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Abstract: The shape and size of the skull are determined by various factors. These factors act not only
on single individuals in their ontogenesis, but can affect entire populations in the long term, thus
determining developmental trends. The aim of this study was to determine whether the craniometric
features of the European bison skull and their proportions are constant or change over time. In total,
1097 European bison skulls from the Mammal Research Institute of the Polish Academy of Sciences
and Warsaw University of Life Sciences were examined. It has been shown that almost all examined
skull dimensions tend to decrease. The opposite phenomenon was observed for the height of the
skull in males. The results of the work prove that European bison adapt to changing environmental
conditions related to climate warming, food availability, and population density.
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1. Introduction

The skull is anatomically complex and phylogenetically diverse, and therefore offers
unique opportunities to examine the role of developmental processes in evolutionary
change [1,2]. The shape and size of the skull are determined, inter alia, by the development
of the encephalon. Logan and Clutton-Brock [3] compared linear measurements and
computed tomography scans for estimating the endocranial volume in red deer. They
suggested validating measurements for estimating brain size and its intraspecific and
interspecific variation. Finarelli [4] proposed a model predicting the cranial cavity volume
based on external skull measurements in carnivores. The structure of the skull depends also
on environmental factors and lifestyle [5]. One of the most important factors affecting the
shape of the skull is diet [6]. In ruminants, the strong skull and horns or antlers located on
the head are the main weapon in the defense against predators, and against other males in
fights during the heat season [7]. The latter function greatly influences the morphology of
the head skeleton [8]. Therefore, in these animals, a fairly pronounced sexual dimorphism
is observed [9].

The morphology of European bison skulls has been analyzed selectively so far. All the
osteometric studies to date have been based on bone material from European bison living
in a similar period. The small size of the population did not allow for a reliable analysis
of developmental trends in these animals in the past. Kobryńczuk et al. [10] analyzed the
polarization of the European bison skull shape. They invesigated the variability of the
face shape and found two dominant variants in males. Krasińska et al. [11] explored the
morphometric variation of the skull during postnatal development in the Lowland Euro-
pean bison. Krasinska [12] analyzed the variability of the skull shape in hybrids between
European bison and domestic cattle. Considering, however, that data on the European
bison are collected by generations of scientists due to the status of the species, there is
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an opportunity to perform a cross-sectional analysis of the morphology of the European
bison skulls over time. The European bison’s sculls have been collected since the 1950s in
research institutions. At that time, the studies of the population in Bialowieska Forest were
considerably developed as a result of international cooperation [13,14]. Currently, many
skulls are also kept in the collections of various institutions, including museums, which
is a significant comparative material. Therefore, we aimed in this study to verify whether
the craniometric features and their proportions are constant or change over time with the
development of the population. This was possible thanks to the rich collection of European
bison skulls gathered from almost the beginning of the restitution of this species.

2. Materials and Methods

The skulls of 1097 adult European bison (549 females and 548 males) from the collection
of the Mammal Research Institute of the Polish Academy of Sciences in Białowieża and
the Osteological Museum of the Department of Morphological Sciences of the Institute
of Veterinary Medicine, Warsaw University of Life Sciences, were taken for research. The
skulls came from the European bison that died in the years 1950–2014.

The date of birth of each animal was calculated by subtracting the age of the individual
from the year of acquisition.

The skulls were subjected to osteometric measurements with a digital caliper with an
accuracy of 1mm. The measurement points proposed by von den Driesch [15] were used
(Figure 1).
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Figure 1. Measurement points on the European bison skull.

The following measurements have been taken:
Basal length: Basion–Prosthion (BP)
Length of the splanchnocranium: Staphylon–Prosthion (StP)
Length of the neurocranium: Basion–Staphylon (BSt)
Orbital breadth: Ectorbitale–Ectorbitale (EctEct)
Breadth of the splanchnocranium: Supramolare–Supramolare (SmSm)
Height of the splanchnocranium: Staphylion–Nasion (StN)
Height of the neurocranium: Sphenobasion–Brema (SphBr)
The choice of the above dimensions for analysis was not accidental. They provide an

assessment of the spatial shape of the skull in three basic planes. They have also been used
earlier by other authors, which makes it possible to compare the results.

Statistical analysis was performed using SPSS v23.0. (Armonk, NY: IBM Corp.) Be-
fore analysis of the skulls, osteometric measurement change over time, first, we checked
the linear relation of each measurement with age, separately for both sexes. We use an
estimation curve to find the best-fitted non-linear relation based on R square values. As
the best fit presented the S function, we used this relation for all measurements. Using the
regression formula, we searched for the age threshold for each measurement, separately
for the sex, from which a given dimension does not change by more than 1% per year of
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the animal’s life. In the further part of the analysis, the change of each measurement over
time was performed for individuals older than or equal to the age threshold. The change of
each measurement over time was performed by simple regression for each sex separately.

