297
https://doi.org/10.1139/z88-297
https://doi.org/10.1139/z88-297
https://doi.org/10.1242/jeb.168.1.199
https://doi.org/10.1242/jeb.168.1.199
https://doi.org/10.1242/jeb.168.1.199
https://doi.org/10.1152/ajpregu.1995.269.1.R64
https://doi.org/10.1152/ajpregu.1995.269.1.R64
https://doi.org/10.1152/ajpregu.1995.269.1.R64
https://doi.org/10.1152/ajpregu.1995.269.1.R64
https://doi.org/10.1371/journal.pcbi.1003537
https://doi.org/10.1371/journal.pcbi.1003537
https://doi.org/10.1371/journal.pcbi.1003537
https://doi.org/10.1371/journal.pcbi.1003537
https://doi.org/10.1113/jphysiol.1988.sp017166
https://doi.org/10.1113/jphysiol.1988.sp017166
https://doi.org/10.1113/jphysiol.1988.sp017166
https://doi.org/10.1152/ajpcell.1993.264.2.C383
https://doi.org/10.1152/ajpcell.1993.264.2.C383
https://doi.org/10.1152/ajpcell.1993.264.2.C383

RESEARCH ARTICLE

Journal of Experimental Biology (2024) 227, jeb247550. doi:10.1242/jeb.247550

Conley, K. E., Kayar, S. R., Rosler, K., Hoppeler, H., Weibel, E. R. and Taylor,
C. R. (1987). Adaptive variation in the mammalian respiratory system in relation to
energetic demand: IV. Capillaries and their relationship to oxidative capacity.
Respir. Physiol. 69, 47-64. doi:10.1016/0034-5687(87)90100-9

Davis, R. W. (2014). A review of the multi-level adaptations for maximizing aerobic
dive duration in marine mammals: from biochemistry to behavior. J. Comp.
Physiol. B 184, 23-53. doi:10.1007/s00360-013-0782-z

Davis, R. W. and Kanatous, S. B. (1999). Convective oxygen transport and tissue
oxygen consumption in Weddell seals during aerobic dives. J. Exp. Biol. 202,
1091-1113. doi:10.1242/jeb.202.9.1091

Davis, R. W. and Williams, T. M. (2012). The marine mammal dive response is
exercise modulated to maximize aerobic dive duration. J. Comp. Physiol. A 198,
583-591. doi:10.1007/s00359-012-0731-4

Davis, R. W., Polasek, L., Watson, R., Fuson, A., Williams, T. M. and Kanatous,
S. B. (2004). The diving paradox: new insights into the role of the dive response in
air-breathing vertebrates. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 138,
263-268. doi:10.1016/j.cbpb.2004.05.003

Dawson, N. J. and Scott, G. R. (2022). Adaptive increases in respiratory capacity
and O, affinity of subsarcolemmal mitochondria from skeletal muscle of high-
altitude deer mice. FASEB J. 36, €22391. doi:10.1096/f.202200219R

Dawson, N. J., Alza, L., Nandal, G., Scott, G. R. and McCracken, K. G. (2020).
Convergent changes in muscle metabolism depend on duration of high-altitude
ancestry across Andean waterfowl. Elife 9, €56259. doi:10.7554/eLife.56259

Egginton, S. (1990). Numerical and areal density estimates of fiber type composition
in a skeletal muscle (rat extensor digitorum longus). J. Anat. 168, 73-80.

Elliott, K. H., Shoji, A., Campbell, K. L. and Gaston, A. J. (2010). Oxygen stores
and foraging behavior of two sympatric, planktivorous alcids. Aquat. Biol. 8,
221-235. doi:10.3354/ab00236

Favilla, A. B. and Costa, D. P. (2020). Thermoregulatory strategies of diving air-
breathing marine vertebrates: a review. Front. Ecol. Evol. 8, 555509. doi:10.3389/
fevo.2020.555509

Felsenstein, J. (1985). Phylogenies and the comparative method. Am. Nat. 125,
1-15. doi:10.1086/284325

Garland, T., Jr, Dickerman, A. W., Janis, C. M. and Jones, J. A. (1993).
Phylogenetic analysis of covariance by computer simulation. Syst. Biol. 42,
265-292. doi:10.1093/sysbio/42.3.265

