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Sexual size dimorphism (SSD) is a common morphological trait in ungulates,
with polygyny considered the leading driver of larger male body mass and
weapon size. However, not all polygynous species exhibit SSD, while
molecular evidence has revealed a more complex relationship between
paternity and mating system than originally predicted. SSD is, therefore,
likely to be shaped by a range of social, ecological and physiological factors.
We present the first definitive analysis of SSD in the common hippopotamus
(Hippopotamus amphibius) using a unique morphological dataset collected
from 2994 aged individuals. The results confirm that hippos exhibit SSD,
but the mean body mass differed by only 5% between the sexes, which is
rather limited compared with many other polygynous ungulates. However,
jaw and canine mass are significantly greater in males than females (44% and
81% heavier, respectively), highlighting the considerable selection pressure
for acquiring larger weapons. A predominantly aquatic lifestyle coupled
with the physiological limitations of their foregut fermenting morphology
likely restricts body size differences between the sexes. Indeed, hippos
appear to be a rare example among ungulates whereby sexual selection
favours increased weapon size over body mass, underlining the important
role that species-specific ecology and physiology have in shaping SSD.
1. Introduction
Sexual size dimorphism (SSD) is a common morphological trait whereby male
and female animals exhibit significant differences in body size [1]. In most
species, females are the larger sex because body size is positively correlated
with fecundity. However, in mammals, the opposite relationship predominates
[2], and comparative studies suggest that these morphological differences are
mainly driven by divergence in reproductive investment [3,4]. Females spend
considerable energy and time on gestation and weaning, while males rarely
have much parental input beyond copulation. As a result, males can focus
their efforts on maximizing the number of mating opportunities that they can
secure. This often leads to pronounced male–male competition, which has
been proposed as the main selective force in the emergence of SSD among
polygynous mammals [5–8].

SSD is particularly common in ungulates with males being at least 10%
larger in two-thirds of species (unpublished data [9]). Weapon sizes are also
generally more pronounced in males than females, especially among poly-
gynous species [10]. These findings provide further support for the fitness
benefits of being larger and better equipped to win contests and outcompete
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other males [11]. The expansion of open grassland habitats
during the Miocene is believed to be the key mechanism
underpinning the evolution of divergent body sizes in ungu-
lates, as this enabled animals to aggregate in larger groups
providing the opportunity for the most dominant males to
secure mating opportunities with multiple females [8,12,13].
Indeed, the trend for SSD to predominate in environments
where females aggregate is observed across ungulate species [8].

It is important to highlight that not all polygynous ungu-
late species exhibit SSD, including for example, equids [14]
and peccaries [15], while molecular analysis has begun to
reveal that the largest and strongest males do not always out-
compete smaller rivals and monopolize access to oestrus
females [16]. In fact, when paternity is accounted for, the
relationship between sexual dimorphism and polygyny is
often less pronounced than originally predicted [17,18].
These findings suggest that the specific nature of contests
between males, the extent of sexual segregation, physiologi-
cal constraints and environmental conditions are also likely
to play a key role in driving SSD in ungulates [19]. Finally,
it is also important to consider the competitive selection
pressures that act on females to maximize body size, which
can reduce or even reverse SSD [20,21].

In this study, we explore the extent of sexual dimorphism in
body size and weaponry for one of the largest and yet one of
the least studied ungulate species, the common hippopotamus
(Hippopotamus amphibius). The hippo is classified as a mega-
herbivore (greater than 1000 kg in weight); however, there are
a wide range of body size estimates for males and females
with conflicting evidence regarding whether hippos actually
exhibit SSD, and if so, to what extent [22–26]. They have
been classified either as highly dimorphic with males being
up to 40% larger than females [24,26] or moderately dimorphic
in body mass (males approx. 10% heavier) with negligible
differences in length and height of the sexes [22,23]. However,
small sample sizes, unknown ages and a lack of formal statisti-
cal analysis have limited the precision of these estimates.

