Dive First, Run Later? The Role of Endurance Diving in Human Evolution
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ABSTRACT

Unlike any other primate, humans are characterized by having exceptional physical stamina, as shown by our
aptitude for endurance running but also for breath-hold diving underwater. Why are humans so different from
other apes? Aerobic endurance and adaptation to a wide range of environments have apparently helped humans
to spread globally and thrive from seacoasts to high altitudes, while our closest living relatives are mostly con-
fined to tropical forests. This wide dispersal likely started —or intensified —with early Homo populations around 3
to 2 million years ago (Ma). A long-standing hypothesis to explain our stamina is that an ancestral Homo popula-
tion evolved as persistence-hunting endurance runners, like todays San and Rardmuri populations, in response to
increasingly dry conditions in Africa after ~3-2 Ma. However, this hypothesis does not address the origin of the re-
markable breath-hold diving capacity displayed by many human populations today, such as the Sama-Bajau and
the Ama divers, or our ability to adapt to different environments. To fill this gap, we use comparative physiology
and anatomy, paleoecology, and paleoanthropology to explore how insights in our breath-hold diving ability may
help us understand how humans could have developed endurance running and a remarkable tolerance of life at
high altitude. Based on these insights, we propose an alternative hypothesis, ‘dive first, run later”: a coastal Homo
population expanded its niche to include foraging for aquatic resources by breath-hold diving, thereby evolving
‘heavy bones’ (increased bone mass) to provide neutral buoyancy at foraging depth. The enhanced cardiorespira-
tory functions that also evolved for efficient underwater foraging could later be co-opted for endurance running
by more gracile and light-boned Homo, as well as for life at high-altitude. Testing hypotheses is outside the scope
of this paper, but we do provide examples of possible future research approaches by discussing an array of fea-
tures that leave traces in the skeleton, and have functional implications for endurance diving as well as running.
Our more extensive interpretations of their functionality provide nuclei for further research to ultimately allow
balanced evaluation of the hypotheses. We conclude that when studying the origin of human endurance and the
evolutionary history of the Homo sapiens lineage, it is relevant and imperative to take not only endurance running
but also endurance diving into account.

INTRODUCTION: WHY ARE HUMANS
SO DIFFERENT FROM OTHER APES?

Humans (H. sapiens) last shared a common ancestor with

our closest living relatives, chimpanzees and bonobos,
at some time between ~8-6 Ma (Shao et al. 2023; Suntsova
and Buzdin, 2020). We are genetically very similar to these
African apes, yet differ greatly in morphology, physiology,
and behavior (Pollen et al. 2023; Vail et al. 2023). Not only
do we walk upright and speak, but we are also character-
ized by having exceptional stamina and aerobic endurance,
as shown by our aptitude for endurance running (Bramble
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and Lieberman 2004; Carrier 1984; Morin and Winterhal-
der 2024). Moreover, unlike any other primate we have a
remarkable ability for long-distance swimming (Knechtle
et al. 2020), and notably for breath-hold diving underwater,
as practiced by recreational freedivers, by marine hunter-
gatherers such as the Sama-Bajau in southeast Asia (Figure
1;Schagatay etal.2011) and by competitive freedivers (Scha-
gatay 2009, 2010, 2011; McKnight et al. 2021). Humans have
a superior ability for aerobic endurance compared to other
apes (Shave et al. 2019), as indicated by our efficient breath-
ing and relatively large aorta and cardiac output (Rios et

OPEN aACCESS

Early View available online 17 September 2026

ISSN 1545-0031


https://orcid.org/0000-0002-5757-1168
mailto:josephine_joordens@eva.mpg.de
https://orcid.org/0000-0001-5477-9265
mailto:erika.schagatay@miun.se
mailto:josephine_joordens@eva.mpg.de

Early View available online 17 September 2026
2 ¢ PaleoAnthropology 2027:1

Figure 1. Sama-Bajau freedivers spearfishing and collecting seafood in coral reef areas in Indonesia and The Philippines. The Bajau
swim down and along the bottom, and may hold the coral to remain still when waiting for fish to harpoon (photos by Erika Schagatay

and Erik Abrahamsson).

al. 2023). Aerobic endurance and tolerance to environmen-
tal extremes have helped humans to spread globally and
thrive from seacoasts to high altitudes and from deserts to
the poles—while other apes are mostly confined to tropical
forests. This global dispersal and colonization of different
environments likely first started sometime around or even
before 2 Ma, as suggested by finds of hominin fossils and
tools not just in Africa but also across Eurasia (Barash et al.
2022; Curran et al. 2025). The big question is: why is H. sa-
piens so different from other apes? When, where, why, and
how did a hominin population in our lineage first evolve
our exceptional aerobic endurance, and how would this
have influenced human evolution and occupation of such a
broad range of environments?

Aerobic endurance can be defined as the ability to ex-
ercise at moderate intensity for extended periods of time,
with the cardiorespiratory system efficiently supplying
oxygen to working muscles for continuous sustainable
aerobic work, without accumulating anaerobic byproducts
such as lactate’. Most body cells, not only working mus-
cle, produce lactate even when oxygen is available. At the
same time, other tissues act as a ‘sink” and take up lactate
from the blood to either oxidate it as fuel—or produce new
glucose (liver, kidneys). The level of blood lactate is thus a
balance between its production and removal. When lactate
production in muscle increases due to increased work, its
removal via the ‘lactate shuttle’ will also increase, to keep
up as long as possible, but with elevated work rate lactate

will eventually start accumulating (Brooks et al. 2002). If
oxygen delivery is not sufficient for the work done, a great-
er extent of anaerobic metabolism is needed, and when its
by-products cannot be removed in the pace produced, their
accumulation will lead to fatigue and eventually to an in-
ability to move. During any endurance activity it is there-
fore crucial to keep work below the ‘lactate threshold’ to be
able to sustain it, without having to stop to rest, an ability
which appears to be superior in humans among apes.

A long-standing hypothesis to explain the modern hu-
man aerobic endurance is that—in response to increasingly
dry and open environments in Africa after 3 to 2 Ma—an
early Homo population evolved to become persistence
hunters using long-distance endurance running to run
down prey during the hottest hours of the day; this was
seen as an important step in becoming more carnivorous
(Bramble and Lieberman 2004; Carrier 1984). The hypoth-
esis of Homo and notably Homo erectus sensu lato® (hereaf-
ter: H. erectus) evolving between 3-2 Ma as a meat-chasing
endurance runner has become popular and is often cited,
for instance in association with evolution of increased brain
size facilitated by increased meat eating (Glaub and Hall
2017; Okerblom et al. 2018; Pontzer 2017). However, it was
recently established that there is no sustained increase in
zooarchaeological evidence of terrestrial mammal butchery
sites after the appearance of H. erectus in the fossil record
~2 Ma (Barr et al. 2022), contrary to expectations based on
the persistence hunting hypothesis. While this hypothesis
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has also attracted criticism because of the relatively scarce
ethnographic evidence for persistence hunting in H. sapiens
(Halsey and Bryce 2021; Pickering and Bunn 2007), recent
reviews of the ethnographic record do support the occur-
rence of persistence hunting by modern humans e.g., the
San in southern Africa and the Raramuri (or Tarahumara)
in Mexico (Brill et al. 2024; Morin and Winterhalder 2024;
see also Hora et al. 2025).

Importantly, the fact that H. sapiens is capable of en-
durance running and persistence hunting today does not
necessarily imply that our remarkable aerobic endurance
evolved because our ancestors started running after prey.
As Gould and Vrba (1982) pointed out, current utility car-
ries no automatic implication about historical origin. A
recent study demonstrated that not only running but also
walking, climbing, and diving (i.e., intentional sub-aquatic
locomotion) are important means of locomotion used in
modern human foraging (Brill et al. 2024). This system-
atic analysis of cross-cultural variation in locomotion in
53 hunter—gatherer societies revealed a high level of loco-
motor versatility among hunter—gatherers, showing that
proficiency of running, climbing, swimming, and diving
is found in societies across the geographical and ecologi-
cal breadth of the sample. While running occurred in all 53
groups studied, endurance running for persistence hunting
was present in only 17 (32%) of these. Interestingly, swim-
ming was present in 45 (77%) and diving in 23 (39%) of
these societies (Brill et al. 2024). In both marine and fresh-
water systems, purposeful breath-hold diving for foraging
was common. This indicates that while modern humans
are clearly terrestrial mammals, they can also operate ef-
ficiently in and under water. So far, the origin of the re-
markable human diving capacity, and its possible role in
the evolution of aerobic endurance in our lineage, has not
yet been explained.

Breath-hold diving, also called freediving, can be de-
fined as periods of underwater activity during voluntary
breath-holding (apnea), relying on body oxygen stores un-
til resurfacing, thus diving without carrying any external
air supply. In this paper we explore how insights into mod-
ern human freediving ability and the underlying physiol-
ogy may help us understand how humans developed not
only breath-hold diving and endurance running, but also
a remarkable tolerance of life at high altitude, where low
oxygen availability puts high demands on the cardiorespi-
ratory system. Based on this exploration we formulate new
hypotheses for the evolution of human endurance, which
address persistence hunting by endurance running as well
as underwater foraging by breath-hold diving. We do not
aim to test these hypotheses; this would require a major re-
search effort by an interdisciplinary team and is outside the
scope of our paper. Our aims are: 1) to provide a wider per-
spective—as food for thought—on the evolution of human
endurance, based on an exploration of the modern human
breath-hold diving capacity; 2) to formulate hypotheses on
the relevance and potential role of breath-hold diving in
human evolution; and, 3) to provide examples of possible

future research approaches to test and refine or reject these
hypotheses.

THE PHYSIOLOGICAL BACKGROUND
TO BREATH-HOLD DIVING

Breath-hold diving species have evolved in nearly every or-
der of air breathers (Butler and Jones 1997), and insights in
their adaptations can help understand some human charac-
teristics. A major challenge during diving for all air-breath-
ers, including human breath-hold divers, is the limited ac-
cess to oxygen when underwater, which makes it necessary
to develop means to rely on intermittent breathing. This re-
quires: 1) increasing body oxygen storage before diving, in-
volving large storage capacity and efficient breathing when
at the surface (high VO, __: maximum oxygen uptake), 2)
limiting oxygen usage during diving (low VO,_. ), and 3)
tolerance to hypoxia (Schagatay 2009). Oxygen is stored not
only in the lungs, but also in the blood and tissues (Scha-
gatay 2009). Diving mammals are known for their extreme
respiratory capacity and enhanced ability to store oxygen,
and for having a strong “‘mammalian diving response’ that
conserves oxygen, all of which have co-evolved to enable
underwater foraging (Fahlman et al. 2023; Kooyman 1989;
Ponganis 2015). Blood oxygen storage can be increased by
elevated levels of circulating red blood cells containing the
oxygen-binding hemoglobin, and in many divers the blood
can be boosted with red cells by having an extra supply
of red cells in the spleen that can be recruited during div-
ing (Hurford et al. 1990; 1996). To conserve oxygen during
diving, the mammalian diving response minimizes oxygen
usage by constricting selected blood vessels and supplying
mainly the heart and brain with oxygen, as they are most
sensitive to hypoxia (Scholander 1940, 1963). With a more
limited circulation to supply, the heart rate drops, which
reduces the oxygen consumption of the heart and contrib-
utes to saving oxygen (Elsner 1966). This system efficiently
conserves oxygen and prolongs dive duration. Working
muscle is also to some extent prioritized with blood flow
(Butler 1988), however in diving mammals the local oxygen
storage is enhanced through increased quantities of oxy-
gen-binding myoglobin (He et al. 2021; Mirceta et al. 2019).

The mammalian diving response is present in humans
as well, and it efficiently reduces heart rate and oxygen
consumption during diving (Andersson and Schagatay
1998; Schagatay and Andersson 1998; Figure 2). The diving
response is present to some extent in all studied mammals
but clearly correlates with their involvement in diving;
the human response is in the range of otters and beavers,
while pigs trained to dive have a less pronounced response
(Schagatay 1996). In human freedivers, just as in seals, in-
creasing the amount of circulating red blood cells by spleen
contraction enables larger available blood oxygen stores,
which prolongs dives (Schagatay et al. 2001). Moreover, lo-
cal oxygen storage in trained human freedivers’ muscles is
enhanced through increased quantities of myoglobin (Elia
et al. 2019).
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Figure 2. a) Competition freediver Alexey Molchanov freefalling during a deep dive without fins (photo courtesy of Daan Verhoeven);
b) Logged data from a trained competition freediver diving to 97m and back in ~3.5 minutes, showing depth profile, swimming move-
ments, and water temperature. Note the free fall phase without swimming on the way down from ~30m to 97m; c) The diving response

reduces heart rate to ~ 30BPM during the free fall, and it rises to ~

40BPM during swimming up against negative buoyancy. Cerebral

oxygenation shown via Total Saturation Index (TSI), heart rate (BPM: beats per minute) and arterial oxygen saturation (SpQO,) dur-
ing the dive. (b and c, reproduced parts of Figure 2 in McKnight et al. 2021).