Glancy, B., Hartnell, L. M., Malide, D., Yu, Z.-X., Combs, C. A,, Connelly, P. S.,
Subramaniam, S. and Balaban, R. S. (2015). Mitochondrial reticulum for cellular
energy distribution in muscle. Nature 523, 617. doi:10.1038/nature 14614

Gonzalez, J., Diittmann, H. and Wink, M. (2009). Phylogenetic relationships based
on two mitochondrial genes and hybridization patterns in Anatidae. J. Zool. 279,
310-318. doi:10.1111/j.1469-7998.2009.00622.x

Guillemette, M., Woakes, A. J., Henaux, V., Grandbois, J.-M. and Butler, P. J.
(2004). The effect of depth on the diving behaviour of common eiders.
Can. J. Zool. 82, 1818-1826. doi:10.1139/z04-180

Hedrick, M. S. and Duffield, D. A. (1991). Haematological and rheological
characteristics of blood in seven marine mammal species: physiological implications
for diving behaviour. J. Zool. 225, 273-283. doi:10.1111/j.1469-7998.1991.tb03816.x

Hepple, R. T. (2000). Skeletal muscle: microcirculatory adaptation to metabolic
demand. Med. Sci. Sports Exerc. 32, 117-123. doi:10.1097/00005768-200001000-
00018

Hochachka, P. W., Stanley, C., Merkt, J. and Sumar-Kalinowski, J. (1983).
Metabolic meaning of elevated levels of oxidative enzymes in high altitude
adapted animals: an interpretive hypothesis. Respir. Physiol. 52, 303-313. doi:10.
1016/0034-5687(83)90087-7

Hoppeler, H. (1986). Exercise-induced ultrastructural changes in skeletal muscle.
Int. J. Sports Med. 07, 187-204. doi:10.1055/s-2008-1025758

Hoppeler, H. and Weibel, E. R. (2000). Structural and functional limits for oxygen
supply to muscle. Acta Physiol. Scand. 168, 445-456. doi:10.1046/j.1365-201x.
2000.00696.x

Hoppeler, H., Mathieu, O., Weibel, E. R., Krauer, R., Lindstedt, S. L. and Taylor,
C. R.(1981). Design of the mammalian respiratory system. VIII. Capillaries in skeletal
muscles. Respir. Physiol. 44, 129-150. doi:10.1016/0034-5687(81)90080-3

Kanatous, S. B., DiMichele, L. V., Cowan, D. F. and Davis, R. W. (1999). High
aerobic capacities in the skeletal muscles of pinnipeds: adaptations to diving
hypoxia. J. Appl. Physiol. 86, 1247-1256. doi:10.1152/jappl.1999.86.4.1247

Kanatous, S. B., Elsner, R. and Mathieu-Costello, O. (2001). Muscle capillary supply
in harbor seals. J. Appl. Physiol. 90, 1919-1926. doi:10.1152/jappl.2001.90.5.1919

Kanatous, S. B., Hawke, T. J., Trumble, S. J., Pearson, L. E., Watson, R. R,,
Garry, D. J., Williams, T. M. and Davis, R. W. (2008). The ontogeny of aerobic
and diving capacity in the skeletal muscles of Weddell seals. J. Exp. Biol. 211,
2559-2565. doi:10.1242/jeb.018119

Kielhorn, C. E., Dillaman, R. M., Kinsey, S. T., McLellan, W. A., Mark Gay, D.,
Dearolf, J. L. and Ann Pabst, D. (2013). Locomotor muscle profile of a deep
(Kogia breviceps) versus shallow (Tursiops truncatus) diving cetacean.
J. Morphol. 274, 663-675. doi:10.1002/jmor.20124

Kinsey, S. T., Hardy, K. M. and Locke, B. R. (2007). The long and winding road:
influences of intracellular metabolite diffusion on cellular organization and
metabolismin skeletal muscle. J. Exp. Biol. 210, 3505-3512. doi:10.1242/jeb.000331

Kooyman, G. L. and Ponganis, P. J. (1998). The physiological basis of diving to
depth: birds and mammals. Annu. Rev. Physiol. 60, 19-32. doi:10.1146/annurev.
physiol.60.1.19

