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Studying the coexistence mechanisms of sympatric wildlife helps to shed
light on why the earth has so many different species. When ungulates
share ranges, food and habitat requirements may partially or fully overlap.
Therefore, the aim of this study was to determine how sympatric ungulates
share limited resources. Carcasses of 27 adult blue sheep (Pseudois nayaur)
and three adult red deer (Cervus elaphus alxaicus) were collected in the
Helan Mountains, China. Nutritive indices of plant species foraged and
morphometric measurements of the digestive system of the two sympatric
ungulates were determined. In addition, 120 passive, infrared motion-
triggered cameras recorded spatial overlap and temporal overlap between
the two species. Camera trapping revealed relatively limited spatial overlap
and significantly different activity rhythms between blue sheep and red deer.
Differences were also observed in stomach weight, surface enlargement
factor of the rumen, and intestine length between the two species. However,
the combined relative weight of the stomach and intestine was not different
between species. The low spatiotemporal overlap decreased opportunities
for encounters between sympatric blue sheep and red deer, and significant
differences in digestive systems allowed the two species to consume different
plant species or different parts of the same species. Thus, the two sympatric
ungulates coexist harmoniously in the Helan Mountains because of long-term
evolutionary behavioral and physiological adaptations that eliminate negative
effects on the survival of the other species.

mountain ungulates, mountain diversity, Pseudois nayaur, Cervus elaphus alxaicus,
Helan Mountains, behavioral adaptations, physiological adaptations
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Introduction

Sympatric species live within a defined range of
environmental space and constitute the animal community of
an area. A complex of biological, environmental, evolutionary,
and historical factors determine the coexistence of animals
in a given area (Tokeshi, 2009). Generally, morphologically
similar or closely related sympatric species are expected
to compete for limited resources such as food, space,
and shelter (Schoener, 1974; Hofmann et al, 2016; Frey
et al, 2017). However, such interspecific competition is
detrimental to each species and ultimately reduces species
fitness (Forsyth and Hickling, 1998; Ferretti et al., 2015).
Competition for resources between sympatric species may
even affect the health of offspring because of the negative
effects on body weight (Richard et al, 2010). Therefore,
interspecific interactions, such as competition, are crucial
drivers in structuring animal communities (Hutchinson,
1959). Competition is the central link between limited
resources and niche differentiation, and it is not only the
result of the former but it is also the cause of the latter.
The

and niches affect species’ coexistence (Xian, 2008). Most

strong connections among resources, competition,
of the competition between sympatric species appears
to be a mechanism to increase niche partitioning. Thus,
sympatric species tend to differ ecologically and have
different different

temporal, or feeding dimensions of a niche (Schoener,

adaptive strategies or use spatial,

1974; Bagchi et al., 2003). Comparative studies of sympatric

species are critical to understanding behavioral and
adaptations that
reduce competition for resources and allow coexistence
(Zhou et al., 2013).

Ungulate communities have essential ecological roles

ecological and mechanisms primarily

in mountain forests by maintaining floral structures and
contributing to nutrient cycles (Reyna-Hurtado and Tanner,
2007; Chanchani et al., 2010). Niche segregation associated
with differences in ungulate body weight and digestive
morphology can explain the species diversity in large
herbivore communities (Redjadj et al., 2014). In general, niche
segregation is an important mechanism that allows sympatric
species to coexist stably and harmoniously. Accordingly,
studies on coexistence mechanisms of sympatric mountain
ungulates can help shed light on mechanisms controlling
the diversity of mountain communities (Rahbek et al,
2019). Typically, ungulate diets depend on physiological
factors that determine the food range, such as body weight.
By contrast, environmental factors, such as seasonality
and interspecific interactions, determine ungulate food
availability (Storms et al, 2008). Commonly, relatively
large species can utilize relatively low-quality food, and
as a result, those species do not need to select sparsely

distributed high-quality food, although they do need to
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consume more low-quality food. By contrast, relatively
small species consume less food and therefore can utilize
relatively rare food sources of relatively high quality (Bell,
1971; Jarman, 1974; Mueller et al, 2013). The size of the
ungulate gastrointestinal tract is a critical element that
affects digestive efficiency, and longer digestive tracts result
in longer and better processing of low-quality food. Thus,
large ungulates can digest food with relatively high levels
of fiber, whereas the opposite is true for small ungulates
(DIAZ et al,, 2007; Ruifrok et al., 2015). Consequently, food
selection by ungulates is based on a trade-off between food
quality, as determined by protein and energy digestibility
and phenolic and terpenoid concentrations, among other
factors, and quantity, as determined by feeding efficiency
and abundance of host
(Shipley et al., 1998).