MAXIMAL HUMAN DIVING CAPACITY
VERSUS ENDURANCE DIVING FOR FOOD
Human record freediving achievements are striking, and
competitions are regularly held in a number of disciplines
aiming for maximal duration, distance, or depth reached on
one breath (for review see Schagatay 2009, 2010, 2011). The
current record in underwater breath-hold duration (‘stat-
ic apnea’) is 11 min., 35 sec.; records in swimming dives
achieved without the use of fins are 250m for horizontal
diving (‘dynamic apnea no fins’) and 103m of depth (‘con-
stant weight no fins’) reached on one breath of air (www.
aidainternational.org). These diving feats are far beyond
the capacities of any studied terrestrial mammal (Fahl-
man and Schagatay 2014). In trained human freedivers, in-
creased oxygen storage by having large lungs (Rahn and
Yokoyama 1965; Schagatay et al. 2012) and a large and con-
tractile spleen (Hurford et al. 1990; Schagatay et al. 2012),
together with an enhanced diving response (Schagatay and
Andersson 1998), extends their “aerobic dive limit" (ADL).
The ADL refers to the maximum time an air-breathing div-
er can stay submerged based on mainly aerobic metabo-
lism —thus prior to elevation of anaerobic metabolism to

the level leading to lactate accumulation (Butler 2006; also
referred to as ‘diving lactate threshold’). Should the ADL
be surpassed by the diver, lactate will accumulate, requir-
ing a long period of recovery breathing at the surface before
diving can be resumed (Schagatay 2009). While the ADL is
prolonged in competition divers, they may fully explore
also the anaerobic capacity to produce a single maximal
dive, leading to high levels of lactate accumulating in the
blood (Schagatay 2011a). This is fine for competition divers,
as afterwards they may take extended periods to recover
(Schagatay 2010; Rodriguez-Zamora et al. 2018). However,
to make maximal dives would be disadvantageous for for-
agers who need to minimize recovery time at the surface
(Schagatay 2014), as will be explained below. For them, the
maximal dive duration will only provide some reserve ca-
pacity in an emergency.

Fortunately, a capacity to make long-duration dives is
not necessary for humans to successfully forage underwa-
ter (Schagatay et al. 2011). Instead, for foraging to be ef-
ficient, subsistence freediving relies on what we call ‘en-
durance diving;’ short-duration dives that continuously
alternate with surface breathing intervals at a constant
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Figure 3. Recordings of depth-time profiles across two working hours by three female Ama divers (aged 40—45 years) during ‘endur-
ance diving;’ repeated dives with short breathing pauses at a very regular pace. Deeper diving requires longer dives, as part of the dive
duration involves swimming down and up, which in turn prolongs recovery intervals even more, resulting in a lower percentage of
the working time spent submersed. Diver A makes 65 shallow dives spending 47% of the working time submersed. Diver B makes 50
dives to a medium depth spending 45% of the working time submersed. Diver C makes 38 deeper dives spending 43% of the working
time submersed (see detailed metrics in figure). Original data from Schagatay et al. (2011).

pace over a long period of time. Such dives must remain
within the ADL and thus must be mainly metabolically
aerobic, keeping the arterial oxygen saturation high, gener-
ally above 90% (ES observations). During normal constant
breathing, arterial oxygen saturation is kept at around 98%,
and the lowest tolerable level to stay conscious is just above
50% —under which the human oxygen-craving brains are
normally triggered to shut down and fainting occurs. In
trained competitive freedivers who do single maximal ef-
fort dives, the arterial oxygen saturation can drop to val-
ues lower than 50% in the conscious diver (McKnight et al.
2021; Mulder et al. 2021), and safety divers are ready to as-
sist should a diver surpass individual limits and faint from
lack of oxygen (hypoxia).

While the current freediving world records reveal hu-
man maximal capacity, such single, long, partly anaerobic
dives are thus not useful for a forager as they require recov-
ery periods much longer than the dive (Schagatay 2009).
Instead, during foraging it is essential to recover quickly to
spend maximal total time foraging underwater where the
resources are located. This can be achieved by conducting
a series of short aerobic dives requiring only short recov-
ery intervals breathing at the surface (Schagatay 2014). By
keeping dives short, the risk of fainting from hypoxia is
also minimized. Endurance diving for food is still practiced

by several extant human populations such as the Ama in
Japan who can dive for hours daily at a dive-to-breathing
interval duration of 1:1 in shallow dives (Schagatay et al.
2011; Figure 3). Similar methods are used by Haenyo in Ko-
rea (Lee et al. 2016; Rahn and Yokoyama 1965), Polynesian
divers in Tonga and Tuamotu (Malm 1999), Moken in Thai-
land and Myanmar, Orang (Suku) Laut in Singapore, Ma-
laysia, and Indonesian Riau Islands, and Sama-Bajau in
Indonesia, Malaysia, the Philippines, and Brunei (Abraha-
msson and Schagatay 2014; Bellina et al. 2021; Chou et al.
2016; Kusuma et al 2017; Rodriguez et al. 2022; Schagatay et
al. 2011). The three latter groups are often referred to as Sea
Nomads and while most are no longer nomadic, many still
live as marine hunter-gatherers (Bellina et al. 2021).

UNDERWATER FORAGING BY ENDURANCE
DIVING -HOW DOES IT WORK?

A good example of efficient marine hunter-gathering en-
durance divers are the Sama-Bajau (hereafter, Bajau; see
Figure 1). When endurance diving, they make extended
series of short dives with short breathing intervals, to a
maximum depth of about 20m. The dives are essentially
aerobic, and the foraging work can be done steady-state
across extended periods as their efficient diving response
limits oxygen usage to a minimum (Schagatay 1996). In ad-
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dition, their large spleens (Ilardo et al. 2018) and efficient
breathing capacity will increase their oxygen stores be-
tween dives, and thereby extend their aerobic diving limit
(ADL). During shallow diving to 5-7m, their dives lasting
~30s are interspersed with surface intervals of just ~20s, i.e.
they can spend 60% of the time underwater (Schagatay et
al. 2011). The working time spent immersed is typically be-
tween 2 and 6 hours per day, which usually yields suffi-
cient catch (ES observations). However, the Bajau can do up
to 9 hours of immersed work daily, and with a submerged
diving time of 60% of the total working time, the maximal
amount of usable time for underwater foraging is up to 5
hours per day (Schagatay et al. 2011). To allow rapid recov-
ery, endurance divers must keep repeated dives short, but
with deeper diving, longer dives are required as more time
will be used to swim to and from the bottom, and sufficient
time must remain for foraging at depth. In dives to 10m of
depth the Bajau dives lasted ~42s with the same duration of
recovery intervals, thus 50% of the immersed working time
was spent underwater (Abrahamsson and Schagatay 2014).
The consequence of depth on dive and interval duration
can be seen in the Ama divers as well, where the percentage
of time spent underwater is reduced with increased depth
(see Figure 3). Among the Bajau, most dives are within 1
minute duration, and maximal single dive durations, for
example to tie the boat to the reef, did not exceed 3 minutes
(ES observations). Often reproduced accounts of much lon-
ger duration dives—of up to 13 minutes—are likely based
on misconceptions and not on direct observations. Other
anecdotal reports that they walk on the seafloor when fish-
ing have never been confirmed when diving with them
during our many visits (ES observations); they clearly
swim efficiently or stay on the bottom to ambush fish, as
described below.

The traditional Bajau diving is done without using
any modern freediving equipment, thus without nose clip,
weights, fins, or wetsuit. Only a few generations ago did
they start using goggles. Children still often dive with-
out goggles, contributing to the catch from age 4-5 years.
While in general human underwater vision is poor, the Ba-
jau appeared to see quite well underwater without goggles,
enough to catch food (Schagatay 1996). It was later shown
in the Moken, who use similar diving methods, that they
have improved underwater vision via heavy accommoda-
tion and concurrent pupil constriction (Gislén et al. 2003).
To efficiently dive down without weights, the Bajau typi-
cally descend feet first after a powerful swim stroke that el-
evates the upper chest above the surface; the weight of the
upper body will then submerge the entire body (ES obser-
vations). In this way the downward pointing nostrils will
not flood with water. When the Bajau then turn to swim
downwards, they close off the nose efficiently by using the
back of the tongue to elevate the soft palate to keep nasal
airways closed from inside (Figure 4). While descending,
they equalize pressure in their middle ears hands-free, by
using muscles of tongue, soft palate and throat to tense
the soft palate and open the Eustachian tube between na-

sal cavity and middle ear (see Figure 4). Equalization of all
body air spaces is a critical element of breath-hold diving,
as the air is compressed by the increased hydrostatic pres-
sure. The effect is described by Boyle’s law, where Pres-
sure x Volume is Constant (PxV=C). As 10m of water exerts
the same pressure as 1 atmosphere (atm) of air, the effect is
most notable in the upper 10m of the water column where
the pressure doubles from latm to 2atm, and air volumes
must shrink to half (see Figure 6 below). At greater depths
the rate of pressure change is slower, but if equalization
fails, the diver must stop the descent.

Once underwater, the Bajau swim using alternating
circular leg strokes in a propeller-like manner, while keep-
ing the hands free for foraging (ES observations). This “pro-
peller stroke’ is very energy efficient and can move them
in every direction with precision, unlike the strokes used
in competitive swimming and diving. The Bajau have un-
usually big feet that make their swimming efficient with-
out fins (ES observations). Even without weights they can
remain submerged at foraging depth without any down-
swimming effort, due to compression of the lungs by the
hydrostatic pressure (see Figure 1 and Figure 6 below).
These divers have large lungs but do not usually inhale ful-
ly for shallow diving. If necessary to remain submerged at
very shallow depths, they may exhale to reduce buoyancy
(ES observations). Common foraging methods among the
Bajau are spearfishing using a wooden rubber-sling spear-
gun for coral reef fish (e.g., parrotfish, grouper, triggerfish)
and nearshore pelagic fish (e.g., jackfish, barracuda), when
they often swim along or remain at the bottom to ambush
fish. They also routinely collect seafood from the seabed
including molluscs (e.g., sea snails, clams, octopi), echino-
derms (e.g., sea cucumbers, sea urchins), crustaceans (e.g.,
crabs, langoustes, lobsters), and various taxa of sea worms
and algae. Turtles, birds, and marine mammals are some-
times hunted, and large marine mammals may occasion-
ally be scavenged. Both men and women dive, including
young children and the elderly, with the men mostly fo-
cusing on spearfishing and women and children often on
collecting, but with no strict division of labor (see Figure 1).
There are no observed physiological sex differences in their
diving performance, and the roles seem to be mainly tra-
ditional in nature—just as among the Ama, where women
do most of the diving for socio-economic reasons (Abra-
hamsson and Schagatay 2014; Holm et al. 1998; Schagatay
et al. 2011). Many Bajau divers in their 7th—8th decades
are still contributing actively to the family economy, just
as the Ama divers do (Rahn and Yokoyama 1965). Under-
water foraging in this way yields enough high-quality sea-
food for daily sustenance, while working only part of the
day; in good conditions 2-3 h per day (Abrahamsson and
Schagatay 2014). The diversity of easily accessible marine
resources on shallow coral reefs is striking; Malm (1999)
documented the gathering of more than 230 folk taxa of
marine invertebrates and seaweeds for some 50 different
purposes in Tonga.
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Figure 4. Mid-sagittal section of chimpanzee and adult human head (adapted from Vaneechoute et al. 2011). Note the protruding
human nose with downward pointing nostrils creating an airlock, a short, arched palate, a large mobile tongue in contact with the
pharynx, and a descended larynx creating a distance between the soft palate and epiglottis. In contrast, in chimpanzees and in human
infants the larynx is situated higher up and the soft palate and epiglottis overlap. Equalization of the middle ears is a critical element
of breath-hold diving, as all air spaces in the body (middle ear, sinuses, airways, and lungs) are compressed with increasing depth
and eardrums may rupture without active equalization. Freedivers may use different equalization techniques depending on the div-
ing depth, e.g., hands free equalization, Valsalva, Frenzel, mouthfill. These techniques involve voluntary closure of the nose and/or
mouth airway and require fine control of the tongue muscles, epiglottis, and muscles of the soft palate and throat. The diver learns to
voluntarily lower or raise the soft palate from its neutral position to efficiently equalize pressure of the middle ear. During swallowing,
the epiglottis automatically closes the trachea to prevent food and liquids from entering the lungs, but a freediver can also voluntarily
control the epiglottis to open and actively overfill the lungs by pumping down air and thereby allow equalization at greater depths
(Ornhagen et al. 1998). When reaching an individual depth limit, set by the starting lung volume and lung flexibility, the diver has
to stop the descent, or damage (barotrauma) of ears, lungs or airways will occur due to the pressure.

COMPARATIVE ASPECTS OF HUMAN

DIVING

Adaptation to underwater foraging in mammals is most
extreme in deep diving seals and whales, but evident also
in many less-studied semi-aquatic groups. How well does
the human diving ability compare with that of other diving
mammals? Mammalian breath-hold divers can be special-
ized in deep diving, regularly diving to 200m and having
the ability of reaching >1000m of depth (e.g., sperm whales;
Irvine et al. 2017). While these extreme divers have been
the focus of many physiologists’ studies, they are not typi-
cal of diving mammals (e.g., Kooyman 1989); most other
diving mammals do not have these abilities. A much larger
number of species of mammalian divers are found in the
category ‘moderate divers,” defined by regularly diving to
100m but with the ability to reach 200m occasionally; or in
the category ‘shallow divers’, with a typical range within
the first 50m of depth and occasionally reaching maximum
depths of ~100m (Fahlman and Schagatay 2014). This shal-
low diver group contains semi-aquatic taxa including e.g.,
beaver (Castoridae), river and sea otters (Lutrinae), hip-

pos (Hippopotamidae), many seal species (Pinnipedia),
as well as the fully aquatic sea cows (Sirenia; Wall 1983).
Humans fit well among other shallow diving mammals—
they have a regular depth range of 20m for foraging, can
spend 50-60% of the foraging time underwater, and have
the ability to make maximum single dives of around 100m
depth (Fahlman and Schagatay 2014). The diving pattern
of endurance divers such as the Bajau, together with the
extreme feats of competitive freedivers, reveals a striking
similarity with the bimodal diving range of the sea otter
(Enhydra lutris; Schagatay 2011b). This semi-aquatic mam-
mal typically makes short dives to <20m spending 60% of
the time underwater, and only in very rare cases dives to
~100m (Bodkin et al. 2004). So how did this human ability
to dive like a semi-aquatic mammal, apparently unique for
a terrestrial mammal, evolve?