Kooyman, G. L., Wahrenbrock, E. A., Castellini, M. A., Davis, R. W. and Sinnett,
E. E. (1980). Aerobic and anaerobic metabolism during voluntary diving in
Weddell seals: evidence of preferred pathways from blood chemistry and
behavior. J. Comp. Physiol. 138, 335-346. doi:10.1007/BF00691568

Lavretsky, P., Mclnerney, N. R., Mohl, J. E., Brown, J. I, James, H. F.,
McCracken, K. G. and Fleischer, R. C. (2020). Assessing changes in genomic
divergence following a century of human-mediated secondary contact among wild
and captive-bred ducks. Mol. Ecol. 29, 578-595. doi:10.1111/mec.15343

Lavretsky, P., Wilson, R. E., Talbot, S. L. and Sonsthagen, S. A. (2021).
Phylogenomics reveals ancient and contemporary gene flow contributing to the
evolutionary history of sea ducks (Tribe Mergini). Mol. Phylogenet. Evol. 161,
107164. doi:10.1016/j.ympev.2021.107164

Leaché, A. D., Fujita, M. K., Minin, V. N. and Bouckaert, R. R. (2014). Species
delimitation using genome-wide SNP data. Syst. Biol. 63, 534-542. doi:10.1093/
sysbio/syu018

Lenfant, C., Johansen, K. and Torrance, J. D. (1970). Gas transport and oxygen
storage capacity in some pinnipeds and the sea otter. Respir. Physiol. 9, 277-286.
doi:10.1016/0034-5687(70)90076-9

Livezey, B. C. (1997). A phylogenetic classification of waterfowl (Aves: Anseriformes),
including selected fossil species. Ann. Carnegie Mus. 66, 457-496. doi:10.5962/p.
215141

Lovvorn, J. R. (1991). Mechanics of underwater swimming in foot-propelled diving
birds. Proc. Int. Ornithol. Congr. 20, 1868-1874.

Mahalingam, S., McClelland, G. B. and Scott, G. R. (2017). Evolved changes in
the intracellular distribution and physiology of muscle mitochondria in high-altitude
native deer mice. J. Physiol. Lond. 595, 4785-4801. doi:10.1113/JP274130

Mathieu, O., Krauer, R., Hoppeler, H., Gehr, P., Lindstedt, S. L., Alexander,
R. M., Taylor, C. R. and Weibel, E. R. (1981). Design of the mammalian
respiratory system. VII. Scaling mitochondrial volume in skeletal muscle to body
mass. Respir. Physiol. 44, 113-128. doi:10.1016/0034-5687(81)90079-7

McCracken, K. G., Harshman, J., McClellan, D. A. and Afton, A. D. (1999). Data
set incongruence and correlated character evolution: an example of functional
convergence in the hind-limbs of stifftail diving ducks. Syst. Biol. 48, 683-714.
doi:10.1080/106351599259979

McKechnie, A. E. (2008). Phenotypic flexibility in basal metabolic rate and the
changing view of avian physiological diversity: a review. J. Comp. Physiol. B178,
235-247. doi:10.1007/s00360-007-0218-8

Meir, J. U. and Ponganis, P. J. (2009). High-affinity hemoglobin and blood oxygen
saturation in diving emperor penguins. J. Exp. Biol. 212, 3330-3338. doi:10.1242/
jeb.033761

Norberg, U. M. (2012). Vertebrate Flight: Mechanics, Physiology, Morphology,
Ecology and Evolution. Springer Science & Business Media.

Pagel, M. (1999). Inferring the historical patterns of biological evolution. Nature 401,
877-884. doi:10.1038/44766

Palmer, J. W., Tandler, B. and Hoppel, C. L. (1977). Biochemical properties of
subsarcolemmal and interfibrillar mitochondria isolated from rat cardiac muscle.
J. Biol. Chem. 252, 8731-8739. doi:10.1016/S0021-9258(19)75283-1

Ponganis, P. J. (2015). Diving Physiology of Marine Mammals and Seabirds.
Cambridge University Press.