Blue sheep (Pseudois nayaur) and red deer (Cervus elaphus

plants, among other factors

alxaicus) are the most abundant and widely distributed
ungulates in the Helan Mountains, China (Yu et al, 2004;
Cao et al, 2005; Liu et al, 2009). Both species are listed as
national key protected class II wildlife of China and the least
concerned globally by the International Union for Conservation
of Nature (IUCN) (Harris, 2014; Lovari et al., 2018). Blue sheep
are distributed throughout the Helan Mountains in various
habitats at elevations from 1,400 to 3,556 m above sea level but
prefer sparse mountain forests and grasslands below 2,000 m.
The mean group size is three to six sheep (Wang et al., 1998; Yu
et al., 2004; Cao et al., 2005; Liu et al., 2005a,b). Red deer are
mainly distributed in the middle area of the Helan Mountains
at a preferred elevation of ~1,700 m. The deer prefer coniferous
mountain forests, sparse mountain forests, and grasslands and
occur in groups of 1-15 deer (Liu et al., 2009; Luo et al,, 2009).
According to the physiological characteristics of the ruminants
and the morphological characteristics of the different plants
consumed, both species are intermediate between concentrate
selectors/browsers and roughage eaters/grazers and therefore
can be classified as mixed feeders (Prins and Geelen, 1971;
Hofmann, 1989; Schaller, 2000; Shrestha et al., 2005). Because
of the demand for similar nutrition, there may be competition
for food between sympatric blue sheep and red deer (Darmon
etal,2012). Some studies show that there are differences in body
sizes and spatial overlaps in ranges of sympatric blue sheep and
red deer in the Helan Mountains, resulting in a relatively high
overlap of food resource utilization, especially during winter
(Liu et al., 2005a,b, 2009; Luo et al., 2009; Luo, 2011). However,
spatiotemporal interactions and adaptations of physiological
structures of sympatric blue sheep and red deer are not always
estimated properly or simultaneously.

Blue sheep and red deer are dominant ungulates in the
Helan Mountains, and habitats of the two species overlap
to a certain extent (Liu et al, 2005a, 2009; Luo, 2011).
Analyses of the coexistence mechanisms of sympatric blue
sheep and red deer in the Helan Mountains can reveal how
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some axes of the two ecological niches differ to reduce
competition for resources and allow coexistence. In particular,
behavioral data and morphological measurements can help to
comprehensively explain some of the mechanisms that allow
coexistence based on the external and internal characteristics
of each species. Therefore, in this study, the spatiotemporal
overlap and gastrointestinal tract differences between sympatric
blue sheep and red deer in the Helan Mountains were examined
(Supplementary Figures 1, 2). In addition, the mechanisms
that allow the two sympatric ungulates with similar resource
requirements to coexist were explored from the perspectives of
space, time, and food. It was hypothesized that the use of space
and activity patterns of blue sheep and red deer would differ
to reduce interspecies encounters and potential competition. It
was also hypothesized that if the two ungulates did have similar
space use and activity patterns, then the two species would
consume different plant species or different parts of the same
plant species, which would lead to differences in different parts
of the gastrointestinal tract. The findings of this study can be a
reference for further studies on the coexistence mechanisms of
sympatric species.

Materials and methods

Study area

The Helan Mountains National Nature Reserve of the
Ningxia Hui Autonomous Region is located in Northwest China
(38°21” to 39°22°N, 105°49’ to 106°42’E; Figure 1). Elevation
ranges from 1,085 to 3,556 m a.sl. The Helan Mountains
are surrounded by the Ulan Buh Desert in the north, the
Mu Us Desert in the east, and the Tengger Desert in the
west, and thus, the elevations and habitats of the mountains
differ significantly from adjacent regions. The study area
covers approximately 323 km?, which constitutes approximately
11.28%
an important geographical boundary in Northwest China

of the nature reserve. The Helan Mountains are

as the boundary between temperate desert and temperate
desert steppe. The mountains are also the watershed between
the northwest inflow area and outflow area. In addition,
the mountains contain representative and relatively complete
natural ecosystems of arid and semiarid regions in China.
The mean annual temperature is —0.9°C (high, 25.2°C; low,
—31°C), and the mean annual precipitation is 420 mm
(Luo, 2011). The Helan Mountains are a typical temperate
mountainous forest system characterized by four types of
vertically distributed vegetation: mountain steppe forests,
mountain sparse forests and grasslands, mountain coniferous
forests, and subalpine scrub and meadows (Di, 1987; Di et al,,
1988). In addition to blue sheep and red deer, other notable
species inhabit the mountains, such as snow leopards (Panthera
uncial), goitered gazelles (Gazella subgutturosa), and alpine
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musk deer (Moschus chrysogaster), although distributions and
populations of those species are very limited. There are also
red foxes (Vulpes vulpes), Eurasian badgers (Meles meles), and
cape hares (Lepus capensis). Because they are the dominant
ungulates of the Helan Mountains, the combination of blue
sheep and red deer was ideal to study the mechanisms
of coexistence in species with similar living space and
food requirements.