ENDURANCE DIVING REQUIRES ENHANCED
AEROBIC CAPACITY

In endurance diving it is crucial to sense exactly for how
long the stored oxygen will last; overreaching by just a few
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seconds involves accumulation of byproducts of anaero-
bic metabolism including lactate, and results in having to
spend a longer time recovering at the surface to get rid
of it. Once at the surface between dives, an efficient ven-
tilation and oxygen transport to oxygen-craving organs is
key (high VO, ). An absolute ability to regulate breath-
ing across conditions from voluntary apnea to maximal
oxygen loading is central in all diving mammals, includ-
ing human endurance divers. When you breathe only half
of the time, you must breathe twice as much when you
breathe. Diving requires fine-tuned respiratory regulation
that is achieved mainly via sensing of high carbon dioxide
levels in the blood (hypercapnia), which results in an urge
to breathe before O, levels drop to alarmingly low levels
(Schagatay 2009). Sensing oxygen levels, which start drop-
ping later, would lead to a later signal to breathe and thus
a too late warning. Trained competition divers can sustain
elevated carbon dioxide levels and likely better sense low
oxygen levels (Hawkes and Kendall-Bar 2025; McKnight
et al. 2025; Schagatay 2009). During the dive, competition
freedivers can override the urge to breathe to prolong their
dives beyond the ADL, thereby exposing themselves to low
oxygen levels (30—40%; McKnight et al. 2021; Mulder et al.
2021) that they to some degree learn to tolerate. For an un-
trained diver such critically low oxygen levels could lead
to sudden hypoxic syncope (‘blackout’), during which an
unassisted diver will likely drown. To avoid such risk, and
to remain within the ADL, endurance divers like the Bajau
and Ama must obey the urge to breathe—hence the short
dives of 30-60s—to be ready for the next dive after only a
short surface interval. Enhanced fitness involving both re-
spiratory and cardiovascular systems allowing the diver to
remain aerobic, and a capacity for pacing the activity under
the lactate threshold, are essential requirements not only
for endurance running but also for endurance diving.

Endurance diving also requires a way of keeping work
rate at its minimum; it is the economic use of the oxygen
stores, and the rapid shifts between attaining VO, and
VO, that enable the diver to work at an even pace for
long periods despite intermittent breathing. High VO, is
required when filling up oxygen stores, and a low VO, . is
necessary during the dives. The latter is achieved by good
work economy and a strong diving response prioritiz-
ing blood flow to the most oxygen-craving organs (heart,
brain, working muscles) and thereby minimizing oxygen
consumption during diving. By these means endurance
divers can conduct repeated breath-hold diving at steady
state for hours, spending about half of that time underwa-
ter, without ever developing alarming hypoxia or accumu-
lating lactate. This endurance diving capacity thus shares
features—like improved cardiorespiratory fitness, efficient
mouth breathing, and fine regulation of blood flow and lac-
tate levels—with endurance running.

WHAT IS THE ORIGIN OF THE EXCEPTIONAL
HUMAN AEROBIC ENDURANCE?
The abilities to endurance run and endurance dive have

evolved at some time(s), in response to ecological pres-
sures. But which came first? So far, besides persistence
hunting through endurance running (Carrier 1984), no al-
ternative or complementary hypotheses to explain our re-
markable aerobic endurance have been brought forward.
We believe this has resulted in a long-standing bias in re-
search focus—the field of paleoanthropology can draw on
numerous ‘endurance running papers’ with data and in-
terpretations produced over the past 40 years (e.g., Bram-
ble and Lieberman 2004; Carrier 1984; Hatala et al. 2013;
Hora et al. 2020; 2025; Lieberman 2020; Marino et al. 2022;
Morin and Winterhalder 2024; Ruby et al. 2015; Ruxton
and Wilkinson 2011; Steudel-Numbers and Wall-Scheffler
2009) without much consideration for possible alternative
locomotion and subsistence activities. What if endurance
diving for food brought about some of the evolutionary
changes that have so far been linked only to endurance
running and persistence hunting? There would likely have
been several steps of evolution, with each new feature
beneficial, before endurance running efficient enough to
catch big game would emerge. In contrast to hunting ter-
restrial prey, it is remarkably easy to get access to food by
shallow breath-hold diving (Abrahamsson and Schagatay
2014). This aquatic food is of high quality as it contains not
only protein, fat, and carbohydrates but is also, unlike food
from the terrestrial food chain, rich in long-chain polyun-
saturated fatty acids and micronutrients needed for brain
development (Colombo et al. 2017; Cunnane and Stewart
2010; Hixson et al. 2015; Joordens et al. 2014; Kyriacou et al.
2016). We therefore contend that it is time to take not only
endurance running, but also endurance diving into account
when studying the origin of human aerobic endurance.

The question then is, when and why did hominins start
to engage in these two activities, and in what order? Did
our ancestors start endurance running for persistence hunt-
ing around 2 Ma, and was endurance diving a relatively
late development that evolved only in later Homo species
like H. sapiens? Or was it the other way around, i.e., was
early Homo adaptation to endurance diving the origin of
aerobic running endurance in H. sapiens? In other words,
could it be that the endurance running capacity of H. sapi-
ens is an ‘exaptation’ (Gould and Vrba 1982), made possible
thanks to an increased aerobic endurance that evolved due
to shallow-water endurance diving for food? The concept
of exaptation is defined as a character previously shaped
by natural selection for a particular function—an adapta-
tion—that is co-opted for a new use (Gould and Vrba 1982).
Exaptation is important to consider because it encourages
researchers, who study the origin of a certain character
or feature in the hominin fossil record, to look beyond its
current functionality and explore how it could result from
possible earlier adaptations to very different evolutionary
pressures. We propose the idea that the enhanced respira-
tory and cardiovascular capacity that originally evolved for
endurance diving could have been instrumental in initiat-
ing the development of our remarkable endurance running
capacity.
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Figure 5. Percentages of cortical area at midshaft of femora from hominin species (individual fossil specimens) as well as from H.
sapiens, Pan troglodytes, and Gorilla gorilla (multiple specimens). The full dataset including data sources is presented in SI Table

51 (courtesy of Christopher Ruff).

‘HEAVY BONES’AND THEIR FUNCTIONAL
INTERPRETATIONS

To assess the merit of this idea, we first consider skeletal
bone mass, which is an important factor in both running and
diving. Compared to extant chimpanzees, gorillas, modern
humans, and extinct Australopithecus afarensis, many early
to late Pleistocene Homo species appear to have had a heavy
skeleton with limb bones with a relatively thick cortex and
small medullar cavity (Ruff et al. 1993; 2016; Trinkaus and
Ruff 2012; Supplementary Information (SI) Table S1; Fig-
ure 5). Moreover, the ‘robust’ hominins Paranthropus boisei
and P. robustus are also characterized by having high bone
mass (Ruff et al. 1999). The ten H. erectus fossils featured
in Figure 5 show a range of femoral midshaft cortical area
values between 71% and 89%, compared to 62-82% in Ho-
locene humans. The data could be interpreted as reflecting
the typical range of the widespread long-lasting species H.
erectus. However, as these data points represent snapshots
in time and space over a million-year period, it is possible
that we are actually looking at representatives of seven dif-
ferent populations living in certain places at certain times
(i.e., paleodemes), that each have a different bone mass
range. Similarly, the oldest H. erectus cranial fossils from
Java —with an estimated age of 1.3-1.0 Ma—reveal re-
markably thick skull bones (Westaway et al. 2015) implying

a high total bone mass, while cranial bones of some other
H. erectus populations are not as thick. Moreover, due to
the incomplete and biased nature of the fossil record (Barr
and Wood 2022), we face the fact that such H. erectus pop-
ulations (from three areas in Africa and one in Asia) are
just a fraction of the total number that must have existed
between ~2 and 0.11 Ma. Many populations remain com-
pletely unknown. Despite these limitations of the hominin
fossil record, available evidence suggests that certain early
Homo populations (e.g., early Homo sp. from the Turkana
Basin, earliest H. erectus from Sangiran, and H. erectus from
Bouri) did have a remarkably thick bone cortex (Trinkaus
and Ruff 2012; Westaway et al. 2015; Ruff personal com-
munication; see Table S1 and Figure 5). This is also the case
for Upper Pleistocene H. sapiens, but not for Holocene and
later humans.

The data presented in Figure 5 indicate that after ~3
Ma, hominin limb bone mass was relatively high compared
to earlier (pre-3 Ma) and later (Holocene) hominins. It is
not yet clear why this may be the case. Could the observed
high bone mass in some hominin species/populations be
due to activity-related increased loading or other bone-
influencing factors during lifetime such as diet (Goto et al.
2023; Wallace et al. 2023), or was it primarily systemic and
heritable, i.e., a result of selection due to environmental de-
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mands? It has often been discussed whether a given physi-
cal trait is ‘genetic’ or ‘trainable during lifetime,” i.e., if a
feature is fixed by our genes or affected by activity or the
environment. However, it is becoming increasingly clear
that also the individual responses to exposure or training
have a genetic background. As individuals, we do not all
respond in the same way to various activities; for a given
activity there may be high and low responders, and a range
in-between (Timmons 2010). For example, the training ef-
fects of a given amount of physical activity on muscle mass
or oxygen uptake is set by our individual genes (Boucha-
rd et al. 1999; Montgomery et al. 1998; Vellers et al. 2018),
and this also holds true for responses of bone to various
loads (Hiam et al. 2019; Skerry and Suva 2003). This genetic
background to plasticity means that the old ‘nature versus
nurture’ idea is not valid anymore; both heredity and en-
vironment shape our phenotypes. A modern human will
not develop a Neandertal-like skeleton even when exposed
to heavy work. As our genes set the range of the change
(accommodation) our bodies can present when exposed,
we must seek a functional cause of our features, includ-
ing bone mass. We therefore ask under what conditions a
‘heavy’ bone structure could be preferable over a lighter
one. Different scenarios of adaptive responses to environ-
mental pressures for different species or populations may
include, for example, increased terrestrial locomotion/less
tree-climbing, digging for tubers, ambush hunting, endur-
ance running for persistence hunting, and endurance div-
ing for submerged resources. Specifically, how would hav-
ing such a ‘heavy’ bone structure play out for early Homo,
with respect to possible endurance running and endurance
diving?

RUNNING WITH HEAVY BONES

While increased bone mass strengthens bones, it also in-
creases body weight and overall body density as bone is
our heaviest tissue (Currey and Alexander 1985; Hart et al.
2020; Wall 1983). Carretero et al. (2018) determined how a
thick bone cortex (high bone mass) translates to overall skel-
etal weight. Based on total bone volume of well-preserved
virtually complete fossil femora and humeri, they showed
that the ~0.4 Ma old Sima de los Huesos Homo sp. (with
bone microanatomy like that of H. erectus, Neanderthals,
and mid-late Pleistocene humans) had skeletons that are
~36% heavier than Late Pleistocene-Holocene and extant
H. sapiens skeletons. What has caused these heavier bones?
Was it high mechanical loading or was it systemic bone
mass increase resulting from genetic adaptation to factors
associated with a certain lifestyle (Amson et al. 2014; 2018;
Baab et al. 2018; Carretero et al. 2018)? It is well known that
skeletal mineralization and bone mass vary with habitual
mechanical loads and activity patterns (Hart et al. 2017).
Also, under context-specific conditions genetic factors con-
tribute significantly to the regulation of bone mass (Car-
retero et al. 2018; Cooke et al. 2024; Hiam et al. 2019; Ruff et
al. 2006; Skerry and Suva 2003). Carretero et al (2018) con-
cluded that the high skeletal robusticity of the Sima de los
Huesos sample is systemic and part of their adaptive body

type selected to support their activity regimes, and that it
is formed under tight genetic control. However, what their
activities were is not yet known.

Importantly, increased bone mass and thereby body
weight would be energetically costly for an endurance run-
ner and would have to be compensated by a higher VO, as
shown experimentally by Longman et al. (2022). If a normal
human skeleton weighs around 10kg, a 36% heavier skele-
ton would add 3.6kg of weight, other body measures being
unchanged. This would increase energy expenditure and
oxygen consumption in a runner, and a heavy skeleton is
therefore unlikely to have evolved by running per-se. Run-
ning mammals optimize their anatomy to minimize energy
consumption rather than, for example, to maximize speed
(Christiansen 2002). In comparative mammalian physiol-
ogy it is well known that medium size mammals that are
good runners have a relatively lower body mass than poor
runners (Christiansen 2002). Based on the available hom-
inin fossil record, the heavy boned H. erectus populations
may be a compelling reason to critically reconsider the hy-
pothesized endurance running in early Homo species.