Hippos are challenging animals to study, they spend the
majority of their time in water only emerging at night to feed;
individual identification is difficult, and they are notoriously
aggressive [23,24]. Nevertheless, it is well established that
hippos exhibit a polygynous breeding system whereby domi-
nant males aggressively defend water-based territories
(ranging from 50 to 500 m in length) while monopolizing
access to multiple females within these comparatively small
stretches of water [23,27]. We, recently, acquired an unrivalled
dataset on hippo age and sex-specific morphology, which
enabled us to definitively explore the magnitude of SSD within
this species for the first time. We predicted that the high level
of male–male competition is likely to generate strong selection
pressure for SSD [28]. As such, males will have significantly
larger body size and weapons (tusks or lower canines) than
adult females. Furthermore, we expected these morphological
differences to be particularly pronounced given Rensch’s rule,
which states that sexual dimorphism increases with body mass
in taxa where males are the larger sex [2].
2. Material and methods
(a) Data collection
The data were collected in Queen Elizabeth National Park
(QENP), Uganda from 1961 to 1966 by Prof. Richard Laws
(Nuffield Unit of Tropical Animal Ecology) and his research
team. QENP is 1978 km2 in extent and is located in the southwest
of Uganda. In the early 1960s, QENP was home to a population
of approximately 15 000 hippos [29]. Detailed morphological
measurements were collected from 2994 hippos culled in and
around Lake Edward as a management intervention to reduce
overgrazing.
The animals were weighed in pieces on a spring balance. Body
length measurements were read from a steel tape and mandible
measurements were made with calipers. [Lower] jaw weights
were taken with a spring balance to the nearest 50 g; canine
and incisor weights to the nearest 25 g [30, p. 20].
All of the hippos were sexed and subsequently aged using jaw
characteristics, tooth replacement and tooth wear before being
assigned to one of 15 rigorously defined age categories from 1
to 35 years (see [30] for full methodology). The mean age of
each category was used in our analysis providing an unparal-
leled level of morphological data across the lifespan of this
enigmatic species. The canine mass data were extracted directly
from figs 11 and 12 in [30] using WebPlotDigitizer (https://auto-
meris.io/WebPlotDigitizer/). All measurements were converted
to SI units.

(b) Data analysis
Two sets of analyses were conducted. Firstly, we explored the
development of SSD with age using three metrics: body mass
(kg), body length (cm) and shoulder height (cm). Secondly, we
explored SSD in weapon size using two metrics: lower jaw
mass (kg) and combined canine mass (kg), as a function of
body size. Body length was selected as the explanatory variable
as these data were more abundant compared to body mass.
However, body size measurements were not available for the
canine mass data and, therefore, age was used as a proxy of
body size for this analysis.

Generalized additive models (GAMs) were applied to all
model sets using the mgcv package [31] in R [32], as preliminary
analyses using linear regression of logged variables and GLMs
revealed patterns in the residuals during the model validation
process. We constructed single parameter models including
only age or body length, two-parameter models including the
additive effect of sex, and interactions between age or body
length and sex. To model growth relationships that were biologi-
cally realistic, we only constructed models with three or four
knots (k = endpoints where polynomials meet), thereby control-
ling the dimensionality and hence reducing the complexity of
the fitted smooth function. Model selection was conducted
using AICc selecting the top model with the lowest AICc score,
which was then used for model validation. The simplest model
was chosen if the top models were within two AICc scores of
each other. A Welch two-sample t-test was used to compare
metrics between male and female adult hippos. From the GAM
results, adulthood was assumed to commence around 10 years
of age (equivalent to a mean body length of 318 cm). Data are
available in the Dryad Digital Repository [33].
3. Results
Adult male hippos were significantly heavier (5%), longer
(2%) and taller (7%) than females (figure 1a–c; electronic sup-
plementary material, table S1). However, the relative
difference in jaw and canine mass was much more pro-
nounced with the jaws of males being 44% heavier and
canines 81% heavier compared to females (figure 2a,b).
There was a clear top model for all three body size model
sets, where the relationship between the body size metrics
and age was best described by a GAM with four knots

https://automeris.io/WebPlotDigitizer/
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including sex as an interaction (electronic supplementary
material, table S2). The increase in body mass and length
was similar for males and females until the age of approxi-
mately 17 where males continued to grow but females levelled
off (figure 1d,e). Both sexes reached maximum height around
the age of approximately 15, while younger males exhibited
faster growth (figure 1f ). Although males were 7% taller, girth
measurements revealed that this linear metric of body size did
not translate into a larger relative increase in body mass—as
might be expected—because males were 5% leaner than females
(see electronic supplementary material, figure S1).