Activity monitoring of blue sheep and
red deer

To monitor the activities of the two species, 120 passive,
infrared motion-triggered cameras (Ltl 6210 MC; Ltl Acorn
Electronics Co., Ltd., Zhuhai, China) were deployed in different
habitats (i.e., forest, shrub, grassland) in which blue sheep
and red deer co-occurred from October 2014 to October 2015
(Figure 1). To avoid pseudoreplication, the distance between
two cameras was always greater than 500 m (Li et al., 2018; Wan
et al,, 2020). According to the body sizes of blue sheep and red
deer and conditions of specific habitats, cameras were bound to
tree trunks 50-80 cm aboveground. Cameras were set to work
continuously for 24 h a day and to take two photos and a 15-
s video when triggered by any passing species. Cameras were
checked every 30 days to download data and replace batteries.
Fifty-five cameras were set in 2014, 65 cameras in 2015, and
the average camera day was 50 days (47 days in 2014 and
53 days in 2015).

Measurements of plants nutrition

Based on the previous research on the diets of blue sheep and
red deer in the Helan Mountains (Luo, 2011), plants consumed
by each species were collected in the habitats where they co-
occurred. To sample plants, transects were randomly arranged
in the study area, starting at the valley and ending at the ridge.
A quadrat (1 m x 1 m) was set for each 100 m increase in altitude
on a transect and there were five to 10 quadrats per transect.
Based on fully investigating the feeding habits of blue sheep
and red deer (Luo, 2011), parts of the quadrats were selected to
collect the main forage plants. Plants in quadrats were identified
as species according to the Flora of Helan Mountains (Zhu et al.,
2011). Samples of each plant were collected from at least 20
quadrats, and the dry weight of each sample was more than
200 g. Because there were many species in the genera Stipa,
Carex, and Artemisia, it was difficult to collect samples of only
individual species. Therefore, in each genus, species were mixed
with equal dry weights. Stipa included S. breviflora, S. krylovii,
and S. grandis; Carex included C. duriuscula, C. lanceolata, and
C. korshinskyi; and Artemisia included A. sacrorum, A. frigida,
and A. mongolica. And then, the feed proximate analysis
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FIGURE 1

Study area map depicting camera stations and vegetation covers (left, the location of Helan Mountains National Nature Reserve of Ningxia in
China and its vegetation covers, which are represented by different colors; right, the location where the passive infrared motion-triggered
cameras were deployed to monitor the activity of blue sheep and red deer).
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(Shen, 2009; Afolabi et al., 2021; Olawuwo et al., 2022) was used
to determine nutritive indices of the plants, namely, water (W),
crude ash (CA), crude protein (CP), crude fat (CFA), crude fiber
(CF), nitrogen-free extract (NFE), neutral detergent fiber (NDF),
energy (E), and tannins (7).

Morphometric measurements

Carcasses of 27 adult blue sheep (age: 3-10 years; body
weight: 16-46 kg; shoulder height: 62-80 cm) and three adult
red deer (age: 2-10 years; body weight: 99-109 kg; shoulder
height: 110-130 c¢m) that died of accidental fall or illness,
were hunted by natural predators, or died accidentally at a
water source were collected (Supplementary Table 2). Data
on carcass external morphologies (i.e., body weight, shoulder
height, and body length) and stomach and intestine were
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collected (Supplementary Table 1). All carcasses were fresh
(died within 1-3 days and had not begun to decompose) and
taken to the laboratory for measurements as soon as they were
found. An electronic scale (accurate to 1 kg) was used to measure
body weight, and a steel tape measure (accurate to 1 cm)
was used to measure shoulder height and body length. After
those measurements, carcasses were placed on a stainless steel
dissecting table. Dissecting scissors were used to cut the body
cavity, and all digestive organs were taken for measurement and
to collect contents. The weight of the stomach and its various
parts was measured with an electronic scale (accurate to 1 g).
The stomach weight was measured with contents included and
then measured again after removing contents. The length of
the intestine was measured with a steel tape measure (accurate
to 1 cm). Various passages in the stomach and the mastoid
on the rumen surface were measured with vernier calipers
(accurate to 0.001 cm).
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Statistical analyses

Species, date, time, and other information in photos and
videos were recorded. Photos and videos of the same species
at the same site with an interval of fewer than 30 min were
deleted to reduce pseudoreplication and produce independent
photos and videos of each species (O’Brien et al., 2003; Liu
etal., 2013; Meredith and Ridout, 2014). Spatial overlap between
blue and red deer was estimated with the Pianka index, which
ranges between 0 (no overlap) and 1 (total overlap) (Pianka,
1974; Delsinne et al., 2007). The equation to calculate the index
was the following: Oy = (Zpj; x pik)/(Zpijz X Zpikz)l/z where
pij and pj are the proportions of records of species j and k,
respectively, at different camera trapping stations. The package
“overlap” in R was used to estimate the interspecific overlap of
temporal activity patterns of blue sheep and red deer by using
the A coefficient, with A = 0, no overlap; A = 1, total overlap;
and the A4 estimator was used when records were > 75 (Ridout
and Linkie, 2009; R Core Team, 2013; Meredith and Ridout,
2014). Temporal overlap was considered high when A4 > 0.75,
intermediate when 0.50 < A4 < 0.75, and low when A4 < 0.50
(Monterroso et al., 2014). ArcGIS 10.7 (Environmental Systems
Research Institute, Inc., Redlands, California, United States) was
used to produce a map of spatial overlap. Mann-Whitney U tests
in SPSS 20.0 (International Business Machines Corporation,
Armonk, New York, United States) were used to analyze
differences in the characteristics of the digestive tract between
sympatric blue sheep and red deer, namely, stomach weight
and weight of its different parts. Origin 2021 (OriginLab
Corporation, Northampton, Massachusetts, United States) was
used to produce graphs that compared digestive systems and
showed food overlap between blue sheep and red deer.