Ponganis, P. J., Costello, M. L., Starke, L. N., Mathieu-Costello, O. and
Kooyman, G. L. (1997a). Structural and biochemical characteristics of
locomotory muscles of emperor penguins, Aptenodytes forsteri. Respir. Physiol.
109, 73-80. doi:10.1016/S0034-5687(97)84031-5

Ponganis, P. J., Kooyman, G. L., Starke, L. N., Kooyman, C. A. and Kooyman,
T. G. (1997b). Post-dive blood lactate concentrations in emperor penguins,
Aptenodytes forsteri. J. Exp. Biol. 200, 1623-1626. doi:10.1242/jeb.200.11.1623

Ponganis, P. J., Stockard, T. K., Meir, J. U., Williams, C. L., Ponganis, K. V., van
Dam, R. P. and Howard, R. (2007). Returning on empty: extreme blood O,
depletion underlies dive capacity of emperor penguins. J. Exp. Biol. 210,
4279-4285. doi:10.1242/jeb.011221

Raikow, R. J. (1973). Locomotor mechanisms in North American ducks. Wilson
Bull. 85, 295-307.

Revell, L. J. (2012). phytools: an R package for phylogenetic comparative biology
(and other things). Methods Ecol. Evol. 3, 217-223. doi:10.1111/j.2041-210X.
2011.00169.x

Schell, E. R., McCracken, K. G., Scott, G. R., White, J., Lavretsky, P. and
Dawson, N. J. (2023). Consistent changes in muscle metabolism underlie dive
performance across multiple lineages of diving ducks. Proc. R. Soc. B. 290,
20231466. doi:10.1098/rspb.2023.1466

Schell, E. R., White, J. and McCracken, K. G. (2024). Blood— and muscle—-O,
storage capacity in North American diving ducks. J. Avian Biol. 2024, e03186.
doi:10.1111/jav.03186

Schindelin, J., Arganda-Carreras, l., Frise, E., Kaynig, V., Longair, M., Pietzsch,
T., Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B. et al. (2012). Fiji: an
open-source platform for biological-image analysis. Nat. Methods 9, 676-682.
doi:10.1038/nmeth.2019