DIVING WITH HEAVY BONES
Could having increased bone mass be useful during
breath-hold diving? Increased bone mass would not only
increase body weight but also body density. If mineral-
ized bone—our heaviest tissue—replaces, e.g.,, marrow,
one of our lightest, the weight would increase without an
increased volume (Wall 1983). A heavier skeleton would
lead to increased density and help the diver to achieve neu-
tral buoyancy at shallow foraging depths, even with filled
lungs (Amson et al. 2014; Houssaye and Botton-Divet 2018;
Munro and Verhagen 2011; Wall 1983). With a light skele-
ton typical of modern humans, this could be achieved only
after exhaling, which would shorten the ADL. For the air-
breathing shallow diver, it is useful to inhale large amounts
of air before diving to increase oxygen stores. Filled lungs
will make the diver float as buoyancy increases, which
would require more effort for diving down and staying
at shallow depths (Figure 6). Modern human breath-hold
divers therefore often use 2—4kg of lead weights (more if a
wetsuit is used) to be able to dive down without too much
effort, and in shallow diving this helps to achieve neutral
buoyancy at the target depth. In competitive deep diving,
more weights are used to minimize the effort of swimming
down—and below the point of neutral buoyancy the divers
can passively ‘free fall’ to reduce oxygen cost (see Figures
2 and 6; McKnight et al. 2021; Mulder et al. 2021; Schagatay
2011a) similar to deep-diving seals (Williams et al. 2000).
Correct weighting is essential, because at the maximal
depth turning point, where they are most negatively buoy-
ant, deep divers still must be able to safely return to the sur-
face recruiting also their anaerobic capacity (see Figure 6).
For a subsistence diver, it is instead essential to stay
within the ADL to be able to dive repeatedly with endur-
ance, without spending oxygen by constantly having to
swim down to remain at foraging depth, which would rap-
idly exhaust oxygen supplies (see Figure 6). For a human
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Figure 6. Buoyancy effect at various depths experienced by human competition divers (left) aiming for maximal depth, and shallow
endurance divers foraging for food (right). With increasing depth, the lung volume shrinks according to Boyle’s law (Pressure x
Volume is constant) to half at 10m, where pressure is double that at the surface. Diving with overfilled lungs, the competition deep
diver must wear weights to reduce the effort to swim down, and beyond ~20m starts free falling. The shallow endurance diver with
filled lungs could reduce the swimming effort by having ‘heavy bones’ resulting in increased body density and neutral buoyancy while
swimming at foraging depth.
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diver a heavy skeleton would act as a natural ballast and
allow diving without weights at a low oxygen cost, with
filled lungs. As the lung air is compressed by water pres-
sure at depth, there will be a depth range where the diver
can stay at neutral buoyancy with minimal muscular effort
as the diver neither floats nor sinks (see Figure 6). On as-
cent, first some muscular effort must be applied, but near
the surface the lung air will have expanded enough to help
the diver reach the surface. Therefore, the energy cost for
diving is greatest in the beginning of descent and ascent,
while at foraging depth all available energy can be used
to move the diver forward. Increased bone mass would be
energetically favorable for a shallow water diver.

COMPARING BONES OF TERRESTRIAL AND
DIVING MAMMALS

For shallow divers, a heavy skeleton is thus helpful, while
it is less important for deep divers as the lung air is com-
pressed more with increasing depth. This explains why,
compared to terrestrial mammals, systemic bone mass in-
crease is typical of shallow diving mammals like the capy-
bara, muskrat, North American beaver, polar bear, du-
gong, manatee, platypus, river and sea otters, and several
seal species (Alfsen et al. 2025; Currey and Alexander 1985;
Hand et al. 2025; Houssaye and Botton-Divet 2018; Hous-
saye et al. 2016; Wall 1983). The comparative study by Wall
(1983; Figure 7) on forty-eight mammalian genera shows
that the limb bone density of semi-aquatic diving mammals
is significantly higher than that of terrestrial mammals, and
also that shallow divers have a higher bone density than
deep diving mammals.

Among the shallow diving mammals, the completely
aquatic-adapted sea cows (manatees and dugongs) are
a special case: they never have to come on land and are
characterized by having vestigial hind limbs and excep-
tionally heavy dense bones (see Figure 7). In contrast, deep
diving adapted mammals like several seal and whale spe-
cies can exhale before diving and thereby reduce buoyancy,
as they can tolerate a complete collapse of their lungs at
depth (Kooyman 1989). A benefit of the latter is that they
thereby avoid decompression disease (DCS) caused by
dissolved nitrogen at depth (Kooyman 1989). These deep
diving species manage long aerobic dives without filled
lungs thanks to large oxygen storage capacity in blood and
tissues (Kooyman 1989). Their bones typically exhibit a
lighter construction with a larger portion of spongy inner
organization (trabecular bone) to ensure bone strength and
homogeneous distribution of mechanical stress (Hayashi et
al. 2013; Wall 1983; see Figure 7).

Could the increased bone mass observed in early Homo
be systemic, as suggested for, e.g., Neanderthals, Sima de
los Huesos Homo (Carretero et al. 2018), and the Holocene
Jomon (Cooke et al. 2024; Mizoshima et al. 2015; Schaga-
tay 2022)? And could such systemic bone mass increase
potentially reflect convergent evolution with that of other
mammals in response to shallow water foraging by breath-
hold diving? As not all fossils attributed to H. erectus have
high bone mass compared to extant humans (see Figure 5),

in combination with other morphological variation in H.
erectus (Anton et al. 2016; Baab et al. 2025), this suggests
that there were populations that differed substantially
from each other with respect to foraging behavior. Thus,
it is possible that across time and space, depending on cli-
matic and environmental conditions, some Homo popula-
tions may have been focused on hunting and gathering on
land, while other populations became increasingly adapted
to underwater foraging by breath-hold diving. This could
have promoted evolution of a more — or less — heavy skel-
eton across different groups. Whether one or more of these
different populations have contributed to the gene pool of
H. sapiens is a question that remains to be explored.

COMBINING A LAND AND
WATER PERSPECTIVE

Despite a growing interest of the scientific community in
studies on primates (including hominins) foraging in water
(e.g., Archer et al. 2014; Braun et al. 2010; de Chevalier et al.
2022; Joordens et al. 2009, 2015; Koops et al. 2019; Muham-
mad et al. 2024; Nabais et al. 2023; Takenaka et al. 2022;
Tye and Jones 2025; Will 2020; Zilhao et al. 2020; Zohar et
al. 2023), pre-human hominins are still generally assumed
to be purely land-based animals not genetically adapted
in any way to foraging in water. This default scope within
hominin evolution studies determines—and limits—how
anatomical and physiological features of fossils are func-
tionally interpreted. In contrast, in many non-hominin ex-
tant and extinct tetrapod lineages the concept of ‘secondary
adaptation to water’ is widely studied (Houssaye and de
Buffrénil 2021; Houssaye and Fish 2016). Members of most
orders of airbreathing animals were taking to the water to
find food, escape predators, and perhaps to thermoregulate
(Vermeij and Motani 2018). By definition, fully aquatic tet-
rapods are adapted for life in water with severely reduced
functional capacity on land, while semi-aquatic tetrapods
frequent water rather than live there exclusively and ex-
hibit an array of less profound modifications without seri-
ously compromising terrestrial function (Pacini and Harp-
er 2008). Semi-aquatic and aquatic adaptation may cause
transformations in behavior, diet, locomotion, body shape,
bone anatomy, and physiology reflected in the genome
(Houssaye and Fish 2016; Yuan et al. 2021).

Importantly, secondary semi-aquatic adaptations can
also be reversed, co-opted for new functions, or developed
further into new features if such taxa leave their water-
related niche and re-adapt to a fully terrestrial niche. For
example, extant echidnas (a.k.a., spiny anteaters, Tachy-
glossus aculeatus) and elephants are now terrestrial mam-
mals, but had semi-aquatic ancestors in the past (Hand
et al. 2025; Mirceta et al. 2013). What if this perspective of
secondary adaptation to foraging underwater could be ap-
plied to the human lineage, too? H. sapiens thus shares with
semi-aquatic and aquatic mammals several physiologi-
cal adaptations that facilitate diving, e.g., a strong diving
response. The diving response is more prominent in both
competition divers and in the Bajau than in non-diving
groups (Schagatay 1996; Schagatay and Andersson 1998).
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Furthermore, having a relatively large spleen is character-
istic of both competitive freedivers and the Bajau (Ilardo et
al. 2018; Schagatay et al. 2012). This may in part be a result
of their frequent diving, as both features have been found
to be affected by long-term training or exposure (Bouten et
al. 2019; Engan et al. 2013); however, as plasticity is itself
heritable (e.g., Williams et al. 2017), these features are a tar-
get for selection.

Additional genetic data interpreted as evidence of ad-
aptation to a diving lifestyle have recently been described
for the Bajau (Ilardo et al. 2018) as well as the Haenyo
(Aguilar-Gomez et al. 2025). A comparative genomic study
showed strong selection specific to the Bajau on BDKRB2, a
gene likely affecting the human diving response (Ilardo et
al. 2018). In addition, selection on variants in the PDE10A
gene increased the Bajau thyroid hormone levels, likely
causing their increased spleen size (Ilardo et al. 2018; 2022).
It is important to note that these genetic adaptations in the
Bajau appear to come from selection on standing variation
of genes, since the candidate variants in the genes PDE10A
and BDKRB2 have a broad geographic distribution among
humans (Ilardo et al. 2018). This implies that the genetic
variants (‘'SNPs’: Single Nucleotide Polymorphisms) en-
abling these physiological benefits for diving emerged
prior to the emergence and global dispersal of H. sapiens,
providing standing genetic variation with beneficial vari-
ants that turn up in human genomes, and can be selected
for if needed, as in the Bajau. This may explain why also
non-Bajau can discover a remarkable talent when they hap-
pen to take up breath-hold diving, while others find it hard.
A striking example of talent is British Sara Campbell, who
became a world champion in freediving by diving to 96m
of depth after only nine months of training (Johansson and
Schagatay 2014). Similarly, such talent is discovered in nov-
ice freedivers from all continents (ES observations). This
indicates that the capacity for freediving has not uniquely
evolved in present-day human diving populations but is a
feature that must have a deeper, likely pre-H. sapiens, evo-
lutionary origin.

When applying a comparative biology approach in
human evolution studies and extending the scope from a
strictly terrestrial one, to also consider possible hominin
adaptations to underwater foraging, we open a wider vista
of research directions and predictions that can be tested.
Vrba (2007) pointed out that with respect to environmental
change, evidence from a range of organisms has shown that
the evolution of taxa does not consist of independent pieces
of history but is rule-bound, with qualitative and temporal
coherence to evolutionary responses across many lineages.
We contend it is now time to treat hominins just like other
mammals and follow up on biologically sound ideas, i.e., by
examining possible adaptation to a littoral niche including
underwater foraging. If not, we risk throwing out the baby
with the bath water (Cameron and Groves 2004). Therefore,
we urge ‘legitimizing’ the study of possible semi-aquatic
adaptations in hominins, which could lead to a synthesized
land-based (terrestrial) and water-based (littoral) perspec-
tive on evolution of the human lineage.

It may need to be said that we do not advocate for the
‘aquatic ape theory,” as it is often interpreted as sugges-
tive of a fully aquatic human ancestor. This hypothesis has
had a long and contentious history (e.g., Foley and Lahr
2014; Groves 1993; Hardy 1960; Kuliakas and Morgan
2011; Langdon 1997; Malm 2007; Roede et al. 1991) and has
made many paleoanthropologists wary and dismissive of
all water-related human evolution hypotheses (Foley and
Lahr 2014; Tuomisto et al. 2018). Multiple lines of morpho-
logical, archaeological, and paleoecological evidence make
clear that hominins were always living on land; we sug-
gest that a coastal ancestral lineage likely developed means
for periodically foraging in shallow water, similar to what
many semiaquatic animals and several extant human pop-
ulations do today. The modern version of the hypothesis,
often called the ‘waterside hypothesis in human evolution’
(Tobias 1998, 2011; Rhys-Evans 2020), does raise many in-
teresting questions that deserve to be studied with an open
mind, as this could help explain how modern humans are
so well adapted for shallow endurance diving and other
endurance activities, and to hypoxic environments.

HOW OLD IS HOMININ ENGAGEMENT IN
DIVING?

So, when could the human capacity for endurance diving
have evolved? Early H. sapiens exploited marine resourc-
es on the coast of South Africa at ca. 167 ka (Marean et al.
2007). Recent research has provided evidence for aquatic
resource exploitation by Neandertals on the Atlantic coast
of Portugal (Nabais et al. 2023; Zilhao et al. 2020) and Ne-
andertals diving for sublittoral living bivalves in the Medi-
terranean (Villa et al. 2019). This begs the question: could
older hominin species have been engaging in shallow div-
ing as well? Is there—in addition to the observed increased
bone mass—any paleoanthropological or archeological
indication for aquatic foraging and breath-hold diving by
earlier hominins?