Results

Spatial overlap of blue sheep and red
deer

Cameras (n = 55 in 2014; n = 65 in 2015) monitored 6,080
total trap days (Figure 2) (n = 2,600 days in 2014; n = 3,480 days
in 2015) from 2014 to 2015 and produced 2,083 independent
photos and videos (n = 2,511 of blue sheep, with n = 1,393 in
2014 and n = 1,114 in 2015; n = 292 of red deer, with n = 126
in 2014 and n = 166 in 2015). One hundred and one cameras
(84.17%) captured blue sheep (n = 46 in 2014; n = 55 in 2015),
63 cameras (52.5%) captured red deer (n = 25 in 2014; n = 38
in 2015), and 59 cameras (49.17%) captured both blue sheep
and red deer (n = 24 in 2014; n = 35 in 2015). The Pianka
index evaluated by the proportion of records of each species
in different camera stations was 0.258 (0.348 in 2014 and 0.229
in 2015), which reflected relatively low spatial overlap of blue
sheep and red deer. In 2014, there was only one camera that
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only captured red deer; whereas 22 cameras only captured blue
sheep. In 2015, three cameras only captured red deer; whereas
20 cameras only captured blue sheep. In 2014, the number of
times red deer were captured on camera varied from 0 to 16
(average = 2.21), whereas the number of times blue sheep were
captured on camera varied from 0 to 137 (average = 24.51). In
2015, the number of times red deer were captured on camera
varied from 0 to 15 (average = 2.55), whereas the number of
times blue sheep were captured on camera varied from 0 to
132 (average = 17.14). The camera that captured blue sheep the
highest number of times was not the same camera that captured
red deer the highest number of times (2014: blue sheep, n = 137
vs. red deer, n = 0; 2015: blue sheep, n = 132 vs. red deer, n = 6).
Similarly, the camera that captured red deer the highest number
of times was not the same camera that captured blue sheep the
highest number of times (2014: red deer, n = 16 vs. blue sheep,
n = 28; 2015: red deer, n = 15 vs. blue sheep, n = 14). Overall,
distribution and activity intensity were higher for blue sheep
than for red deer, with relatively low spatial overlap (Figure 2).
Other species of mammals recorded included red foxes (n = 127)
and cape hares (n = 55) in 2014 and red foxes (n = 124), cape
hares (n = 62), and Eurasian badgers (n = 35) in 2015.

Temporal overlap of blue sheep and
red deer

According to the temporal overlap of blue sheep and red
deer (Figure 3), daily activity peaks of both species appeared in
the morning and evening. Activity peaks were closer to noon
and activity intensity was higher for blue sheep than for red
deer. Although similar to the activity pattern of blue sheep, the
time between the two activity peaks of red deer was significantly
greater than that of blue sheep. Compared with blue sheep,
deer daytime activity intensity was also weaker, although the
deer nighttime activity intensity was significantly higher. The
temporal overlap indicated by the cameras that captured both
blue sheep and red deer was Ay = 0.598 (A4 = 0.527 in 2014;
A4 =0.615in2015), indicating an intermediate level of temporal
overlap between sympatric blue sheep and red deer in the Helan
Mountains (Figure 3).

Differences in the digestive system of
blue sheep and red deer

Compared with sympatric red deer, stomach tissue weight
of blue sheep was significantly lower (Z = —2.907, P = 0.004),
as were weights of different stomach parts (rumen-reticulum:
Z = —2.907, P = 0.004; omasum: Z = —1.447, P = 0.009;
abomasum: Z = —2.849, P = 0.004). Furthermore, there were
no differences in the proportion of stomach weight to body
weight between species. By contrast, the proportions of weights
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of different stomach parts to body weights of blue sheep
were lower than those of red deer, except for the abomasum
(Figure 4A). When evaluating the difference between the
contents included in the stomach and its different parts,
the difference was significant for only the abomasum weight
(contents included) (Z = —2.849, P = 0.004), although only
the proportion of abomasum weight (contents included) to
body weight was not different between the species. Although
the body weight of sympatric blue sheep and red deer was
significantly different (Supplementary Table 2), there was
no difference in stomach weight (contents included) between
species (Figure 4B).

