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Simple Summary: Ruminants, as widely distributed herbivorous animals, have developed various
adaptive nutrition strategies in response to environmental changes. As a typical mountain ruminant,
blue sheep have a strong adaptability to the environment. In order to understand the changing
patterns in the digestive tracts of blue sheep, the morphological characteristics and physiological
indexes of the digestive tract structure were determined. Our conclusion is that blue sheep have
adopted the nutritional strategy of roughage feeders. In order to adapt to environmental changes,
blue sheep adopt fast feeding and fast excretion modes to allow feeding on large amounts of plants,
mainly those with high cellulose content, low nutrient quality, and those that are easy to access. Our
results can serve as a basis for studying the digestive system adaptation of other ruminants.

Abstract: Constant adaptation to environmental changes is required by ruminants to allow them to
adapt to different ecological niches and feeding habits. In addition, the morphology and function of
ruminant digestive systems reveal some adaptive evolutionary characteristics. Blue sheep (Pseudois
nayaur) display a variety of morpho-physiological adaptations that are typical of grazers. In this study,
we collected 64 adult blue sheep samples (whole animal carcasses) from the Helan Mountains, China,
during different seasons. The external morphological parameters, digestive system morphological
indexes, and rumen surface enlargement factors were determined. Our results reveal that the
rumen and reticulum weights were positively correlated with the body weight (p = 0.004), while
the food channel aperture, intestinal length, and weight of the blue sheep digestive tract presented
no significant differences between different seasons (p > 0.05) and sexes (p > 0.05). There were
significant differences (p < 0.001) in the density, length, and width of mastoids, and the rumen
surface enlargement factor was 2.85 + 1.37, which is typical of roughage feeders. The nutritional
and ecological characteristics of blue sheep represent obvious morphological and physiological
adaptations to an herbivorous diet. Adopting a quick foraging strategy allows blue sheep to rapidly
consume and excrete large amounts of feed, thus obtaining the required energy for their activities
and facilitating better adaption to environmental changes.

Keywords: digestive systems; environmental adaptations; Helan Mountains; Pseudois nayaur; ruminant

1. Introduction

Ruminants are widely distributed herbivores with relatively successful evolution in
terms of their morphology and digestive systems [1-3]. The morphological structure and
function of their digestive tract adapts to changes in their feed and the corresponding
nutritional adaptation strategy [4]. The ruminant digestive system consists of a long
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muscular tube that extends from the mouth to the anus and has numerous attached glands.
The digestive tube consists of the mouth, pharynx, esophagus, pre-stomachs (reticulum,
rumen, and omasum), true stomach (abomasum), small intestine (duodenum, jejunum,
and ileum), and large intestine (cecum, colon, and rectum). The stomach includes the
rumen, reticulum, omasum, and abomasum, through which the feed particles pass [5].
The first three chambers are known as the pre-stomach, which favors the digestion of the
structural carbohydrates that are part of ruminant diets [6,7]. Only the last chamber, the
abomasum, is comparable in structure and function to the simple stomach of most other
animal species [8].

In the process of evolution, ruminants have interacted with the environment for a long
period of time [9]. In order to adapt to different environments and intake sufficient energy,
their digestive organs have adapted to different feed resources in terms of their structure
and function. For species with large rumens, the feed they ingest has a large space for
fermentation, where it remains for a long time, enabling cellulose and other substances in
the feed to be fully fermented and decomposed, thereby obtaining nutrients needed for
their physiological activities. Species with smaller rumens obtain nutrients by speeding up
the flow of feed through the digestive tract and choosing feeds that are more nutritious
and easily digestible, which is a physiological phenomenon referred to as the Jarman—Bell
principle [10]. The rumen is where most digestion happens and determines the capacity of
feed intake among ruminants. The mass of the rumen-reticulum organs, the organs that
comprise the largest part of the gastrointestinal tract of ruminants, can vary based on the
bulk diet and nutrient availability [11-13].