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_



https://doi.org/10.1016/0034-5687(87)90100-9
https://doi.org/10.1016/0034-5687(87)90100-9
https://doi.org/10.1016/0034-5687(87)90100-9
https://doi.org/10.1016/0034-5687(87)90100-9
https://doi.org/10.1007/s00360-013-0782-z
https://doi.org/10.1007/s00360-013-0782-z
https://doi.org/10.1007/s00360-013-0782-z
https://doi.org/10.1242/jeb.202.9.1091
https://doi.org/10.1242/jeb.202.9.1091
https://doi.org/10.1242/jeb.202.9.1091
https://doi.org/10.1007/s00359-012-0731-4
https://doi.org/10.1007/s00359-012-0731-4
https://doi.org/10.1007/s00359-012-0731-4
https://doi.org/10.1016/j.cbpb.2004.05.003
https://doi.org/10.1016/j.cbpb.2004.05.003
https://doi.org/10.1016/j.cbpb.2004.05.003
https://doi.org/10.1016/j.cbpb.2004.05.003
https://doi.org/10.1096/fj.202200219R
https://doi.org/10.1096/fj.202200219R
https://doi.org/10.1096/fj.202200219R
https://doi.org/10.1096/fj.202200219R
https://doi.org/10.7554/eLife.56259
https://doi.org/10.7554/eLife.56259
https://doi.org/10.7554/eLife.56259
https://doi.org/10.3354/ab00236
https://doi.org/10.3354/ab00236
https://doi.org/10.3354/ab00236
https://doi.org/10.3389/fevo.2020.555509
https://doi.org/10.3389/fevo.2020.555509
https://doi.org/10.3389/fevo.2020.555509
https://doi.org/10.1086/284325
https://doi.org/10.1086/284325
https://doi.org/10.1093/sysbio/42.3.265
https://doi.org/10.1093/sysbio/42.3.265
https://doi.org/10.1093/sysbio/42.3.265
https://doi.org/10.1038/nature14614
https://doi.org/10.1038/nature14614
https://doi.org/10.1038/nature14614
https://doi.org/10.1111/j.1469-7998.2009.00622.x
https://doi.org/10.1111/j.1469-7998.2009.00622.x
https://doi.org/10.1111/j.1469-7998.2009.00622.x
https://doi.org/10.1139/z04-180
https://doi.org/10.1139/z04-180
https://doi.org/10.1139/z04-180
https://doi.org/10.1111/j.1469-7998.1991.tb03816.x
https://doi.org/10.1111/j.1469-7998.1991.tb03816.x
https://doi.org/10.1111/j.1469-7998.1991.tb03816.x
https://doi.org/10.1097/00005768-200001000-00018
https://doi.org/10.1097/00005768-200001000-00018
https://doi.org/10.1097/00005768-200001000-00018
https://doi.org/10.1016/0034-5687(83)90087-7
https://doi.org/10.1016/0034-5687(83)90087-7
https://doi.org/10.1016/0034-5687(83)90087-7
https://doi.org/10.1016/0034-5687(83)90087-7
https://doi.org/10.1055/s-2008-1025758
https://doi.org/10.1055/s-2008-1025758
https://doi.org/10.1046/j.1365-201x.2000.00696.x
https://doi.org/10.1046/j.1365-201x.2000.00696.x
https://doi.org/10.1046/j.1365-201x.2000.00696.x
https://doi.org/10.1016/0034-5687(81)90080-3
https://doi.org/10.1016/0034-5687(81)90080-3
https://doi.org/10.1016/0034-5687(81)90080-3
https://doi.org/10.1152/jappl.1999.86.4.1247
https://doi.org/10.1152/jappl.1999.86.4.1247
https://doi.org/10.1152/jappl.1999.86.4.1247
https://doi.org/10.1152/jappl.2001.90.5.1919
https://doi.org/10.1152/jappl.2001.90.5.1919
https://doi.org/10.1242/jeb.018119
https://doi.org/10.1242/jeb.018119
https://doi.org/10.1242/jeb.018119
https://doi.org/10.1242/jeb.018119
https://doi.org/10.1002/jmor.20124
https://doi.org/10.1002/jmor.20124
https://doi.org/10.1002/jmor.20124
https://doi.org/10.1002/jmor.20124
https://doi.org/10.1242/jeb.000331
https://doi.org/10.1242/jeb.000331
https://doi.org/10.1242/jeb.000331
https://doi.org/10.1146/annurev.physiol.60.1.19
https://doi.org/10.1146/annurev.physiol.60.1.19
https://doi.org/10.1146/annurev.physiol.60.1.19
https://doi.org/10.1007/BF00691568
https://doi.org/10.1007/BF00691568
https://doi.org/10.1007/BF00691568
https://doi.org/10.1007/BF00691568
https://doi.org/10.1111/mec.15343
https://doi.org/10.1111/mec.15343
https://doi.org/10.1111/mec.15343
https://doi.org/10.1111/mec.15343
https://doi.org/10.1016/j.ympev.2021.107164
https://doi.org/10.1016/j.ympev.2021.107164
https://doi.org/10.1016/j.ympev.2021.107164
https://doi.org/10.1016/j.ympev.2021.107164
https://doi.org/10.1093/sysbio/syu018
https://doi.org/10.1093/sysbio/syu018
https://doi.org/10.1093/sysbio/syu018
https://doi.org/10.1016/0034-5687(70)90076-9
https://doi.org/10.1016/0034-5687(70)90076-9
https://doi.org/10.1016/0034-5687(70)90076-9
https://doi.org/10.5962/p.215141
https://doi.org/10.5962/p.215141
https://doi.org/10.5962/p.215141
https://doi.org/10.1113/JP274130
https://doi.org/10.1113/JP274130
https://doi.org/10.1113/JP274130
https://doi.org/10.1016/0034-5687(81)90079-7
https://doi.org/10.1016/0034-5687(81)90079-7
https://doi.org/10.1016/0034-5687(81)90079-7
https://doi.org/10.1016/0034-5687(81)90079-7
https://doi.org/10.1080/106351599259979
https://doi.org/10.1080/106351599259979
https://doi.org/10.1080/106351599259979
https://doi.org/10.1080/106351599259979
https://doi.org/10.1007/s00360-007-0218-8
https://doi.org/10.1007/s00360-007-0218-8
https://doi.org/10.1007/s00360-007-0218-8
https://doi.org/10.1242/jeb.033761
https://doi.org/10.1242/jeb.033761
https://doi.org/10.1242/jeb.033761
https://doi.org/10.1038/44766
https://doi.org/10.1038/44766
https://doi.org/10.1016/S0021-9258(19)75283-1
https://doi.org/10.1016/S0021-9258(19)75283-1
https://doi.org/10.1016/S0021-9258(19)75283-1
https://doi.org/10.1016/S0034-5687(97)84031-5
https://doi.org/10.1016/S0034-5687(97)84031-5
https://doi.org/10.1016/S0034-5687(97)84031-5
https://doi.org/10.1016/S0034-5687(97)84031-5
https://doi.org/10.1242/jeb.200.11.1623
https://doi.org/10.1242/jeb.200.11.1623
https://doi.org/10.1242/jeb.200.11.1623
https://doi.org/10.1242/jeb.011221
https://doi.org/10.1242/jeb.011221
https://doi.org/10.1242/jeb.011221
https://doi.org/10.1242/jeb.011221
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1098/rspb.2023.1466
https://doi.org/10.1098/rspb.2023.1466
https://doi.org/10.1098/rspb.2023.1466
https://doi.org/10.1098/rspb.2023.1466
https://doi.org/10.1111/jav.03186
https://doi.org/10.1111/jav.03186
https://doi.org/10.1111/jav.03186
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019