When it comes to the size of the various passageways in their
stomach, cardias were not significantly different between blue
sheep and red deer, whereas the rest of the food passageway was
significantly smaller in blue sheep than in red deer. Compared
with red deer, the proportion of the size of the omasum-
abomasum passage and orifice ileocecal to body length was
not different in blue sheep, whereas other proportions of
blue sheep were significantly larger than those in red deer
(reticulum-omasum passage: Z = —2.220, P = 0.022; cardiac:
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Z = —2.760, P = 0.001; pylorus: Z = —2.793, P = 0.001)
(Supplementary Figure 3).

The overall surface enlargement factor of the rumen
was significantly different between blue sheep and red deer
(Z = —2.337, P = 0.014). By contrast, papillae number, height,
width, and surface enlargement factor were different in different
areas of the rumen between the two species (Table 1).

The proportion of the length of the intestine to the body
length of blue sheep was significantly higher than that in red
deer (Z = —2.793, P = 0.001). There was no difference in the
proportion of the length of the large colon and the rectum to
body length between the two species, but there were significant
differences in the proportion of the length of the small intestine
(Z = —2.806, P < 0.001) and that of the cecum (Z = —2.507,
P =0.006) to body length, with proportions greater in blue sheep
than in red deer. The proportion of the length of the small colon
to body length was significantly smaller in blue sheep than in
red deer (Z = —2.472, P = 0.007, Figure 5A). There were no
differences in proportions of the total weight of the intestinal
tract or the weights of different parts of the intestine to body
weight between sympatric blue sheep and red deer (Figure 5B).

frontiersin.org


https://doi.org/10.3389/fevo.2022.925465
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Li et al.

10.3389/fevo.2022.925465

A 50 T T T T 5.0
= Weight of blue sheep (kg)

45+ * * /7 Weight of red deer (kg) F45

1 ,Tl Propon?on of blue sheep (%)

4.0 Proportion of red deer (%) 4.0
304 7 % 130
! |~ / [ —
= 2.0 4 / / * [0

'
5] % % L1s
% % * - 1.0
10 / / —
Z Z.
05 = % B % [0
= / B Z - ; L 0o

0.0 — —= —

Stor;lach Rumcn-rlcticulum Ome;sum Abon;asum
FIGURE 4
difference between blue sheep and red deer.

Proportion (%)

(A) The stomach tissue weight and the proportion of stomach weight to the bodyweight of sympatric blue sheep and red deer (B) the stomach
weight (contents included) and the proportion of stomach weight (contents included) to the bodyweight of sympatric blue sheep and red deer
(the black and gray error bars represent the standard deviations of the weight and proportion, respectively). *Means there is significant
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TABLE 1 The mastoid width, height and number, surface enlargement factor of sympatric blue sheep and red deer.

Blue sheep Red deer z P
Atrium ruminis Papillae number (/2 cm?) 55+ 19 41+ 6 —1.532 0.132
Papillae height (cm) 0.263 £ 0.093 0.324 £+ 0.145 —1.002 0.347
Papillae width (cm) 0.105 £ 0.035 0.141 4+ 0.037 -1.197 0.245
Surface enlargement factor 3.90 £1.58 5.54 +2.81 —1.168 0.268
Dorsal rumen Papillae number (/2 cm?) 78 +26 47 £23 —1.949 0.053
Papillae height (cm) 0.162 £ 0.070 0.228 £ 0.064 —1.670 0.105
Papillae width (cm) 0.74 £ 0.05 0.116 £ 0.004 —2.338 0.014
Surface enlargement factor 2.35+0.96 3.77 £0.73 —2.337 0.014
Ventral rumen Papillae number (/2 cm?) 76 £25 39+16 —2.422 0.008
Papillae height (cm) 0.166 £ 0.063 0.239 £ 0.083 —1.836 0.071
Papillae width (cm) 0.85 £ 0.027 0.081 £ 0.015 —1.030 0.319
Surface enlargement factor 2.53+£0.94 3.54+1.57 —1.614 0.118
Dorsal rumen blindsacs Papillae number (/2 cm?) 66 + 25 32+7 —2.674 0.002
Papillae height (cm) 0.179 £ 0.073 0.326 £ 0.082 —2.393 0.011
Papillae width (cm) 0.081 £ 0.037 0.162 £ 0.003 —2.505 0.006
Surface enlargement factor 2.624+1.33 6.30 + 1.41 —2.615 0.003

Discussion

In this study, spatiotemporal overlap and gastrointestinal
tract differences between sympatric blue sheep and red deer
in the Helan Mountains were examined simultaneously, with
the aim to understand behavioral and physiological adaptations
that allow the two species to coexist. As hypothesized, the
spatiotemporal overlap was relatively low, and different parts
of the gastrointestinal tract were significantly different between
sympatric blue sheep and red deer. The differences in behavioral
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and physiological adaptations reduced competition for space
and food resources and allowed the two species to successfully
coexist in the Helan Mountains, even during winter when food
resources are scarce. The findings of this study can provide
new insights and ideas for other studies on sympatric species
and even for those examining mechanisms to explain species
diversity in a given area.