The earliest evidence for use of aquatic resources by
hominins was provided by cutmarks on fossil bones from
fish, crocodile, and turtle at ~1.95 Ma in the Turkana Basin
(Braun et al. 2010), which seems to coincide with the first
appearance of H. erectus in that area (Barr et al. 2022). It is
now widely accepted that some pre-Neanderthal hominin
populations, including H. erectus, engaged in foraging for
aquatic resources such as freshwater mussels around 0.5
Ma on Java, Indonesia (e.g., Joordens et al. 2015), and in
wetlands in the Levant, hominins at ~0.78 Ma caught and
cooked fish (Zohar et al. 2023). However, it is not known
how these resources were procured—by wading or by
diving. Goren-Inbar et al. (2014) concluded that Acheu-
lian hominins were capable of underwater gathering of
nuts from a freshwater aquatic plant (e.g., Euryale ferox) at
depths of 1.5-3m, so indicative of diving.

There may, however, be a more direct indication for
sustained water exposure that could be found in the hom-
inin fossil record. So-called ‘auditory exostoses’ (ear exos-
toses) frequently occur in adult modern humans engaging
in aquatic sports such as surfing, white-water kayaking,
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swimming, SCUBA-diving, and breath-hold diving, and
are associated with chronic exposure to water and wind
chill (Moore et al. 2010; Sheard and Doherty 2018; Wegener
et al. 2022). They also frequently occur in human coastal
populations engaging in aquatic foraging in rivers and seas,
with lower water temperature and higher frequency of ex-
posure being associated with higher prevalence and more
severe exostoses (Lorentz and Casa 2021; Okumura et al.
2007; Ponzetta et al. 1997; Rhys-Evans and Cameron 2017;
Toyota and Kitagawa 2017; Trinkaus et al. 2019; Ubelaker
et al. 2022; Villotte and Kniisel 2016). In the warmer trop-
ics and subtropics, aquatic activites do not always result in
the presence of this trait, so here absence of auditory exos-
toses does not necessarily reflect absence of water-related
exposure (Okumura et al. 2007). While auditory exostoses
as such do not allow reliable discrimination between differ-
ent water-related activities, their presence can nonetheless
provide relevant information on hominin behavior in wet
environments. Auditory exostoses can fossilize, and their
presence has been described in modern human divers, e.g.,
ancient Japanese Jomon period populations (Hudson 2022;
Schagatay 2022), and in Middle Pleistocene Homo, Nean-

derthals, Sima de los Huesos hominins, and in H. erectus
from Zhoukoudian (Dodo 1972; Kennedy 1986; Rhys-Evans
and Cameron 2017; Trinkaus et al. 2019; Villotte and Knii-
sel 2016). As it seems unlikely that these early populations
were engaged in sailing or surfing, they likely acquired the
exostoses through frequent activities involving immersion
in water, such as swimming or diving.

Interestingly, a major genetic change in the human lin-
eage might be a possible indication for underwater forag-
ing by breath-hold diving. In the period between 3 and 2
Ma a key event happened in the human lineage, namely
a mutation inactivating the CMAH gene (Figure 8; Altman
and Gagneux 2019; Chou et al. 2002). This gene influences
the efficiency of oxygen transport in the body (Okerblom et
al. 2018). The active CMAH gene encodes production of the
CMAH enzyme that mediates conversion of the sialic acid
Neu5Ac to Neu5Gc, by addition of a single oxygen atom
(see Figure 8c). However, the ‘broken” CMAH gene —typi-
cal of the human lineage—can no longer code for CMAH
enzyme production, so no Neu5Gc can be formed. This has
caused a major change in the outer surface (‘glycocalyx’)
of all cells in our body; humans have only the sialic acid
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Neu5Ac on their cell surfaces, while other apes and most
mammals have both Neu5Ac and Neu5Gc (Altman and
Gagneux 2019; Chou et al. 1998; see Figure 8).

Why is the composition of sialic acids on the cell sur-
faces so important? For many reasons: sialic acids influence
interactions between cells, membrane permeability, immu-
nity, susceptibility to pathogens, and also oxygen transfer
(Vail et al. 2023). Specifically, it was found that mice with
an experimentally induced human-like mutation in the
CMAH gene are capable of more sustained running and
demonstrate improved endurance, at least partly due to in-
creased oxygen transfer to muscles (Okerblom et al. 2018).
Because of this it has been suggested that the inactivation
of the CMAH gene in the human lineage between 3 and
2 Ma may be associated with development of endurance
running in H. erectus (Okerblom et al. 2018). However, as
the increased transfer of oxygen in muscles—and other tis-
sues—would also be highly beneficial for mammalian div-
ers (and mammals in hypoxic conditions such as in torpor
or at high altitude), we speculate that inactivation of the
CMAH gene could instead have first allowed the develop-
ment of efficient endurance diving in an ancestral popula-
tion between 3 and 2 Ma. Interestingly, among other extant
mammals that have lost functionality of the CMAH gene
are breath-hold divers such all seals and otters, the wal-
rus and the platypus (Altman and Gagneux, 2019; Lopes-
Marques et al. 2020; Peri et al. 2018). A comparative study
on the possible relationship between hypoxia and CMAH
gene loss in a wide range of mammals is underway. Re-
search on ancient DNA has shown that not only humans
but also Neanderthals and Denisovans had an inactivated
CMAH gene (Chou et al. 2002). It is not yet known whether
earlier hominin species such as H. erectus had an inactivat-
ed CMAH gene. This question is currently under study, as
it is possible to establish this based on fossils even in the
absence of preserved ancient DNA (Bergfeld et al. 2017).

Taken together, based on the evidence for: 1) modern
human endurance diving capacity, 2) abundance of nutri-
ent-rich food in the littoral area, 3) signs of hominin aquatic
foraging as early as 2 Ma, 4) the intriguingly ‘heavy’ limb
and skull bones of some (early) Homo populations, and 5)
the major genetic change at ~3-2 Ma in the human lineage
that increased efficiency of oxygen transfer in tissues, we
argue that it is reasonable to hypothesize that also Homo
species older than Neandertals, such as some early Homo or
H. erectus might have engaged in diving to forage for food.

THE ‘DIVE FIRST, RUN LATER’ HYPOTHESIS
We propose a ‘dive first, run later’ hypothesis, that takes
the human capacity for both endurance diving and endur-
ance running into account.

Dive first—certain coastal early Homo populations af-
ter ~3 Ma evolved through littoral adaptation, including
breath-hold endurance diving in shallow water to forage
for high-quality aquatic food. Like in many shallow div-
ing mammals, this led to increased bone mass and thereby
body density, which allowed them to forage at shallow
depth with filled lungs. This would extend the ADL and

decrease energetic costs of repeated submerged locomo-
tion. In response to the challenges of endurance diving and
to prevent hypoxia, they developed a deep and wide thorax
and a large lung capacity allowing enhanced oxygen stor-
age during diving and efficient ventilation between dives,
and acquired gene variants that conferred physiological
benefits for endurance diving. Together, these adaptations
would enhance aerobic endurance and allow longer total
daily underwater foraging time and thus favor reproduc-
tive success.

Run later—the increased aerobic endurance that
evolved in response to endurance diving was co-opted
for endurance running and persistence hunting by certain
younger Homo populations or species that developed light-
er bones. Examples of such populations could be the rela-
tively light-boned H. erectus from Middle Pleistocene Java
and Oldupai, and especially the light-boned Holocene to
recent H. sapiens populations.

These hypothesized niche shifts between aquatic and
terrestrial foraging were likely not unique nor absolute and
unidirectional. We propose that depending on the preva-
lent climatic and ecological conditions, such oscillating
land-and-water foraging adaptations could have happened
multiple times during hominin evolution in marine as well
as in freshwater systems. Moreover, we emphasize that the
hypothesized endurance diving in the past does not im-
ply that hominins were necessarily diving more efficiently
than humans are capable of today. Our hypothesis holds
that once diving-induced cardiovascular endurance had
evolved, several niches were open to our ancestors; as eu-
rytopic organisms, they were able to tolerate a wide range
of habitats and ecological conditions, which may have been
key to their success.

Just as not all H. erectus fossils display increased bone
cortical thickness, H. sapiens also varies in this respect.
While the skeletons of Holocene and recent modern hu-
mans are considerably more gracile compared to those of
earlier Homo including Late Pleistocene humans (Ruff 1995,
2018), there are notable exceptions (Baab et al. 2018). For
example, several Holocene H. sapiens populations appear to
have retained or redeveloped relatively heavy bones—Al-
ameda (Ohlone) from coastal California, Eva from Tennes-
see (Baab et al. 2018), and Jomon from Japan (Mizoshima
et al. 2015). Interestingly, they are all shell mound builders
who may have gathered their staple aquatic molluscs by
wading as well as by endurance diving, as indicated by the
targeted mollusc species’ depth ranges (Schagatay 2022).
The Bajau, Ama, Haenyo and other current diving popula-
tions are examples of populations that started re-exploiting
an underwater foraging niche only a few thousand years
ago and likely evolved certain diving features through se-
lection of beneficial standing variation in the human ge-
nome (Aguilar-Gomez et al. 2025; Ilardo et al. 2018).

THE ZIG-ZAG BENEFIT

A lifestyle of being comfortable under water (in seas, estu-
aries, rivers, and lakes) as well as on land poses trade-offs
on adaptations such as bone morphology and mass (e.g.,
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Nieminen et al. 2024) but also has multiple benefits. Not
only could food sources be drawn from a wider range of
environments, allowing hominins to shift opportunistically
between them as outlined above, but also predator avoid-
ance and thermoregulatory benefits could arise from such
adaptations. In both terrestrial and coastal environments,
early Homo was exposed to predators, likely big cats and
hyenas on land, and in water there would have been sharks
and crocodiles. Being able to escape into the water when
chased by strictly terrestrial predators would have pre-
sented survival benefits, if equipped with the means to stay
in water until they retreated. In the same way, an animal
not having to stay in the water permanently could avoid
sharks and possibly crocodiles by fleeing to land. This is
how proboscis monkeys avoid their main terrestrial preda-
tors (clouded leopards) and their main aquatic predators
(false gharials), by rapid shifts between trees and water that
cannot be repeated by these predators (Matsuda et al. 2008,
2011). Moreover, aquatic predators like sharks and croco-
diles are quite predictable in their behavior and hominins
would likely learn when and where these animals would
potentially be a threat. In a healthy coastal ecosystem, most
reef sharks are regular feeders on fish and very few shark
species attack humans. The Bajau do not fear sharks but
there are some historical accounts of crocodile attacks on
children (ES, discussions with Bajau). Large salt-water
crocodiles may be dangerous if hunters enter their terri-
tory, but staying out of it will be protective. The inverse
may also have been true; in the Turkana Basin, crocodiles
and hippos have been on the hominin menu since ~1.95 Ma
(Braun et al. 2010) suggesting that these animals may have
feared hominins more than hominins feared them.
Thermoregulation in a progressively warmer and dry-
er eastern Africa may have been challenging for hominins,
especially in more open landscapes after ~3 Ma. Thermo-
neutral air temperature in a naked resting human is around
28°C, after which sweating is needed to dissipate heat. This
means spending energy, salt, and body water to defend the
healthy inner body (core) temperature of around 37°C. With
work, e.g., running, this occurs at even lower ambient tem-
peratures, which requires large amounts of drinking water
and causes a dual demand on blood flow for muscles and
in the skin to dissipate heat (Gonzalez-Alonso et al. 2008).
To run in a hot environment only works if core tempera-
ture is kept below 40°C when fatigue occurs due to high
brain temperature (Gonzalez-Alonso et al. 2008). However,
the most efficient means of chilling down is entering water,
as the heat-transfer capacity of water is about 25 times that
of air. Thermoneutral water temperature is around 35°C,
so any water cooler than that can act as an efficient cool-
ing agency where heat will be transferred away from the
body. No sweating is needed, and body water can be con-
served. When cooled down, it is possible to move again in
a hot air environment for some time. Pre-cooling in water
has been shown to have clear benefits for endurance sports
performances in hot environments (Gonzalez-Alonso et al.
1990; Kay et al. 2010; Ntoumani et al. 2023). The subcuta-
neous fat layer of humans, which is more developed than

in other apes, would not only allow longer submersion in
water before core temperature starts to drop and shiver-
ing is induced, but it would also act as an efficient ‘blood
cooler’” when returning to land after submerging; it could
have kept our core cold for longer than fur alone would be
able to do. Thus, moving between land and water, to cool
down and to warm up, respectively, may have provided
a great advantage for thermoregulation compared to ani-
mals restricted to only one of these environments. A coastal
hominin would clearly benefit from being able to use both
terrestrial and aquatic environments by moving between
them in a zig-zag manner; on short time scales (hours) for,
e.g., foraging thermoregulation or predator avoidance, me-
dium (days) due to varying weather conditions, as well as
longer (e.g., seasonal and Milankovitch climate cycle) tim-
escales, to safely obtain a range of food sources.

DID DIVING TAKE US HIGHER?