The organs that compose the gastrointestinal tract have high energy demands. There-
fore, variations in the weight of these organs have the potential to impact metabolic require-
ments. According to the characteristics of the digestive tract and feeding habits, herbivores
are divided into three types of nutritional adaptation strategies: concentrate selectors,
mixed feeders, and roughage feeders [4]. It is believed that the rumen and reticulum of
roughage feeders are larger; the proportion of rumen and reticulum contents to the animal’s
body weight ranges between 11% and 20%, while that of concentrate selectors is less than
11% [14]. Moreover, the rumen surface enlargement factor (SEF) of roughage feeders is
generally less than 3.5, while the SEF of concentrate selectors varies between 7.0 and 9.5,
and the SEF of mixed feeders is between the aforementioned ranges [14]. In terms of the
digestive system morphology and structure, roughage feeders have a longer intestinal
system, while concentrate selectors have a larger large intestine due to the fermentation of
cecum [14].

The morphology and function of ruminant digestive systems transform under the
impact of seasonal changes, with the aim of adapting to changes in feed resources [15]. The
various ruminants adopt different nutritional strategies due to the different proportions of
digestible substances in the plants on which they feed. Consequently, the size of the feed
particles differs among the stomachs of various ruminants and is one of the most important
factors affecting the speed at which feed passes through the digestive tract [16,17], which
can directly determine the ratio of nutrients taken in by ruminants and thus affect the
digestibility of the feed [18]. Moreover, the velocity of feed particles is related to their size,
the type of feed, and the nutritional strategy of the animal [14,19].

The blue sheep is a medium-sized wild sheep [20] (adult blue sheep head to body
length = 115-160 cm, tail length = 10-15 cm, shoulder height = 69-91 cm, and
weight = 35-75 kg) [21]; this species is rarely active in forests and prefers habitats close to
bare rocks and cliffs [22-25]. The blue sheep is an endemic species of the Qinghai-Tibet
Plateau and its adjacent areas, and is widely distributed in China, India, and Pakistan,
among other places [22,23,26-30]. Blue sheep are also present in Sichuan, Tibet, Qinghai,
Ningxia, and Inner Mongolia, China [22]. The blue sheep is a second-class key protected
animal in China and was listed as being of least concern by the International Union for
Conservation of Nature (IUCN) in 2000 [31].
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The Helan Mountains are the easternmost distribution range of blue sheep in China,
featuring the most stable populations [32,33]. Blue sheep is the dominant ungulate species
in the Helan Mountains [34,35], and their population density is one of the highest in the
world, reaching 3.627~4.635 sheep/km? [36]. This species is one of the main prey animals of
the endangered snow leopard (Panthera uncia) [37], playing an important role in protecting
biodiversity and maintaining the ecosystem balance [38].

By studying the morphological and structural characteristics of the digestive organs
of blue sheep and the distribution of feed particles in their digestive tracts, the mechanisms
of this species in adapting to different seasons can be evaluated and explored, which will
be of great significance to understand their population dynamics and survival strategies.
The following conclusions can be drawn from the current study: (1) the morphological and
structural characteristics of the blue sheep digestive tract are consistent with the nutritional
adaptation strategy of roughage feeders; (2) the digestive system of blue sheep exhibits
strong adaptability to environmental changes, and the different grain sizes of feed particles
in the digestive tract show changes according to the season. We believe that the results
obtained in the current study will provide benchmark information on blue sheep nutritional
adaptation strategies.