Habitat differentiation is often suggested as the critical
mechanism that allows sympatric species to coexist
(Schoener, 1974; Lynam et al., 2012; Van Beest et al., 2014).
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proportion, respectively). *Means there is significant difference between blue sheep and red deer.
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According to previous studies, blue sheep and red deer select
different habitats in the Helan Mountains (Liu et al., 2005a,b;
Luo et al, 2009). Blue sheep primarily use mountainous
sparse forests and grasslands when feeding and resting in
different seasons, with no significant preference for slope (Liu
2005b, 2009; Luo, 2011). By contrast, red deer prefer
mountainous grasslands and coniferous forests, and the slope
is an important factor limiting habitat selection (Liu et al,

2009; Luo et al., 2009). Commonly, habitat segregation reduces

et al.,

potential competition between sympatric species and has been
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documented in several forest-dwelling ungulates (Namgail et al.,
2004; Takada et al, 2020). In this study, camera monitoring
showed that the spatial overlap of sympatric blue sheep and
red deer was relatively low in the Helan Mountains (Figure 2),
which reduced competition for spatial resources, such as
shelter. As an additional consequence, potential competition
for limited food resources was also likely reduced. However, the
relatively low spatial overlap might be related to the fact that
the population of red deer was much smaller than that of blue
sheep in the Helan Mountains in this study, as well as overall.
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TABLE 2 The nutrition of plants fed by blue sheep and red deer.

10.3389/fevo.2022.925465

Plants Season  Water Crude Crude Crude Crude Nitrogen Neutral Energy  Tannins
(%) ash protein fat fiber free detergent g g/kg
(%) (%) (%) (%) extract (%) fiber (%)

Picea Winter 34.38 4.18 3.78 34.52 22.07 51.69 30.37 12963.00 3274
crassifolia

Summer 8.21 1.17 4.99 39.36 29.71 51.14 68.98 15389 25.39
Ulmus Winter 4.1 9.42 12.52 4.64 14.99 54.33 - - -
pumila

Summer 10.53 2.21 9.86 32.61 27.04 47.29 46.09 - -
Prunus Winter 5.76 2.64 5.73 2 53.54 64.03 53.54 18952.00 27.91
monglica

Summer 6.92 2.27 4.99 9.76 38.04 46.98 58.39 18446.00 50.39
Potentilla Winter 4.61 275 22.91 26.13 62.59 - 76.95 18564.00 11.38
parvifolia

Summer 38 5.08 7.27 213 38.4 44.03 - - -
Caragana Winter 8.33 6.79 8.36 28.19 38.27 - 63.72 18353.01 23.34
spp.

Summer - - 6.83 2.11 29.22 - - - -
Stipa spp. Winter 3.64 7.92 7.76 3.27 34.34 43.07 - - -

Summer 7.4 8.01 6.92 2345 3291 34.41 - - -
Artemisia Winter 3.24 6.41 10.5 3.75 25.7 50.4 - - -
Spp.

Summer 8.84 0.74 536 11.53 43.95 35.49 - - -
Populus 2.72 8.18 11.07 5.83 19.92 52.28 - - -
tomentosa
Poa spp. 3.83 8.54 10.3 2.14 31.85 43.34 - - -
Carex spp. 33 7.24 7.07 2.07 31.46 48.84 - - -

Generally, the population of red deer is approximately 2,000
[2018: n = 2,452; (range: 1,678-3,578) (Huang, 2020)], whereas
the population of blue sheep is 15,000-20,000 [2018: 1 = 10,558;
range: 6,784-16,432 (Huang, 2020); in summer 2021: n = 5,176;
range: 2,554-10,490; in winter 2021: n = 15,752; range: 7,294-
34,017 (Xie et al., 2022)]. The temporal overlap of sympatric
blue sheep and red deer was also relatively low, which reduced
opportunities for encounters and potential negative interspecific
interactions (Figure 3). Typically, temporal niche separation
occurs between homogenous species occupying the same
habitat (Schoener, 1974; Frey et al,, 2017). To summarize, in
this study, sympatric blue sheep and red deer showed significant
differentiation in activity rhythms, suggesting temporal niche
partitioning in order to reduce potential competition. Temporal
niche partitioning mechanisms have also been observed within
other ungulate communities (Tobler et al, 2009; Darmon
et al., 2014; Sprem et al., 2015). Thus, behavioral adaptations
were one of the key mechanisms for coexistence between blue
sheep and red deer in the Helan Mountains because they
led to habitat segregation and temporal niche partitioning,
which reduced encounters and potential competition and even
negative interspecific interactions.