Models including an interaction between length (or age)
and sex were technically the top models for our metrics of
weapon size (electronic supplementary material, table S3).
However, the delta AICc between the top models and the
second-best models were only 0.3 and 2 for jaw and canine
mass, respectively. Therefore, the second-best models were
selected as these were simpler, including sex as an additive
effect and a smoother with either three or four knots. Jaw
mass increased faster in young males compared to females
(figure 2c) while the rate of growth started slowing down for
both sexes around a length of approximately 320 cm. Canines
grewmuch faster in younger males compared to females, with
growth levelling off around the age of 20 (figure 2d ).
4. Discussion
The analysis of this detailed dataset on hippo age-specific
morphology revealed that adult males are on average heavier,
longer and taller than adult females—providing the first
definitive evidence that hippos exhibit differences in body
size between the sexes. However, these differences are rela-
tively small compared with many other polygynous
ungulates [3,8,9]. It seems unlikely that a 60 kg difference in
the mean body mass of an adult male hippo (which can
exceed 1500 kg) is biologically significant when competing
for access to females. Indeed, compared with the African ele-
phant, a megaherbivore that also exhibits intense male–male
competition, the extent of body size dimorphism in hippos is
negligible. A fully grown male elephant can be twice the
weight of an adult female with tusks that weigh five to
seven times as much [34]. Our results also revealed that
among young hippos, the females were slightly larger than
males, which is the opposite of what is observed in most
sexually dimorphic mammals [35].

Intriguingly, weapon size metrics demonstrated a much
greater divergence between male and female hippos. Male
jaw masses were on average 44% heavier and canines were
nearly twice the weight of those found in adult females,
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with males investing considerably in weapon growth during
early adulthood (10–20 years). In fact, the larger male head
likely accounts for a significant proportion of the disparity
in body mass between the sexes. These results suggest that
there is much greater selection pressure for males to acquire
larger weapons to dominate and outcompete rivals, rather
than investing in body size (figure 2e). This is further sup-
ported by the fact that the post-canine teeth—
predominantly used for feeding—did not differ in size
between the sexes [30]. Selection for weapons over body
size is comparatively rare in male ungulates, which generally
exhibit a positive allometric relationship between these
characteristics [10,36]. In bovids, the rate of growth in weapons
was actually found to decrease relative to body size, as horn
size was either constrained or no longer the target of sexual
selection [36].

Aggressive displays and interactions between rival
hippos generally take place in water [23,27] where body
size may be less influential in male–male competition than
on land, particularly as water can negate the weight advan-
tage and obscure the visual assessment of body size.
Indeed, pinnipeds that breed in water exhibit very limited
body size dimorphism compared with species that breed on
land, while female baleen whales are generally larger than
males [37]. Male hippos commonly signal dominance by
yawning and displaying the gape of their jaw and the size
of their tusks [23]. Therefore, selection pressure for larger
weapons appears to outstrip the need for increased body
size. Evidence for greater selection pressure on canine size
compared with body size has also been found among a
number of primates [38] and carnivore species [39], where
intense competition for access to females is predominantly
mediated by the display (and occasional use) of these
weapons.

The digestive physiology of hippos may also constrain
body size dimorphism, as they are the largest species employ-
ing foregut fermentation to process their food [23]. Whereas
rhinos and elephants both use hind-gut fermentation,
which enables much greater throughput of abundant lower
quality forage despite some decreased digestive efficiency
[40]. Hippos are very well adapted to the shorter feeding
bouts and longer forage retention times required by foregut
fermentation, particularly as they exhibit significantly lower
energy expenditure compared with other megaherbivores
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due to the buoyancy and reduced thermal stress afforded by
living in water [23]. However, the limits on the rate of inges-
tion have been shown to place much greater constraints on
maximum attainable body size compared with hind-gut fer-
menters [40,41]. Interestingly, the greater one-horned
rhinoceros—the second largest rhino species—exhibits a
similar pattern in body and weapon size to the hippo. They
are largely monomorphic due to dietary constraints, but the
males have significantly larger incisors that they use for fight-
ing (slashing and gouging), and much more developed neck
and shoulder muscles [42].

Finally, selection pressure could also be acting on female
hippos to maximize their body size in order to protect their
young and compete successfully for access to water and
forage during periods of resource scarcity—the big mother
hypothesis [20]. This selection pressure can potentially
reduce any differences that may accrue from intra-sexual
selection, or even result in females with larger morphological
traits, such as in the Korean water deer [43].

Our study uses a unique dataset on hippo morphology to
demonstrate convincingly that body size dimorphism is com-
paratively limited for this large-bodied and highly
polygynous ungulate. Yet, there appears to be considerable
intra-sexual selection for larger weapon size among males,
which is driven by intense competition for mating opportu-
nities. The hippo provides a fascinating example of a
species where ecology and physiology likely constrain the
extent of body size dimorphism between the sexes, but
where weapon size plays a primary role in establishing dom-
inance and securing mating rights. These findings further
underline how SSD is a complex trait that is shaped and con-
strained by more than just the reproductive strategies of the
sexes.
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