RESEARCH ARTICLE

Journal of Experimental Biology (2024) 227, jeb247550. doi:10.1242/jeb.247550

Schorger, A. W. (1947). The deep diving of the loon and old-squaw and its
mechanism. Wilson Bull. 59, 151-159.

Scott, G. R, Egginton, S., Richards, J. G. and Milsom, W. K. (2009). Evolution of
muscle phenotype for extreme high altitude flight in the bar-headed goose.
Proc. R. Soc. B Biol. Sci. 276, 3645-3653. doi:10.1098/rspb.2009.0947

Stephenson, R., Butler, P. J. and Woakes, A. J. (1986). Diving behaviour and heart
rate in tufted ducks (Aythya fuligula). J. Exp. Biol. 126, 341-359. doi:10.1242/jeb.126.
1.341

Sun, Z., Pan, T., Hu, C., Sun, L., Ding, H., Wang, H., Zhang, C., Jin, H., Chang, Q.
and Kan, X. (2017). Rapid and recent diversification patterns in Anseriformes
birds: inferred from molecular phylogeny and diversification analyses. PLoS ONE
12, e0184529. doi:10.1371/journal.pone.0184529

Torrella, J. R, Fouces, V., Palomeque, J. and Viscor, G. (1996). Capillarity and
fibre types in locomotory muscles of wild mallard ducks (Anas platyrhynchos).
J. Comp. Physiol. B 166, 164-177. doi:10.1007/BF00263979

Torrella, J. R., Fouces, V., Palomeque, J. and Viscor, G. (1998).
Comparative skeletal muscle fibre morphometry among wild birds with different
locomotor behaviour. J. Anat. 192, 211-222. doi:10.1046/j.1469-7580.1998.
19220211.x

Torella, J. R., Fouces, V. and Viscor, G. (1999). Descriptive and functional
morphometry of skeletal muscle fibers in wild birds. Can. J. Zool. 77, 724-736.
doi:10.1139/z99-011

Turner, D. L. and Butler, P. J. (1988). The aerobic capacity of locomotory muscles
in the Tufted Duck, Aythya fuligula. J. Exp. Biol. 135, 445-460. doi:10.1242/jeb.
135.1.445

Watson, R. R., Kanatous, S. B., Cowan, D. F., Wen, J. W,, Han, V. C. and
Davis, R. W. (2007). Volume density and distribution of mitochondria in harbor
seal (Phoca vitulina) skeletal muscle. J. Comp. Physiol. B 177, 89-98. doi:10.
1007/s00360-006-0111-x

Weibel, S. R. (1979). Stereological Methods. Practical Methods for Biological
Morphometry. Academic Press.