According to previous research on diets of sympatric blue
sheep and red deer in the Helan Mountains, food overlap

Frontiers in Ecology and Evolution

09

appears in each season. The number of plant species that overlap
was nine in spring, 13 in summer, eight in autumn, and 20
in winter, the highest among the four seasons (Luo, 2011).
Only one plant species was the primary reason for food overlap
in spring and summer; whereas, in autumn and winter, only
three to four plant species primarily accounted for food overlap
(Figure 6). Overall, the overlap of the main food species of
blue sheep and red deer was relatively low throughout the year,
reducing the negative influence of each species had on the other
to some extent. Stipa spp. were the favorite species of blue
sheep in spring, summer, and autumn, accounting for greater
than 30% of the diet (Luo, 2011), even though Stipa nutrition
levels were not the highest among primary foods of blue sheep
(Table 2). The food preference of blue sheep might simply be
due to the high availability of Stipa spp. The food preference
of red deer was similar to that of blue sheep (Figure 6). To
summarize, plants foraged by blue sheep and red deer were
not foods with the highest nutritional values (Table 2 and
Figure 6), indicating that the food preference of ungulates is
related to both nutrition and availability of plants (Selebatso
et al,, 2018). Quality and quantity of food resources are often
inversely correlated, with those most nutritious tending to be the
least common (Demment and Van Soest, 1985; Hansen et al.,,
2009). In addition, plant growth form is a good indicator of
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seasonal changes in the nutritive value and palatability of forage
plants to ungulates, with young plants more palatable (Zweifel-
Schielly etal., 2009; Iversen et al., 2014). Such differences in plant
growth form phenology and nutritive value could influence the
composition of diets of sympatric ungulates in different seasons
(Srivastava and Kumar, 2021). Therefore, with decreases in plant
nutrition in the Helan Mountains during winter, the number
of species foraged by blue sheep and red deer increased, which
has also been shown in other studies on diets of ungulates
(Selebatso et al., 2018).

Different feeding strategies (i.e., grazer, browser, mixed
feeder) are important in determining the degree of diet overlap
between sympatric species (Hofmann, 1989). According to the
digestive system morphology in this study, both blue sheep
and red deer were more likely to be grazers. The stomach
weight of blue sheep was 0.76 = 0.03 kg (approximately
2.45 £ 0.14% of body weight); whereas the stomach weight
of red deer was 3.67 £ 0.26 (approximately 3.16 £ 0.06% of
body weight) (Figure 4A). The surface enlargement factors of
blue sheep and red deer were 2.85 £+ 1.37 and 4.79 £ 1.63,
respectively (Table 1). The length of the intestine of blue
sheep (Figure 5A) was 26.1 £ 0.5 times the body length,
whereas for red deer, it was 20.0 & 0.93 times the body
length, which are results that are different from those of
other studies (Prins and Geelen, 1971; Hofmann, 1973, 1985,
1989; Schaller, 2000; Shrestha et al., 2005). The differences
might be caused by changes in forage quantity and quality
in the Helan Mountains, which produced morphological and
functional modifications at different levels in the gastrointestinal
tract in blue sheep and red deer (Hofmann, 1989). In fact,
the feeding strategies of ungulates are not difficult to change.
Because of drastic declines in nutritive value and limited
access to graminoids from the growing season to winter,
ungulates in high altitudes and latitudes can switch diets
and change from a grazing strategy to one of browsing
(Suryawanshi et al., 2010; Thompson et al., 2015; Srivastava
et al, 2021). Similar conditions likely influence blue sheep
and red deer, leading them to switch diets and increase
the number of plant species not consumed when food
resources are adequate.

In this study, there was no relation between body
weight and feeding type of ruminant, because both blue
sheep and red deer were grazers, even though body weights
differed significantly (blue sheep: 16-46 kg and red deer:
99-106 kg; Supplementary Table 2). In general, many
morphophysiological traits do not have a distinct linear
relation with a dietary niche (Hofmann, 1989; Hofmann
et al, 2008; Clauss et al., 2009). Additionally, ruminants
usually do not fit a strictly defined feeding type category, and
ruminants with a certain morphophysiology can also ingest
forages other than preferred dietary sources (Clauss et al,
2014; Przybylo et al, 2019). In this study, the diet of red
deer could change significantly during autumn and winter,
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when they would be expected to increase feeding on grass.
Therefore, the terms “grazer and browser” should be reserved
for descriptions of natural diets, whereas morphophysiological
types should be described by other terms such as “moose-
type” and “cattle-type” (Clauss et al, 2010). In this study,
stratification was observed in the rumen-reticulum of both
blue sheep and red deer (Table 1), indicating that both should
be classified as “cattle-type” (Clauss et al., 2010). “Cattle-
type” ruminants can take advantage of various dietary niches,
ranging from strictly browsing to strictly grazing (Przybylo
et al, 2019). Therefore, the reason blue sheep and red deer
coexist harmoniously and adapt to food scarcity in winters
in the Helan Mountains might be because they are “cattle-
type” ruminants.