Physiological adaptations to endurance diving could, in
addition to potentially facilitating the evolution of endur-
ance running, also be an asset for humans when spreading
towards high-altitude regions with limited access to oxy-
gen. Enhanced capacity to take up large amounts of oxy-
gen, to use it carefully and tolerate hypoxia are essential
also here, as oxygen partial pressure is low. Humans are
known to adapt well to high altitude, for example, lowland-
ers increase their hemoglobin concentration by increased
red blood cell production when going to high altitude—
changes that are not evident in the chimpanzee and gorilla
(Mortola and Wilfong 2016), but a feature evident also in
response to freediving in humans (de Bruijn et al. 2008).
Recent research has revealed that several other features
and mechanisms important for divers are also protective
against chronic hypoxia at high altitude. Just as in divers,
typical characteristics of human highland populations are
large lungs (Beall 1982; Droma et al. 1991; Fiori et al. 2000)
and large spleens (Brutsaert et al. 2024; Holmstrom et al.
2020), and the same is true for elite high-altitude climbers
(Schagatay et al. 2020a). As a response to hypoxia at alti-
tude, the spleen contraction immediately elevates hemo-
globin concentration even before red blood cell production
has had time to come into effect (Schagatay et al. 2020b).
Moreover, it was recently found that the magnitude of the
human diving response triggered during apnea at low al-
titude is predictive of high-altitude tolerance; individuals
with a pronounced diving response get fewer symptoms
of acute mountain sickness, a major threat at high altitude
(Holmstrom et al. 2018). This suggests that the same car-
diovascular priority system is protective against hypoxia in
both situations.

We must ask: could it be that high altitude was the driver
to begin with, or is it more plausible that diving came first?
With an evolutionary origin at high altitude, these mecha-
nisms would likely be even more evident at high altitude.
But, in fact, while the same defense mechanisms are active
in both these naturally occurring hypoxic environments,
the physiological responses are more efficiently triggered
during diving. The spleen contraction, which is initiated by
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Figure 9. a) Mean (SE) spleen contraction leading to release of red blood cells during (left bar) simulated altitude of 3300m by 20 min-
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the spleen contraction. Significant difference at p<0.01 is indicated by ** (adapted from Lodin-Sundstrom and Schagatay 2010 Figure
3); b) Mean (SE) heart rate reduction expressed as % change from resting level, as often used to estimate diving response magnitude,
(left bar) during breath holding in air, and (right bar) during breath holding with facial chilling through face immersion, which ap-

proximately doubled the response for the same 10 trained divers.

Schagatay 1991: Table 15.1).

hypoxia, is even greater in the presence of hypercapnia as
occurs during breath-holding but not at high altitude (Lo-
din-Sundstrom and Schagatay 2010; Figure 9a). The more
pronounced spleen contraction developed during breath-
hold diving would thus be more effective against hypoxia
underwater, suggesting that this function came first. In ad-
dition, a recent study found that apnea is a stimulus directly
involved in triggering the spleen contraction (Persson et al.
2023). The hypercapnia (high carbon dioxide in the blood)
developing with breath-holding also acts to increase brain
blood flow that increases the delivery of oxygen, while the
reverse situation occurs at high altitude where hypocapnia
(low carbon dioxide) due to increased ventilation reduces
brain blood flow (Willie et al 2015).

Similarly, the diving response will be more efficiently
triggered during diving, as it starts already with apnea and
is preventive of hypoxia, rather than being an effect of it.
Hypoxia developing at the end of a long dive may further
enhance the diving response. Moreover, the diving response
triggered by apnea is enhanced to the double by chilling of
the upper part of the face—which occurs during diving—
but not by chilling of any other areas of the body (Figure
9b; Andersson et al. 2000; Schagatay 1991; Schuitema and
Holm 1988). The diving response is dependent on a sudden
drop in facial temperature as occurs when diving, and not
on a constant cold exposure as may occur at high altitude
(Schagatay and Holm 1996). This also means the diving re-

Significant difference at p<0.01 is indicated by ** (adapted from

sponse is efficiently triggered in a tropical diver, providing
that the ambient air is warmer than the water (Schagatay
and Holm 1996). Based on these experimental studies, we
infer that from a physiological perspective, the ‘dive first’
hypothesis provides a logical explanation for the ability
of Homo populations to expand to high altitude, through
exaptation of defense mechanisms to hypoxia that evolved
by diving. The richness in biodiversity and biomass in the
coastal zone compared to at high altitude may also speak in
favor of this scenario.

ECOLOGICAL DRIVERS OF NICHE SHIFTS
TOWARD AQUATIC RESOURCE USE

What could have been the drivers for the proposed aquat-
ic foraging in hominin populations? Let us examine such
evolutionary paths among other mammals, since it can be
expected that local environmental conditions may select for
similar behaviors in both humans and non-human animals
(Barsbai 2021). Studies have shown that seasonal or perma-
nent impoverishment of terrestrial ecosystems is a trigger
for aquatic resource use by terrestrial mammals in adjacent
productive aquatic ecosystems, notably in carnivores and
omnivores (Carlton and Hodder 2003) but also in herbi-
vores (Amson et al. 2014). Littoral foraging is documented
for, e.g., brown bears in Alaska (Smith and Partridge 2004),
polar bears in the Arctic (Lone et al. 2018), lions in the
coastal desert of Namibia (Stander 2019), wolves in coastal
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Canada (Darimont et al. 2008), snow monkeys in the Japa-
nese Alps (Takenaka et al. 2022), chacma baboons in South
Africa (Lewis and O’Riain 2017), and long-tailed macaques
in SE Asia (Gumert et al. 2012; Muhammad et al. 2023).
Similar foraging behavior in response to local conditions
can be expected from homininsand has been suggested for
H. erectus at Trinil (Joordens et al. 2009; 2015), Neandertals
on the Atlantic and Mediterranean coasts (Cortés-Sanchez
etal. 2019; Zilhao et al. 2020) and Pleistocene humans along
the coast of southern Africa (Fisher et al. 2020; Marean et
al. 2007; 2020). Moreover, once terrestrial species are fa-
miliar with foraging in freshwater or marine littoral areas,
the easy availability of high-quality aquatic resources may
cause them to prefer aquatic foods even when their usual
terrestrial food items are also available (Darimont et al.
2008; Gumert and Malaivijitnond 2012). Ultimately, this
can lead to substantial niche shifts—including underwa-
ter foraging—and consequent speciation, as shown by the
emergence of the polar bear (Ursus maritimus), sea otter (En-
hydra lutris), and sea mink (Neogale macrodon) as separate
species (Work et al. 2025). Taken together, the data show
that a niche shift or expansion towards foraging for aquatic
resources is often triggered by a combination of push fac-
tors such as low terrestrial productivity and resource com-
petition, and pull factors such as high aquatic productivity
and easy access to high-quality food. This would promote
convergent evolution of features allowing breath-hold div-
ing for aquatic resources, as is evident in a wide range of
taxa (Mazin and de Buffrénil 2001).

Hominin evolution during the period 3-2 Ma is key to
understanding the origin of our species. What was happen-
ing in Africa in the period between ~3 and 2 Ma? Could any-
thing during this period have affected terrestrial productiv-
ity and changed niches relevant to hominins? Despite the
absence of an abrupt climate change around 3 Ma in global
paleoclimate records (Trauth et al. 2021; Van der Lubbe et
al. 2021), paleoenvironmental data from eastern Africa in-
dicate a marked transition from relatively humid to arid
conditions after ~2.8 Ma (Bibi et al. 2013; Braun et al. 2025;
Levin et al. 2015; Robinson et al. 2017; Smail et al. 2025).
The latter may be part of a long-term climatic aridification
trend but can in addition be attributed to major regional
volcanic and tectonic events around 2.8 Ma in eastern Af-
rica. These include the catastrophic eruption and collapse
of the formerly 7km high Mt. Kenya, which may have acted
as a ‘water tower’ (Schoorl et al. 2014), and substantial tec-
tonic changes in the Afar Basin (Dupont-Nivet et al. 2008;
Rooney 2020). These tectonic-volcanic events at ~2.8 Ma in
eastern Africa altered wind and rainfall patterns as well as
river drainage patterns, making most of eastern Africa sig-
nificantly more arid as outlined above, but other areas like
the Baringo Basin and possibly southeast Africa temporar-
ily wetter (Mitsunaga et al. 2023; Taylor et al. 2021). The
eruptions may also have released large amounts of toxic
gases (e.g., SO,, HF, Hg) temporarily disrupting regional
terrestrial ecosystems through acid rain and poisoning of
flora and fauna, as did other historic and prehistoric ma-
jor volcanic events (Lindstrom et al. 2019; Thordarson and

Self 2003; Van de Schootbrugge and Wignall 2016). From
~2.1 Ma onwards, both eastern and southern Africa were
affected by the increasing aridification associated with on-
set of the modern atmospheric Walker Circulation (Van der
Lubbe et al. 2021). We propose that the local environmental
events at 2.8 Ma and the global climate changes after 2.1 Ma
may have been major push/pull factors for hominin niche
shifts, both inland and on the coast. In arid coastal areas,
this could have led to foraging for submerged aquatic re-
sources.

DISCUSSION

HOW TO TEST HYPOTHESES TO EXPLAIN
AEROBIC ENDURANCE?

We have shown that by applying a comparative biology ap-
proach and extending the scope to also consider possible
hominin adaptations to a coastal niche including under-
water foraging for food, we open a wide vista of research
directions. If we take on this new perspective, we can for-
mulate two hypotheses to explain modern human aerobic
endurance:

H1, the “dive first, run later’ hypothesis: first, adapta-
tion of certain early Homo populations to underwater forag-
ing by endurance diving in response to ecosystem disrup-
tion and aridification, involving developing heavy bones
and aerobic endurance, and in later Homo populations exa-
ptation of diving-related endurance features, and develop-
ing lighter bones facilitating endurance running for persis-
tence hunting;

H2, the ‘run first, dive later’ hypothesis: first, adapta-
tion of certain early Homo populations to persistence hunt-
ing by endurance running in response to ecosystem dis-
ruption and aridification, and in later Homo populations
exaptation of running-related endurance features, and de-
veloping a heavy skeleton facilitating endurance diving for
underwater foraging.

The next step is to start identifying ways to compare
and test these hypotheses, which is a challenge given the
sparse hominin fossil record and the spatial, environmen-
tal, and effort-related sampling biases (Barr and Wood
2024; Faith et al. 2021; 2025; Maxwell et al. 2018). Specifi-
cally, which features make endurance diving possible, or
easier? When are these features first observed in the hom-
inin fossil record? How might such features relate to en-
durance running? Many of the anatomical and physiologi-
cal features involved in diving are well-studied in other
mammals (e.g., Berta et al. 2005; Fahlman 2024; Kooyman
1989, 1997, 2009; Ponganis 2015) and understanding of the
human breath-hold diving capacity and underlying physi-
ology has increased substantially during the last decades
(e.g., Elia et al. 2021; Schagatay 2009, 2010, 2011a; Schagatay
et al. 2011; 2014; McKnight et al. 2021; Mulder et al. 2020;
2025). However, the origin of human breath-hold diving
has so far not been systematically evaluated in the hominin
fossil record. There are in fact several examples of features
leaving fossil traces relating to such physiological func-
tions. We here provide an overview of ten relevant features
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reflecting possible adaptations to endurance diving for un-
derwater foraging that can be investigated by studying the
hominin fossil record, some of which were not discussed
above. We consider these also in the perspective of endur-
ance running and their first known appearance in the hom-
inin fossil record (Table 1). We discuss two of these features
in more detail below —thorax morphology and facial and
upper airway morphology.

Thorax Morphology

A new reconstruction of the ribcage fossils of the H. erectus
specimen KNM-WT 15000 showed that it had a wide and
dorsoventrally deep thorax with a large respiratory capac-
ity, and was built more like stocky, heavy-bodied Nean-
derthals than like modern humans who have a relatively
narrow and shallow ribcage (Bastir et al. 2020; 2022). This
suggests that, contrary to earlier interpretations (Carrier
1984), H. erectus did not have the tall, lean, and agile body
shape typical of an endurance runner (Bastir et al. 2020).
Ribcage measurements indicate greater lung volume and
respiratory capacity in KNM-WT 15000 and Neanderthals
(Kebara 2) compared to modern humans (Bastir et al. 2022;
Garcia-Martinez et al. 2018), except for humans who live in
cold areas, who also have a relatively large thorax (Lopez-
Rey et al. 2025) in conjunction with shorter limbs to reduce
heat loss (Steegmann et al. 2002).

Lopez-Rey et al. (2023) found that while the upper tho-
rax of extinct Homo is similar to that of modern humans, the
lower thorax is broader and dorsoventrally deeper, more
‘bell shaped,” and may have accommodated a larger dia-
phragm. The diaphragm is the large, dome-shaped muscle
located between the thorax and abdomen (see Figure 9a).
When the diaphragm contracts, it increases lung volume
which initiates inspiration, thus it is essential during breath-
ing and the major breathing muscle during rest. Muscles
between the ribs (intercostal muscles) and in the abdo-
men also contribute to breathing, and their involvement
increases with oxygen demand. The bell-shaped ribcage
typical of Neanderthals and H. erectus would potentially
lead to a greater range of diaphragm movement during
breathing, and it could have a more important role than
in modern humans. In H. sapiens, breathing may be more
dependent on the upper thorax, thus recruiting a larger in-
volvement of intercostal muscles at a given point (Lopez-
Rey et al. 2023). The difference in thorax morphology and
diaphragm size has been interpreted as an indication that
Neanderthals and H. erectus had a higher respiratory ca-
pacity than modern humans; the authors suggest that these
species needed a higher respiratory capacity because they
had a higher metabolic rate, perhaps related to engaging in
power locomotion and ambush hunting (Lopez-Rey et al.
2023; 2025).