3. Results

The changes in the dimensions with the age of the European bison were best illustrated
by the S function. Males achieved higher values in all analyzed dimensions (Figure 2). In
females, the growth rate slowed down earlier, which is manifested by a lower age threshold,
for which the dimension value change did not exceed 1% per year of life. In general, the
fit of the models was high; for the most part, R2 exceeded the value of 0.8, with usually a
better model fit for females, where for BP and StP, R2 exceeded 0.9.

In males, out of the seven dimensions examined, four did not show significant changes
over time (p > 0.05). A significant change, with time decreasing values, occurred for the StP,
EctEct and StN; however, the R2 was low in all cases (Table 1). The best fitted model was
in the case of StN, where 12.4% of the dimension variability was explained by time. All
significant trends show decreasing values of dimensions over time, except for the SphBr
(Figure 3).

Table 1. Linear regression models of cranial dimensions change over time in males of European bison.

Model Outputs BP StP BSt EctEct SmSm StN SphBr

F 2.43 19.38 0.14 5.31 2.40 23.24 1.87

P 0.121 0.000 0.710 0.023 0.123 0.000 0.173

Intercept
[B0 (±SE)]

760.18
(183.02)

801.71
(116.37)

230.24
(115.11)

761.61
(192.05)

366.46
(116.41)

874.08
(146.12)

−67.39
(171.32)

Year
[B1 (±SE)] −0.14 (0.09) −0.26 (0.06) −0.02

(0.06)
−0.22
(0.10)

−0.09
(0.06)

−0.35
(0.07)

0.12
(0.09)

R2 0.015 0.107 0.001 0.040 0.017 0.124 0.011

N 165 163 160 128 143 166 167

In females, four out of the seven dimensions examined show significant changes
over time (p < 0.05). BSt, SmSm, and SphBr did not show a statistically significant trend
(Table 2). The best fitted model was again in the case of StN, where over 10% of the
dimension variability was explained by time. All significant trends show decreasing values
of dimensions over time (Figure 4). All three significant trends in males (StP, EctEct, and
StN) were also significant in females. Although BP was significant only in females, the
p-value was close to 0.05.

Table 2. Linear regression models of cranial dimensions change over time in females.

Model Outputs BP StP BSt EctEct SmSm StN SphBr

F 3.90 7.57 2.53 5.89 1.63 17.78 1.62

P 0.050 0.007 0.110 0.016 0.203 0.000 0.204

Intercept
[B0 (±SE)]

755.97
(156.12)

584.66
(110.77)

327.08
(99.53)

707.08
(178.77)

319.53
(115.44)

918.03
(180.13)

413.36
(200.71)

Year
[B1 (±SE)] −0.16 (0.08) −0.15 (0.06) −0.08

(0.05)
−0.22
(0.09)

−0.07
(0.06)

−0.38
(0.09)

−0.13
(0.10)

R2 0.022 0.046 0.012 0.036 0.011 0.101 0.009

N 175 162 213 163 146 164 178
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4. Discussion

The increase in the size of the skull of the European bison is noticeably slowed down
at the age of 5–6 years [16]. This applies to all dimensions analyzed by us, but in females it
occurs a little earlier than in males. It is worth noting that during the period of intensive
growth in the first years of life, there are no pronounced dimorphic features. They appear
with the attainment of maturity. This was also noticed by Kobryńczyk [17], who stated
that, together with an increase in age, the number of skull indices of statistically significant
sexual discriminatory power also increases. The biggest difference between adult males and
females is in the width of the skull at the height of the orbits (Ect-Ect). These observations
are consistent with the reports of other authors. According to Krasińska et al., [11] European
bison reach their maximum body dimensions at 5–6 years old. The most pronounced sexual
dimorphism was observed in 6-year-old European bison. It can therefore be concluded
that the age factor no longer plays a major role in older individuals and the variability
of skull dimensions results only from individual characteristics. This also confirms the
observations of Empel [18], who studied the closure of the sutures of the skull in the
ontogenetic development of the European bison. Based on the above evidence, we used
only mature individuals over 6 years of age for further analysis of temporal trends in the
skull morphology of the European bison.

The results presented above prove that, in females, all the examined dimensions of the
skull tend to decrease. The slope of the trend is the smallest in the case of the BSt, while the
StP and Stn are the most distinct in both sexes. This shows that the base of the cranium is
less prone to evolutionary trends than its other parts or the facial skeleton.