The rumen-reticulum in ruminants is the essential part
of the gut where most fermentation and digestion occurs
(Van Soest, 1994). In this study, the rumen-reticulum of
red deer was significantly heavier than that of blue sheep
(3.28 = 0.26 kg vs. 0.62 £ 0.03 kg, respectively) (Figure 4A).
In addition, the proportion of rumen-reticulum weight to
red deer body weight was significantly higher than that for
blue sheep (2.84 *+ 0.06% vs. 1.99 =+ 0.11%, respectively)
(Figure 4A). Consequently, with a relatively large rumen-
reticulum, red deer could eat more lignin-rich plants of
relatively lower nutritional quality, compared with blue sheep.
Additionally, the rumen-reticulum can adjust to variation
in dietary energy concentration by changing organ weight
and porous surface area, which allow a greater volume to
be ingested. Hence, it is not difficult to understand the
adaptations that allow the coexistence of sympatric blue sheep
and red deer in the Helan Mountains, even during winter with
inadequate food resources.

Blue sheep may balance diets by consuming highly
digestible, high-carbohydrate plants in combination with plants
that are less digestible but with relatively high protein or
lipid contents (Aryal et al, 2015). For red deer, proportions
and fluctuations of CF and NDF in food were 25-30% and
56-70%, respectively (Chen et al., 1998). Therefore, red deer
likely maintain a stable intake of total digestible energy despite
significant variation in food composition (Webster et al,
2000; Asher et al, 2011). By balancing diets, both blue and
red deer could adapt to the low availability of vegetation
in the Helan Mountains in winter. In summary, differences
in physiological adaptations of the gastrointestinal tract of
sympatric blue sheep and red deer reduced competition for
food resources, providing another key to the coexistence of
the two species.

Digestive efficiency of ungulates is primarily determined
by food quality, food retention time, and food particle size
(Clauss et al., 2010). The size of the passage in the stomach
affects retention time and flow rate of food particles and
thus ruminant efficiency of digestion. In particular, the
reticulum-omasum passage directly controls the flow of
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food particles before allowing them into the omasum (Allen,
1996). Because the fiber content in food of roughage feeders
is relatively high, to ensure that food is fully fermented
and well absorbed in the rumen-reticulum, the size of
the reticulum-omasum passage is relatively small and
only food particles smaller than a certain size can pass
through. In this study, the diameter of the reticulum-
omasum passage (3.65 £ 0.11 cm) was significantly smaller
than the omasum-abomasum passage (6.16 £ 0.16 cm)
in the stomach of blue sheep (Supplementary Figure 3).
The condition was the same in the stomachs of red
deer (5.03 £ 0.09 cm vs. 881 £ 0.83 cm, respectively)
(Supplementary Figure 3). Consequently, the digestive
tract after the omasum still retained a large amount
of large-particle food, which could enter the intestinal
tract through the stomach quickly, thereby improving
the absorption rate of the digestive systems of both blue
sheep and red deer.

The number and size of rumen papillae and the surface
enlargement factor of the rumen can reflect variation in diet
quality (Hofmann, 1985; Hofmann et al., 1988; Josefsen et al.,
1996). However, because of the relatively few specimens in
this study and because there was no separation of rumen
data from blue sheep and red deer by season, feeding habits
could not be correlated with various rumen parameters, which
should be explored further in future studies. Differences
were observed in different parts of the rumen between
sympatric blue sheep and red deer, which were reflections
of differences in adaptability to feeding on different plant
species or different parts of the same plant species (Table 1).
In some studies, intestinal length does not reflect differences
in morphophysiological ruminant types, and it is difficult to
interpret relations between morphological changes in hindgut
length and forage quality of ruminants (Van Soest, 1994;
Pérez et al, 2009). Moreover, conflicting results have been
reported on the effects of food quality on hindgut length
(Zimmerman et al, 2006). In this study, the total length
of the intestinal tract of blue sheep was 26.1 £ 0.5 times
the body length, whereas that of red deer was 20.0 & 0.93
times the body length, and there was no significant difference
between the species (Figure 5A). Similarly, relations between
intestinal lengths and physiological adaptation could not be
inferred because of the limited amount of data. Hence,
relations between adaptability and intestinal tracts of blue
sheep and red deer need further study. Last, because the
number of red deer in the study was much smaller than
that of blue sheep, the accuracy of the results was likely
affected. The low number might be because only naturally dead
blue sheep and red deer were collected instead of hunting
live individuals in the Helan Mountains. In addition, the
population of red deer in the study area is much smaller than
that of blue sheep (Huang, 2020; Xie et al., 2022). Future
studies will focus on increasing the number of samples and
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collecting more natural-death red deer carcasses to increase the
significance of the results.

Conclusion

In this study, sympatric blue sheep and red deer appeared
in different habitats and areas in the Helan Mountains in China,
and even when appearing in the same space, the activity patterns
of the two species were significantly different. Thus, the spatial
overlap and temporal overlap between sympatric blue sheep and
red deer were relatively low in the Helan Mountains, which
reduced possible encounters and potential competition for
limited resources. Differences were also found in the stomachs
and the intestines of the two species, which determined the
ability to feed on various species of plants or different parts of the
same plant species. Therefore, according to results in this study,
blue sheep and red deer appear to have adapted both physically
and behaviorally to coexist stably by reducing spatial, temporal,
and food acquisition overlap. A similar pattern may also allow
other species to coexist sympatrically.
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