We suggest that instead, the bell-shaped thorax with
a large diaphragm may have been a useful adaptation to
breath-hold diving. Efficient diving in humans requires a
large maximal total lung volume (TLC) for maximal oxy-
gen storage, and individual diving capacity is clearly re-
lated to lung volume (Schagatay et al. 2012). However, for

efficient diving, lungs must also be flexible; the smallest
attainable volume after exhalation (residual volume, RV)
is just as important, as the diving depth is set by the ratio
TLC/RV due to the compression of the lung air at depth
(see Figure 6). The residual lung volume is constrained by
the inward flexibility of the rib cage and determined largely
by the length and elasticity of the diaphragm. A large and
flexible diaphragm allows the abdominal organs to fill the
space left by the shrinking lungs at depth (see Figure 6; Fig-
ure 10a). Should a diver descend deeper than the point at
which RV is reached, the lungs which are tightly attached
to the ribcage cannot shrink more but develop a negative
pressure inside, which can result in ‘lung squeeze’ (pulmo-
nary barotrauma) that compromises gas exchange (Patri-
cian et al. 2021). This is why an important part of competi-
tive freedivers training involves stretching of the chest and
in particular the diaphragm (Figure 10b; Schagatay 2011).
The ‘squeeze-free diving depth” with a normal untrained
modern human chest and diaphragm is 25-30m (assuming
a RV at approximately 25-30% of TLC), which is deeper
than the typical depth regularly reached by Bajau and Ama
divers; a longer diaphragm in the Neandertals and early
Homo could indicate that their ‘squeeze-free depth’ might
have been more than 30m. Both a large total lung volume
and a small residual volume —thanks to a large diaphragm
allowing safe lung shrinkage with depth—are clearly per-
formance-enhancing features in breath-hold diving (Scha-
gatay 2011; Schagatay et al. 2012).

Facial and Upper Airway Morphology
The modern human face is characterized by an external
nose with downward pointing nostrils, very different from
the noses of the great apes who have forward-pointing nos-
trils (see Figure 4; Figure 11). Based on findings of cranial
fossils with protruding nasal bones, this feature likely first
appeared in early Homo and notably in H. erectus around 2
Ma (Bastir et al. 2022; Franciscus and Trinkaus 1988; Fig-
ure 11c). Many hypotheses have been put forward to ex-
plain the function of an external nose —e.g., conditioning of
the air may be advantageous during terrestrial endurance
activities in cold or dry areas—but they remain debated
(Bastir et al. 2022; Jacobs 2019; Lieberman 2011; Noback
et al. 2011; Zaidi et al. 2017). However, it can be argued
that lengthening the airways would increase resistance for
breathing, and in a cold climate a short nose is preferrable
as cold injury would be more likely in protruding noses.
We propose that instead the external nose could be an
efficient and perhaps essential adaptation to endurance
diving. The downward nostril orientation prevents the
nasal cavity from flooding during swimming and diving,
especially upon vertical submergence as done by the Bajau.
Semi-aquatic and aquatic mammals have modified respira-
tory tracts, preventing the incursion of water by closing the
nostrils with dilator muscles. After emergence, they open
the nostrils actively by dilator muscles (e.g., seals, hippos,
whales, dugongs; Maust-Mohl et al. 2018). Modern humans
do have similar nasal muscles (consisting of compressor na-
ris and dilator naris) that can decrease and increase the size
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Feature Possible function in ED ER First appearance known
endurance diving so far (species and age)
Bone mass increase Body density increase, allowing | + Early Homo/H.

diving with filled lungs

erectus, ca. 2 Ma2
P. boisei and robustus,
ca. 3-2 Mab

External nose with down- Allows air lock, preventing nasal| ++ H. erectus, ca. 2 Mac
ward pointing nostrils cavity from flooding when

submerged
Relatively short, arched hard | L-shaped tongue fitting against | ++ Sima de los Huesos,
palate and humanlike hyoid | smooth palate and precise 0.4 Mad
bone tongue movement allow rapid

equalizing of middle ear

pressure during diving
Wide and deep thorax; Large lung capacity for efficient | + H. erectus

breathing and oxygen storage; KNM-WT 15000,
Large diaphragm muscle Small residual lung volume, + ca. 1.4 Mae

more flexible lungs allowing

compression when diving
Wider carotid foramen Allows enhanced cerebral blood | + H. erectus, ca. 1.4 Maf
in relation to brain size flow to compensate for arterial

hypoxia
CMAH gene inactivation > Increased oxygen transfer to +* Unknown hominin aged
absence of Ge¢-CS in fossils muscles (and other tissues) 3-2 Mag,

testable on fossils"

Enlarged posterior and anteriol Head and body stabilization, + H. erectus, ca. 2 Mai
semi-circular canals increased sensitivity for pitch

and roll, increased directional

sensitivity underwater
Auditory exostoses Consequence of exposure to 0 Sima de los Huesos,

water in the ear, no known 0.4 Mai

function
Modern human-like Allows overhead throwing as + H. erectus, ca. 2 Mak
shoulder with laterally well as running, swimming and
facing glenoid diving
Large feet in relation to Efficient swimming and diving 4 Early Homo and/or
body size P. boisei'™?

H. floresiensis™

*Ten examples of features with a possible functional role in endurance diving (likely influencing both hominin endurance diving
(ED) and endurance running (ER)) and their so far known earliest appearance in the hominin fossil record. + denotes positive
influence, ++ denotes essential feature, - denotes negative influence, 0 denotes neutral or negligible effect. References: 2Rulff et al.
1993; PRuff et al. 1999; Franciscus and Trinkaus 1988; 4Steele et al. 2013; <Bastir et al. 2022; Lopez-Rey et al. 2023; fSeymour et al. 2017;
8Chou et al. 2002; "Bergfeld et al. 2017; 'Spoor et al. 1994;iConde-Valverde et al. 2019; Roach and Richmond 2015; 'Dingwall et al.
2013; mHatala et al. 2024; "Jungers et al. 2009.
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Figure 10. During breathing, the diaphragm contracts and moves down which creates inspiration; upon expiration, the diaphragm
relaxes and moves up again. a) The left figure shows the position of the diaphragm when lungs are filled after maximal inspiration;
right figure: reaching maximal depth during a breath-hold dive, the relaxed diaphragm is pulled up high in the chest by the shrinking
lungs, allowing them to be equalized against the surrounding hydrostatic pressure. When the lungs cannot shrink more, barotrauma
with lung damage may occur; b) Freediver performing diaphragm stretching, a central training in freediving, to make the diaphragm
longer and let it rise higher into the chest when relaxed, which reduces the smallest lung volume attainable without creating negative
pressure in the lungs. This allows deeper diving without the risk of lung injury (photo by Nanna Kreutzmann).

Figure 11. Examples of primate species with external nose and downward pointing nostrils: a) Nasalis larvatus (proboscis monkey;
photo by Mogens Trolle); b) Macaca fascicularis (long-tailed macaque; photo by Basile Morin); c) H. erectus (reconstruction by pa-
leoartists Kennis and Kennis); d) Underwater swimming long-tailed macaque with air bubbles in nostrils: the air lock that in shallow
water prevents water from entering the nasal cavity (screenshot from https://www.youtube.com/watch?v=hr7M45agHFQ); e) Under-
water foraging H. sapiens with air bubbles in nostrils (detail from photo by Cory Richards/National Geographic Image Collection).
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of the nasal aperture by narrowing or flaring the nostrils,
but the effect is generally limited. It can be speculated that
in the past these muscles may have been more developed,
possibly allowing full closure of the nostrils. However, in
modern humans the modification of the respiratory tract
in the form of external nose with downward pointing nos-
trils is an effective solution, with a flexible tongue allowing
equalization and efficient closure of the nasal cavity in the
back as seen in the Bajau diving effectively without nose-
clip. Among extant primates, a few other primates have an
ability to swim and dive to some extent. Proboscis mon-
keys (Nasalis larvatus) are avid swimmers and capable of
diving and swimming up to 20m horizontal distance un-
derwater (Bennett and Sebastian 1998). Macaques such as
the long-tailed macaque (Macaca fascicularis, also called
crab-eating macaque) can forage for oysters with stone
tools (Luncz et al. 2017), swim between islands, dive un-
derwater, and appear to be able to stay submerged for up
to 30 seconds (youtube.com/watch?v=6dzZXnBi6jk; Kempf
2009). Proboscis monkeys and macaques are also among
the few known other primates who have a nose with more
downward oriented nostrils, apparently allowing them to
maintain an airlock to close off the nose when underwater
at shallow depths (see Figure 11). In water deeper than a
few meters this airlock alone would not work to prevent
flooding of the nasal cavity, then also the active closure of
nasal airways by the soft palate would be necessary; it is
not known if proboscis monkeys and macaques are able to
do that. While they can dive, none of these species has a
breath-hold diving ability comparable to that of humans.

While an external nose and upper airway morphology
that allows creating an airlock in the nostrils is beneficial
for diving (see Figures 4 and 11), it lengthens and bends
the airway (Bastir et al. 2022; Tian et al 2022; Xi et al. 2023),
which may be disadvantageous for an endurance runner
due to the increased resistance (Bramble and Lieberman
2004). The increased upper airway resistance is why a hu-
man diver at the surface always uses mouth breathing for
efficient ventilation to rapidly replace oxygen stores, and
we speculate that the necessity to close the nose during
diving could have been the start of this transition. Once ef-
ficient mouth-breathing had evolved, it may have been co-
opted for improved breathing during endurance running
and for life at high altitude.

A NEW PERSPECTIVE

The features discussed above are examples of the potential
to re-interpret available data in the hominin fossil record,
and to develop new research ideas, when including sub-
merged foraging in the possible hominin repertoire. Look-
ing at available fossil data from a combined land and water
perspective may lead to new functional interpretations that
were not considered before. We believe that the examples
in Table 1 may stimulate further research on the ever-in-
creasing hominin fossil record. Despite its biases and limi-
tations, the fossil record is a key data archive that can con-
tribute to a future balanced evaluation of the “dive first, run

later” hypothesis, and the alternative ‘run first, dive later’
one. To achieve that, the fossil data should ideally be in-
terpreted in an interdisciplinary context together with data
from comparative physiology and genetic research.

If we would speculate what an essentially terrestrial
but shallow diving-adapted hominin forager would look
like, we predict it would have systemically high bone mass,
a wide and deep chest with large total lung capacity and a
large and flexible diaphragm to allow efficient breathing
as well as safe lung shrinkage at depth, an external nose
with nostrils pointing downward, a humanlike hyoid bone
reflecting a descended larynx, a short and arched palate ac-
commodating a large and flexible tongue, big feet relative
to stature, an inactivated CMAH gene enhancing oxygen
transfer, and possible presence of auditory exostoses re-
flecting activities in water.

Furthermore, we expect that fossils of such hominins
would be present in or near a paleo-coastal setting, in fresh-
water as well as marine paleoenvironments, likely together
with fossil remains of aquatic prey (e.g., molluscan shells,
fish bones). While preservation of fossils in marine coastal
settings is rare due to tides and sea-level changes (Bailey
and Fleming 2008), and local conditions such as humid
coastal forests that do not favor fossilization (Joordens et al.
2019), there are many recent examples showing that with
targeted search efforts relevant discoveries can be made
(e.g., Bobe et al. 2023; Habermann et al. 2019; Hublin et al.
2026). For example, on the North African Atlantic coast ~0.8
My old fossils of the last common ancestor of Neander-
thals, Denisovans, and H. sapiens have been found (Hublin
et al. 2026), including a relatively ‘heavy’ femur with ~83%
cortical area at ~60-65% of the shaft length (Daujeard et al.
2016). Successful search strategies include deep digging in
coastal caves (Martinon-Torres et al. 2021), dredging the
seabed of shallow shelf seas (Berghuis et al. 2025a, 2025b;
Chang et al. 2015; Tsutaya et al. 2025) and exploring so far
understudied early Pleistocene paleocoastal deposits (Wid-
ianto and Noerwidi 2020). Fossils of a late Early Pleistocene
coastal population have been found already. For example,
cranial fossils from Java (Indonesia), such as Sangiran 4, 27,
and 31 (Kaifu et al. 2005; 2008; Tyler et al. 1995; Westaway
et al. 2015) reflect the presence of a heavy-boned hominin
population, attributed to H. erectus, living in a coastal for-
est setting along the Indian Ocean (Berghuis 2026; Bettis et
al. 2008; Djubiantono and Semah 1990). We speculate that
their so far unexplained “hyperrobusticity’, including ex-
tremely thick skulls, could point to a shallow diving adap-
tation in their lineage.

SUMMARY AND CONCLUSIONS
The ‘dive first, run later’ hypothesis holds that a coastal
hominin population started underwater foraging for aquat-
ic resources and developed an ability for systematic endur-
ance breath-hold diving in a way that is unique among pri-
mates, and that this led to adaptations in, e.g., thorax and
facial morphology, bone (micro)anatomy, and cardiorespi-
ratory physiology. It is hypothesized that some of these
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adaptations, including the aerobic endurance, were later
co-opted to use for endurance running on land. We suggest
that the environmental drivers for that novel underwater
foraging behavior may have consisted of both push and
pull factors, which must have been quite strong at some
periods. During severe and prolonged environmental cri-
ses leading to scarcity of terrestrial resources, niche shifts
towards reliance on richly available submerged aquatic re-
sources could have been a life saver, leading to new mor-
phological and physiological adaptations, just as in many
other mammals exposed to similar conditions. It may have
allowed an isolated coastal hominin population to ‘squeeze
through’ a bottleneck by adding shallow water endurance
diving to mainly terrestrial coastal foraging activities.