2. Materials and Methods
2.1. Study Area

The current study was conducted in the Helan Mountain National Nature Reserve
(Hunnert) in Northwest China (E 105°40-106°41’, N 38°19'-39°22/). The study area is
located in a transitional zone between the steppe and desert regions of Central Asia [39],
situated between the Alca Plateau and the Yinchuan Plain. The mountains are oriented in
a north—south direction, stretching 250 km from north to south, with an average altitude
of 2000-3000 m, and the highest peak is 3556.1 m a. s. 1. The mountains cover an area
of 2740 km? (including the Ningxia Helan Mountain National Nature Reserve (2063 km?)
and Inner Mongolia Helan Mountain National Nature Reserve (677 km?)). The Helan
Mountains are adjacent to the Yellow River Loop and the Ordos Plateau; they are adjacent
to the Tengger Desert in the west, the Mu Us Sandy Land in the east, and the Ulan Buhe
Desert in the north [40]. Snow cover is limited in the Helan Mountains [41] and vegetation
distribution is strongly influenced by moisture conditions, exhibiting a typical temperate
mountain forest ecosystem. Vegetation is distributed vertically and can be divided into
four vertical vegetation zones from the foothills to the main peak [42,43]: (1) mountain
steppe belt; (2) mountain sparse forest steppe belt; (3) mountain coniferous forest belt; and
(4) subalpine shrub and meadow belt. The annual average temperature is —0.9 °C, and the
annual average precipitation is 420 mm [44]. In addition to blue sheep, the Helan Mountains
are home to the snow leopard (Panthera uncia), alpine musk deer (Moschus chrysogaster), red
deer (Cervus elaphus), and lynx (Lynx lynx). This area is one of the key biodiversity zones in
China [45]. The map was obtained from the National Catalogue Service for Geographic
Information (https://www.webmap.cn/, accessed on 3 September 2022) (Figure 1).

2.2. Measurement of External Morphological Characteristics of Blue Sheep

From 2012 to 2013, 64 adult blue sheep samples were collected in the Helan Moun-
tains; the samples were obtained from legal hunting and mainly used for specific re-
search activities such as creating animal specimens and disease investigations. There
were 23 individuals for which the ages were known [46] and 47 individuals of known
sex (15 females and 32 males). The samples and measurements data were stored in the
College of Wildlife and Nature Reserve, Northeast Forestry University (Access number:
YY2012_01-64). The measurement indexes were affected by the preservation integrity and
collection time of the blue sheep samples.
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Figure 1. Map showing distribution range of blue sheep in HMNNRe including study area.

The body weight (to 0.1 kg precision) and body length, tail length, and ear length (to
0.1 cm precision) were measured. The compound stomach (including stomach contents)
was separated from the cardia and pylorus and weighed [47]. We then separated the
reticulum, omental stomach, and abomasum from the opening of the reticular valve and
the opening of the valve fold, measured the weight (accurate to 0.1 g) of each part of the
stomach (including the contents), and measured the diameter of the opening of the reticular
valve and the valve fold (to 0.01 cm precision). Finally, the contents of the stomach were
poured into containers for use, and the volume of the rumen, reticulum, omasum, and
abomasum were measured using the irrigation method, and these tissues were weighed [48].
To measure the intestinal tract of blue sheep, the mesentery was cut down and stretched,
and the intestinal tissue was straightened; then, we measured the length of the small
intestine, cecum, large colon, small colon, and rectum (to 0.1 cm precision), as well as
the lengths of each intestinal tissue and rectum. Finally, the weights of the contents were
measured (to the nearest 0.01 g) [49].

2.3. Measurement of Rumen Surface Enlargement Factor

Samples were taken from the dorsal and ventral rumen, the atrium ruminis, and the
bottom of the dorsal blind sac and preserved in alcohol. Then, the surface enlargement
factor (SEF) of the papillae was determined by measuring the number of papillae and the
mean height and width per square centimeter [50]. In the upper wall of the rumen, we
cut tissue blocks of 5 x 5 cm? from the abdominal wall, the bottom of the vestibule, and
the posterior blind sac and stored them in 60% alcohol solution for later use. We then
removed a 1 x 2 cm? block of the dehydrated and fixed tissue sample. The number of
ruminal mucosal papillae was determined via the counting method under a dissecting
microscope. The height and middle width (to 0.01 cm precision) of 20 mastoids were
randomly measured, and the SEF value was calculated [51].

2.4. Distribution of Feed Particles in Different Parts of Digestive Tract of Blue Sheep

The distribution of feed particles was measured in different parts of the digestive
tract (rumen, reticulum, omasum, abomasum, small intestine, cecum, and rectum). The
contents of each part were poured into different containers and thoroughly stirred. A
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mixture of 150 mm was randomly extracted and poured into a sieve drawer (sieve diameter
x>2.0mm, 1.0 mm < x < 2.0 mm, 0.425 mm < x < 1.0 mm, 0.25 mm < x < 0.425 mm, and
0.125 mm < x < 0.25 mm). The samples in each sieve drawer were dried and weighed
(to 0.0001 g precision). The proportion of dry matter weight was calculated. The seasonal
differences in the distribution and proportion of feed particles in different parts were
compared to verify the nutritional strategy of blue sheep.