>
(@)}
9
2
(2]
©
o+
c
(]
£
-
()
o
x
NN
Y—
(©)
©
c
e
>
(®)
_


https://doi.org/10.1098/rspb.2009.0947
https://doi.org/10.1098/rspb.2009.0947
https://doi.org/10.1098/rspb.2009.0947
https://doi.org/10.1242/jeb.126.1.341
https://doi.org/10.1242/jeb.126.1.341
https://doi.org/10.1242/jeb.126.1.341
https://doi.org/10.1371/journal.pone.0184529
https://doi.org/10.1371/journal.pone.0184529
https://doi.org/10.1371/journal.pone.0184529
https://doi.org/10.1371/journal.pone.0184529
https://doi.org/10.1007/BF00263979
https://doi.org/10.1007/BF00263979
https://doi.org/10.1007/BF00263979
https://doi.org/10.1046/j.1469-7580.1998.19220211.x
https://doi.org/10.1046/j.1469-7580.1998.19220211.x
https://doi.org/10.1046/j.1469-7580.1998.19220211.x
https://doi.org/10.1046/j.1469-7580.1998.19220211.x
https://doi.org/10.1139/z99-011
https://doi.org/10.1139/z99-011
https://doi.org/10.1139/z99-011
https://doi.org/10.1242/jeb.135.1.445
https://doi.org/10.1242/jeb.135.1.445
https://doi.org/10.1242/jeb.135.1.445
https://doi.org/10.1007/s00360-006-0111-x
https://doi.org/10.1007/s00360-006-0111-x
https://doi.org/10.1007/s00360-006-0111-x
https://doi.org/10.1007/s00360-006-0111-x

Journal of Experimental Biology: doi:10.1242/jeb.247550: Supplementary information

Table S1. Dive times and their sources used for PGLS analysis of histological measurements on dive performance.

) Depth
Species Reference
Mean Max
Mergini
Long-Tail Duck 39.2 61 A
Harlequin Duck 21.7 49 B
Surf Scoter 34.9 83 B
Red-breasted
Merganser 22.3 27 A
Common Merganser 22.9 34 C
Bufflehead 23.9 31.7 D
Common Goldeneye 21.2 39 A E
Barrow's Goldeneye 21.6 25 E,F
Aythyini
Ring-neck Duck 18.4 26.5 G, H
Greater Scaup 17.2 29 C
Lesser Scaup 22.9 28.7 H, |
Anatini
Northern Shoveler 0 -
American Wigeon 0 -
Green-wing Teal 0 -
Mallard 0 -
Northern Pintail 0 -

References: A: Ingram & Salmon, 1941; B: Goudie, 1999; C: Nilsson, 1972; D: Boone and Larue, 1998; E: Bourget, 2007; F:
Beauchamp, 1992; G: Jeske & Percival, 1995; H: Alexander & Hair, 1979; I: Custer et al, 1996
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Table S2. Muscle ultrastructure measurements (£s.e.) from the gastrocnemius and pectoralis for the 17 species of diving and non-