Recent modelling studies based on genomic data in-
dicate that different groups of early humans periodically
interacted with each other within Africa, and that these
groups had varying degrees of reproductive connection
and isolation across time (Cousins et al. 2025; Ragsdale et
al. 2023; Scerri et al. 2018). A recent diagram of modelled
human demographic history suggests a deep population
structure with two major ancestral branches that were
separated around 1.5 Ma and rejoined around 300 ka, the
older one derived after a sharp bottleneck and providing
80% of the human genome (Cousins et al. 2025). We ten-
tatively speculate that a bottlenecked lineage could be as-
sociated with the origin of shallow diving in an isolated
coastal population in response to an environmental crisis,
that later converged with a non-diving human lineage. A
population structure with several ancestral branches could
help explain the wide individual variety in diving talent
as well as in running capacity among modern humans. A
merge of different branches would have further increased
the bandwidth of ecological tolerance through the con-
siderably extended locomotor and foraging repertoire in
the human lineage. We propose that a versatile, extended
repertoire facilitated the successful hominin dispersal to a
wide range of coastal and inland environments at both low
and high altitudes.

We conclude that when studying the origin of human
endurance, it is vital to take not only endurance running
but also endurance diving into account. Based on com-
parative physiology and our preliminary exploration of
the hominin fossil record we tentatively suggest that the
‘dive first, run later’” hypothesis may have certain advan-
tages over the ‘run first, dive later’ hypothesis. Neverthe-
less, we acknowledge that years of further interdisciplinary
research will be needed to in-depth test and reject or re-
fine these hypotheses. We hope that our review will inspire
researchers from different fields to make functional inter-
pretations of the available and forthcoming hominin fossil
record from a wider land-and-water perspective, to deepen
our understanding of human evolution.

ENDNOTES
'Energy transfer by aerobic and anaerobic pathways are well described,
but too complex to include here, please refer to textbooks in physiol-
ogy for details. Lactate formation and the associated muscle acido-

sis is not the only cause of muscle fatigue, and the specific role of
lactate is controversial. As the details are beyond the scope of this
paper, here we let ‘lactate’ represent the group of factors responsible
for muscle fatigue to develop; changes that typically occur together
when there is a decline of performance (see Brooks et al. 2002; Cairns
and Lindinger 2025; Fitts 2016). Lactate is a metabolic intermediate
with many functions in energy substrate utilization, cell signaling,
and adaptation (Li et al. 2022).

2H. erectus sensu lato (s.1.) is an extinct early Homo taxon that includes both
African and Eurasian fossils (Anton 2013). The so far oldest fossils
were found in Africa ~2 Ma (Herries et al. 2020; Mussi et al. 2023) and
the youngest fossils in Indonesia ~110 Ka (Berghuis et al. 2025b; Rizal
et al. 2020). It is regarded as our possible ancestor, and one of the first
versatile hominin taxa that could occupy a range of environments
and dispersed beyond Africa (Anton et al. 2020). However, given the
long timespan, the wide geographic range, and its large morphologi-
cal variation (Antdn et al. 2016), it is likely that the taxon contains
populations that differed substantially from each other with respect
to morphology and foraging behavior. Here we use the simple term
H. erectus while being aware of all these complexities, including the
possibility that the taxon H. erectus s.l. comprises several species.
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Supplementary Table S1.

Cortical area (%) at 50% (midshaft) and 80% section of the femur (data compiled by Christopher Ruff)

Specimen
A.L 2881
Stw 99
Stw 121
SK 82

ER 803a

ER 1808mn
BOU-VP-2/15
BOU-VP-19/63
Kresna 11
Trinil Il

Trinil 1l

Trinil V.

Trinil IV

Pecos +E. Af.
Europ. Holocene
Europ. UP

Pan1
Pan 2
Gorilla 1
Gorilla 2

Taxon
Australopithecus afarensis
A. africanus
A. africanus
Paranthropus robustus
P. robustus
P. boisei

P. boisei
Homo sp.

H. sp.
habilis
erectus
erectus
erectus
erectus
erectus
erectus
erectus
erectus
erectus
erectus
erectus

T

TTITTTTTITTTT

H.s. sapiens
H.s. sapiens
H.s. sapiens

Pan troglodytus
Pantroglodytus
Gorilla gorilla
Gorilla gorilla

N = Number of specimens

TA = Total Area

CA = Cortical Area

Section (%)

50
50
50

PR R R R R R R RRRRRRRR R B BB e

100
1791
37

23
99
20
137

TA

330
484
363

464

265
576
586
626
551
589
664
590
559

521

CA

198
356
292

%CA
59.9
73.6
80.4

86.2
84.9
83.0
71.2
75.3
80.5
86.8
84.4
88.4
76.9
72.7

75.6
70.9

69.8+8.4
74.0%7.1
80.7+6.6

67.7+8.2
65.6+7.8
65.5+9.9
65.7+6.5
mean + SD

Section (%)

N

100

TA

634

577
593
417

502
529

685
738
706
629

587
563
586

CA

198
552

490
457
299
524
424
414

446
510

498

453
389
408
409

%CA
59.5
87.1

84.9

717
85.8
84.5
783

65.1
69.1

76.8
79.2

65.5
66.3
72.5
69.8

58.9+8.0

67.7+8.2

65.7£6.5

mean + SD

Sources cortical area
Ruff et al. 2016

Ruff et al. 2020

Ruff et al. 2020

Ruff et al. 1999

Ruff et al. 1999

Ruff et al. 2016
Dominguez-Rodrigo et al. 2013
Trinkaus and Ruff 2012
Trinkaus and Ruff 2012
Ruff 2009

Trinkaus and Ruff 2012
Trinkaus and Ruff 2012
Trinkaus and Ruff 2012
Trinkaus and Ruff 2012
Ruff, pers. comm.

Ruff, pers. comm.
Puymerail et al. 2012
Ruff et al. 2015

Ruff et al. 2015

Ruff et al. 2015

Ruff et al. 2015

Ruff 1995
Ruff 2018
Ruff 2018

Ruff 2002
Burgess 2018
Ruff 2002

Ruff et al. 2018

Age (range) in Ma
3.2

2.6-2.0

2.6-2.0

Holocene
Holocene
Upper Pleistocene

Sources age

Ruff et al. 2016
Bleuze et al. 2022
Bleuze et al. 2022

Joordens et al. 2013

Joordens et al. 2013

Bleuze et al. 2022

Bleuze et al. 2022

Bleuze et al. 2022

Bleuze et al. 2022

Bleuze et al. 2022

Asfaw et al 2002

Asfaw et al 2002

Bleuze et al. 2022

Hilgen et al. 2023; Pop et al. 2023
Hilgen et al. 2023; Pop et al. 2023
Hilgen et al. 2023; Pop et al. 2023
Hilgen et al. 2023; Pop et al. 2023
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The data in this table are from Table 1in Wall, W.P.. 1983. The correlation between high limb-bone density and aquatic habits in recent mammals. J. Paleontol. 57 (2). 197-207.

Species

Rhinocerus unicornus
Cerathoterium simum
Diceros bicornis
Didermoceros

Bison americanos
Equus burchelli
Phacocoerus aethiopicus
Sus scrofa

Lama guanoco
Tayassu peccari
Rangifer tarandus
Cervus eldi
Tragelaphus strepsiceros
Hippotragus equinus
Taurotragus oryx
Alces alces
Connochaetes gnu
Gazella dorcas
Tapirus terrestris
Okapia johnstoni
Aplodontia rufa
Didelphis virginiana
Procyon lotor

Felis leo

Macaca mulata

Ursus arctos

Ursus maritiumus
Ondatra zibeticus
Castor canadensis
Lutra canadensis

Common name
Indian rhinoceros
White rhinoceros
Black rhinoceros
Sumatran rhinoceros
Bison

Zebra

Wart hog

European wild hog
Guanaco
White-lipped peccary
Caribou

Eld deer

Greater kudu

Roan antelope

Eland

Moose

White-lipped gnu
Gazelle

Brazilian tapir

Okapi

Mountain beaver
Opossum

Raccoon

Lion

Rhesus macaque
Alaskan brown bear
Polar bear

Muskrat

North American beaver
North American river otter

Enhydra lutris Sea otter
Hydrochoerus hydrochoerus Capybara

F Hi

Choeropsis liberiensis Pygmy hippopotamus
Pusa hispida Ring seal

Otaria flavescens South American sea lion

Eumetopias jubatus
Hydrurga leptonix
Monachus monachus
Erignathus barbatus
Arctocephalus australis
Trichechus manatus
Callorhinus ursinus
Cystophora cristata
Leptonychotes weddelli
Odobenus rosmarus
Mirounga angustirosris
Cetacea indet.

Steller sea lion

Leopard seal

Monk seal

Bearded seal

South American fur seal
Manatee
Northern fur seal
Hooded seal

Weddell seal

Walrus

Elephant seal

Whale (unidentified sp.)

AMNH = American Museum of Natural History. New York

NMNH = National Museum of Natural History. Washington DC

GC = Georgia College. Milledgesville

Limb bone densif

Humerus
131
1.29
1.33
1.24
1.19
1.18
1.19
1.02
1.19
1.22
121
112
121
1.27
122
0.96
1.14
1.19
1.25
1.26
0.97
1.14
1.16
1.29
1.32
1.29
1.39
168
172
1.54
1.65
1.49
1.53
151
1.62
139
1.35
1.44
1.39
135
1.34
2.00
1.58
1.27
131
1.26
1.15
1.16

Radius-Ulna
1.27
13
141
1.26
1.19
1.26
1.15
1.04
1.37
1.32
1.35
133
1.27
1.26
13
112
121
121
137
1.28
1.16
121
1.29
1.38
131
1.38
1.65

ing/cm3

1.08

Tibia-Fibula Category

125 Terrestrial
137 Terrestrial
141 Terrestrial
1.35 Terrestrial
127 Terrestrial
119 Terrestrial
1.06 Terrestrial
0.98 Terrestrial
131 Terrestrial
131 Terrestrial
0.96 Terrestrial
123 Terrestrial
119 Terrestrial
123 Terrestrial
129 Terrestrial
0.98 Terrestrial
124 Terrestrial
126 Terrestrial
1.35 Terrestrial
1.36 Terrestrial
112 Terrestrial
11 Terrestrial
114 Terrestrial
137 Terrestrial
114 Terrestrial
121 Terrestrial
1.65 Semi-aquatic
Semi-aquatic
1.57 Semi-aquatic
141 Semi-aquatic
1.6 Semi-aquatic
1.48 Semi-aquatic
1.63 Semi-aquatic
1.62 Semi-aquatic
1.81 Semi-aquatic
1.65 Semi-aquatic
1.54 Semi-aquatic
145 Semi-aquatic
1.45 Semi-aquatic
143 Semi-aquatic
1.55 Semi-aquatic
Aquatic
1.63 Semi-aquatic
145 Semi-aquatic
1.4 Semi-aquatic
135 Semi-aquatic
1.23 Semi-aquatic
Aquatic

All species in blue font are semi-aquatic, except for Trichechus manatus and Cetacea indet. that are aquatic.

Marine
Freshwater
Freshwater
Freshwater/Marine
Marine
Freshwater
Freshwater
Freshwater
Marine
Marine
Marine
Marine
Marine
Marine
Marine
Freshwater/Marine
Marine
Marine
Marine
Marine
Marine
Marine

2 zoo
3 wild
2 wild
2 z00
3 zoo
2 wild
2 wild
2 wild
2 wild
2 wild
1 zoo
1 zoo
1 zoo
1 zoo
1 zoo
1 zoo
1 zoo
1 zoo
4 zoo
1 zoo
2 wild
2 wild
15 wild
2 wild
2 zoo
2 wild
1 wild
2 wild
11 wild
1 wild
5 wild
2 wild
9 zoo/wild
3 zo0
2 wild
1 wild
2 wild
1 wild
2 wild
2 wild
2 wild
3 zoo/wild
2 wild
1 wild
2 wild
2 wild
2 wild
1 wild

NMNH 33695

AMNH 238245. NMNH 164592
NMNH 162931

NMNH 49561

AMNH 19175. NMNH 49760
NMNH 162959

NMNH 36864

NMNH 15184

NMNH 92137

NMNH 257318

AMNH 24206

AMNH 35704

AMNH 79328

AMNH 80134

AMNH 80189

AMNH 16868

AMNH 14138

AMNH 17416

AMNH 10025. NMNH 261025. UMA 24

AMNH 149148
UMA 1319
UMA1319

UMA1709. 1777.2649.3361. 3481. 3482. 3483. 3484

NMNH 172677
UMA 2304
NMNH 123386
NMNH 275124
UMA 2238

UMA 1274. 1775.2062. 2063. 2065. 2237

UMA 2290
NMNH 21336. 49492. 263315
NMNH 241103

AMNH 15898 (z00). NMNH 254987 (z00). NMNH 162976. 162977. 162980 (wild)

AMNH 148452. NMNH 31406
NMNH 504208

AMNH 73120

AMNH 77883

AMNH 36200

AMNH 73607

AMNH 75248

NMNH 23331

AMNH 14161 (z00). NMNH 527909 (wild)

NMNH 258588
AMNH 184659
NMNH 504875
NMNH 500254
NMNH 260867
GC574
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