2.5. Statistical Analyses

Pearson correlation analysis was used to test the external morphological characteristics
of the blue sheep, and linear regression analysis was used to test the effect of body length
and age on the length of the digestive tract, as well as the effect of body weight on the
weight of each gastric tissue sample, the weight of the stomach contents, and the pore
size of each feed passage in the reconstituted stomach. The data for the digestive tract
morphology and contents were subjected to K-S testing on a single sample. One-way
analysis of variance was used to test the effect of sex on the morphological characteristics of
blue sheep, the digestive tract length, the weight of each gastric tissue in the reconstituted
stomach, the weight of the stomach contents, the aperture of the feed passage, and the
characteristics of different regions of the rumen wall. In the model, sex was a factor to be
tested. The analysis method used for feed particle distribution and seasonal differences
was the same as that outlined above. We further tested the above indicators considering
the effect of body length or body weight together with the body weight or body length,
respectively, as a covariate using one-way analysis of covariance to control for body length
or body weight.

For samples with known age, one-way variance (ANOVA) and covariance (ANCOVA)
analysis were used to test the above indicators, and post hoc tests were used to analyze the
characteristic differences of the dorsal wall, abdominal wall, dorsal cecum, and vestibule.
SPSS 20.0 (International Business Machines Corporation in Armonk, NY, USA) was used
for all statistical analyses. ArcGIS 10.7 (Environmental Systems Research Institute, Inc. in
Redlands, CA, USA) was used to produce the study area map. Origin 2021 (OriginLab Cor-
poration in Northampton, Northampton, MA, USA) was used to create the analysis charts.

3. Results
3.1. External Morphological Characteristics of Blue Sheep

The external morphological parameters of 41 blue sheep (30 males and 11 females)
were measured. The one-way variance (ANOVA) and covariance (ANCOVA) analysis
showed that there were no significant differences in the body length, or ear length, tail
length, and rear foot length between males and females, while other characteristics showed
obvious dimorphism (Table 1). Considering the influence of age on some external mor-
phological characteristics, two-way variance and covariance analyses were further used
to test the samples. The results showed that males had relatively larger body weights
(F116 =4.770, p = 0.044), larger neck circumferences, (F; 14 = 6.591, p = 0.021), and larger
horn base circumferences (Fy,16 = 80.787, p < 0.001) than females. However, there was no
significant difference in the bust size between them (F; 15 = 0.634, p = 0.438) (Table 1).

Pearson correlation analysis on blue sheep with a known age (1 = 23) revealed that with
increasing age, their body weight (r = 0.641, p < 0.001), horn length (r = 0.548, p = 0.001), bust
(r =0.640, p < 0.001), neck circumference, (* = 0.497, p = 0.003), and horn base circumference
(r=0.524, p = 0.002) increased significantly, but the remaining characteristics did not change
(p > 0.05). Body length had a minor relationship with ear length (r = 0.203, p = 0.204),
tail length (r = 0.098, p = 0.541), and shoulder height (r = 0.259, p = 0.102), while horn
length, hind foot length, bust, neck circumference, and horn base circumference increased
significantly with an increase in body length (p < 0.032) (Figure 2).
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Table 1. External morphological characteristics and sexual two-state analysis of blue sheep.