The reverse, i.e., the increasing trend in males, is observed in the case of the cranium
height (SphBr). This can be explained by the strengthening of the frontal part of the skeleton
of the head, which is crucial for fighting during the heat season, therefore determining the
reproductive success of the individual. Preston et al. [19] proved that Soay sheep males
with larger horns have the ability to monopolize susceptible females, and this behavioral
success translates into greater siring success. Tidière et al. [20] pointed out the non-linearity
of allometry between body weight and horn size in male large ruminants. It can also be
concluded that the height of the skull is becoming a feature showing increasing dimorphic
differences in the adult bison population. The trends we observed are weak, although
statistically significant. Sixty years means the replacement of 10–20 generations of bison;
this is too short for the changes to be clearly visible. The greatest decline in body size of
bison apparently occurred between 12,500 and 9250 years ago, when the mass declined by
26% (906 kg to 670 kg) in approximately 3000 years. The change in body size occurred in
325–1080 generations, producing an average rate of change of 0.2–0.7 kg per generation [21].
The rapid dynamics of the population in the first period of restitution was certainly an
additional factor influencing the high variability of the studied parameters.

Evolutional trends and phenotypic variation result from two antagonist trends: genetic
and environmental sources of variation, and regulatory processes including canalization,
phenotypic plasticity, and developmental stability [22,23]. According to Debat et al., [24]
developmental stability and canalization depend on the same genetic condition, i.e., the
level of heterozygosity; however, these are two independent processes, as confirmed by
Breno et al. [25]. Inbreeding in the lowland bison population appeared with the start of
the restitution of this species after its almost complete liquidation at the beginning of the
present century. Its high level in the renewed herd was due both to the small number of
bison used for reproduction, and also to the presence among them of only one male [17].
Baranov et al. [26] compared the level of developmental stability in different isolated popu-
lations of European bison and proved its relationship with inbreeding. This was confirmed
by research on hybrids of European bison and domestic cattle [27]. Cardini et al. [28] com-
pared the cranial allometric trends in kangaroos to evolutionary rules in Placentas. He
noticed that the facial part of the skull is more elongated in larger animals. In the case of
European bison, the proportion of the cranium in the length of the entire skull decreases,
and the facies becomes narrower.
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The explanation for the decline of examined dimensions may be the European bison’s
adaptation to changing environmental conditions. The constantly shrinking resources and
the limited acreage of the forest, which is the natural habitat of the European bison, are
not conducive to increasing the body weight of animals. On the other hand, the European
bison remains the king of the forest, the largest mammal that is not threatened by any
predator. Jędrzejewski et al. [29], citing oral reports by Z. Krasiński and M. Krasińska, state
that since the reintroduction of the European bison into the wild in 1952, there have been no
cases of bison being killed by wolves or lynxes. Our observations are also consistent with
the so-called “island rule” [30], by which large mammals in isolated populations undergo
gradual dwarfing due to low resource availability. However, the decrease in dimensions
can also be an effect of increasing the density of animals, which does not exclude the
“island rule”. Silva and Downing [31] found mammalian population density and body
mass and measurements to be negatively correlated. In fact, the population of European
bison in Białowieska Forest has increased significantly since the 1950s and has now reached
779 individuals. The European bison was saved from extinction and the first individuals
were released to the wild in 1952 [32].

The factor causing the reduction of body dimensions in European bison, as in other
species of animals, may also be the warming of the climate. This may also be evidenced by
the shortening of the facial part of the skull (StP) with the simultaneous reduction of its
height (STN), observable in both sexes. Kobryńczuk [17] noticed that the northern forms of
bison, as opposed to the southern forms, have a relatively longer and narrow nasal cavity.
This is connected with the development of conchae nasales, warming and moistening inhaled
air. Owczarek and Filipiak [33] analyzed the spatial and temporal variability of thermal
conditions in Poland during the period from 1951 to 2015. Their analysis revealed the
occurrence of symptoms indicating systematic and sustained warming. Significant growth
was observed in mean and extreme temperatures and their extreme percentiles, as well as in
the annual number of hot days, warm waves, and their duration. In turn, downward trends
are noted in series of the annual number of frost days, as well as in the number of cold
waves and their duration. This has a negative impact on food availability and leads to a loss
of biodiversity [34]. Martin et al., in their study [21], observed a strong inverse correlation
between increasing global temperatures and the body size of American bison over the
last 40,000 years. They hypothesized that increasing temperature alters both metabolic
demands and available resources. They also noted that American bison now exhibit a 30%
north–south body mass gradient. The climate in Poland is much more homogeneous, so
it is difficult to expect a similar phenomenon. Owen-Stith et al. [35] suggest, conversely,
that smaller rather than larger species can be most at risk of local extinction when confined
within protected areas. In addition, most other researchers believe that larger animals are
at a higher risk of extinction [36–39]. According to Cardillo et al. [32], extinction risk shows
a positive association with body mass. Perhaps, therefore, the reduction of the size of the
skull follows the decreasing risk of the European bison becoming extinct.
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