diving ducks.
Oxidative Fiber Areal
Glycolytic Oxidative Density
Subsarco- Intermyo Subsarco Intermyo-
Capillary lemmal -fibrillar Trans. -lemmal fibrillar Trans.
N density Mito. Mito Mito Area Mito. Mito Mito Area Avg. Mito. N Gastroc. Pec.
Species (m,f) C:F (mm'z) Density Density Density (p,mz) Density Density Density (p.mz) Density (m,f) (%) (%)
(Lglr;i'tZLD”Ck 4, 211t 1175f 0307 0121%  0186% 1712 0420+ 0202% 0218+ 1078 0381t . 606t 994%
gu ’ 0.28 42 0.018 0.015 0.010  +236 0.012 0.006 0.007 +83 0.017 ’ 36 0.2
hyemalis)
fs‘ln;:fetii'der oo 196% 1132% 0212 0104+ 0108+ 1920 0325 0149+  0176% 1312 ] ) ) )
o ' 0.06 30 0.021 0.012 0.011  +196 0.012 0.009 0.008 +54
mollissima)
:_ZZ';?O“,;?CES”C'( o5 L52% 1055%  0221% 0063t 0158+ 1994 0418+ 0195% 0223+ 1108  0325¢ .  526% 78.1%
Feon ' 0.14 113 0.026 0.011 0.015  +118 0.009 0.009 0005  +157 0.018 ' 2.1 2.4
histrionicus)
f&':;;‘;:;r 6o 155% gec,g, 0214 0.062%  0.152% 2430 0400+ 0201% 0199t 1544 0298t = 451% 912%
o ' 0.14 * 0.030 0.019 0.014  +310 0.024 0.020 0.012 +99 0.027 ' 17 2.8
perspicillata)
Eﬂe:r'barr?:::ed o3 150 1356 0238+  0.0%% 0149% 1924 0374+ 0163+  0212¢ 1100 0307+  _, 487+ 89.4%
g ' 0.05 91 0.033 0.019 0.016  +286 0.010 0.006 0.007  +164 0.020 ' 2.6 0.8
(Mergus serrator)
Common
Merganser o3 L168% 1272% 0226  00%% 0131t 1741 0363+ 0171+  0192% 1544  0294% 490+ 848
(Mergus ' 0.12 87 0.029 0.019 0.011  +113 0.014 0.011 0004  +102 0.021 ' 2.6 +1.0
merganser)
(B;;Z':hﬁs;i 4, LEAE oo 0259%  0105%  0154% 2179 0371+ 0177¢ 0194t 989¢  0316%  ,,  503% 934%
P ' 0.14 = 0.018 0.012 0.007  +186 0.005 0.005 0.005 57 0.013 ' 38 15
albeola)
Common
Goldeneye 4, L160% . oo 0194 0063t 0130% 1854 0375% 0186% 0190+ 1158 0269t  , 419% 855%
(Bucephala ' 0.09 = 0.016 0.008 0.008  +137 0.015 0.009 0007  +102 0.010 ' 2.4 1.9
clangula)
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Barrow's
Goldeneye
(Bucephala
islandica)
Ring-neck Duck
(Aythya collaris)
Greater Scaup
(Aythya marila)
Lesser Scaup
(Aythya affinis)
Northern
Shoveler

(Anas clypeata)
American Wigeon
(Mareca
americana)
American Green-
wing Teal

(Anas
carolinensis)
Mallard

(Anas
platyrhynchos)
Northern Pintail
(Anas acuta)

3,3

3,3

4,2

3,3

3,3

2,4

3,3

149+
0.11

136+
0.18
1.28 +
0.09
1.65+
0.18

1.25+
0.13

1.78 +
0.10

121+
0.12

717
148

1089 +
167

851+43

950 +
138

711+ 66

866 * 28

778 + 47

0.231+
0.023

0.161+
0.038

0.156 +
0.038

0.194 +
0.017

0.141 +
0.026

0.153 +
0.024

0.115+
0.022

0.085 +
0.016

0.060 +
0.023
0.040 £
0.008
0.060 +
0.007

0.038 £
0.012

0.046 +
0.010

0.029
0.009

0.147 +
0.013

0.101+
0.016

0.116
0.010

0.134
0.012

0.103 +
0.016

0.107
0.015

0.086
0.016

1996
+234

1969
+128
1727
+221
2036
+64

1755
t61

2073
+117

2042
+167

0.399 +
0.014

0.305+
0.026

0.391+
0.015

0.337 ¢
0.018

0.289
0.017

0.291+
0.015

0.285+
0.023

0.194 +
0.006

0.138 +
0.017
0.176 £
0.010
0.146 £
0.012

0.121+
0.014

0.119+
0.011

0.107
0.014

0.204 +
0.010

0.167 +
0.011
0.216
0.007
0.191+
0.008

0.168 +
0.008

0.172
0.005

0.178 +
0.010

1269
+141

1104
+79
1238
+147
1809
+94

1183
+142

1251
+148

924 +
129

0.300 £
0.014

0.231+
0.031
0.279
0.018
0.256 £
0.018

0.202 £
0.022

0.211+
0.021

0.182 +
0.018

53

4,4

4,2

4,4

53

6,2

5,2

4,4

424+
2.4

50.7 £
2.9
51.2 +
34
46.9 =
3.5

431+
1.6

42.6 =
34

411+
2.3

49.7
2.9

45.8
+3.7

89.7 +
1.8

843+
0.9

829+
13

819+
1.4

69.1+
4.0

719+
1.5

73.1+%
2.3

70.4 +
1.2

73.8
14

C:F — Capillary to fiber ratio
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