Male Female Grand Total

Measurement Item (1 = 30) o =11) (o = 41) ANOVA/ANCOVA
Body weight (kg) 353+ 14 23.8+2.0 322+14 F138 =16.745,p < 0.001
Body length (cm) 912+ 14 87.6 + 1.6 90.2 + 1.1 F139=1.953,p=0.170
Ear length (cm) 10.7 £ 0.1 10.6 =04 10.7 £ 0.2 F139 =0.039, p = 0.845
Tail length (cm) 102 4+0.3 99403 102 +0.2 F139 =0.365, p = 0.549
Horn length (cm) 415+21 724+1.0 323+28 F135 = 88.862, p < 0.001
Hind foot length (cm) 274+ 0.8 26.1 +0.7 271+ 0.6 F138 =0.048, p = 0.828
Bust (cm) 835+ 14 73.0+23 80.7 + 14 F138 =11.629, p = 0.002
Neck circumference (cm) 377+ 14 26.6 £1.0 348+ 1.3 F138 =18.777,p < 0.001
Horn base circumference (cm) 22.8 +0.9 75+0.8 187+ 1.3 F138 =97.624, p < 0.001
Shoulder height (cm) 705+ 1.0 643+ 1.0 68.8 + 0.9 F139 =12.278, p = 0.001

1
* =
ace Y p<=0.05
0.8
Body weight *

Body length
Ear length

Tail length
Horn length
Hind foot length

Bust

Neck circumference

Horn base circumference

Shoulder height

Figure 2. External morphological correlation of blue sheep.

3.2. Morphology and Weight Change of the Stomach of Blue Sheep

The weight of the stomach tissue was 0.78 £ 0.03 kg (n = 61). The weight of the
stomach (including contents) was 3.77 4= 0.28 kg (n = 63, Table 2). The tissue weight of the
stomach was positively correlated with body weight (r = 0.544, F; 53 = 9.678, p = 0.005), but
the proportion of stomach to body weight decreased significantly with an increase in body
weight (r = —0.705, F1 23 = 22.747, p < 0.001, Figure 3a). The stomach tissue weight and
stomach weight (including contents) of blue sheep were significantly positively correlated
with age (r = 0.709, Fy3; = 31.385, p < 0.001; » = 0.511, Fy 33 = 11.685, p = 0.002). The
proportion of the stomach tissue weight to body weight showed a trend of decreasing with
age, but this change was not significant (r= —0.289, F1 7, = 1.817, p = 0.193, Figure 3b).

One-way ANOVA and covariance analysis showed no significant difference in the
stomach tissue weight (ANOVA, Fy 4 = 0.023, p = 0.881), stomach weight (including con-
tents, ANOVA, Fj 44 = 0.299, p = 0.587), and the proportion of stomach tissue weight to
body weight (ANCOVA, F 24 = 2.157, p = 0.155) between males and females. Multivari-
ate variance and covariance analyses were conducted taking into account the influence
of age on the stomach weight (including contents) and the proportion to body weight.
The results showed no significant difference in the stomach weight (including contents,
F117 =0.804, p = 0.382) and its proportion to body weight (F; 1; = 1.178, p = 0.301). Addi-
tionally, there was a significant age—sex interaction in the proportion of the stomach to
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body weight (F311 = 7.735, p = 0.005), whereas no age—sex interaction was observed for the

other characteristics.

Table 2. Weight of stomach tissue and the stomach including contents of blue sheep (kg).

Measurement Item Unknown Sex Male Female Total
Body weight 32.0(1) 36.5 + 7.4 (20) 243+ 6.4(7) 33.3 £+ 8.7 (28)
Stomach Tissue weight 0.72 £ 0.17 (17) 0.74 + 0.28 (31) 0.79 + 0.22 (15) 0.78 £ 0.03 (61)
Including contents 1.92 +0.39 (17) 4.20 £+ 0.39 (31) 4.31 £+ 0.59 (15) 3.77 £+ 0.28 (63)
Rumen and Tissue weight 0.58 + 0.14 (17) 0.66 + 0.18 (29) 0.64 + 0.19 (15) 0.63 £+ 0.17 (61)
reticulum Including contents 1.53 £ 0.38 (17) 3.79 £ 0.39 (31) 3.87 + 0.58 (15) 3.19 4+ 0.28 (63)
Omasum Tissue weight 0.07 + 0.04 (17) 0.07 + 0.03 (32) 0.08 + 0.03 (15) 0.07 £ 0.03 (64)
Including contents 0.24 +0.01 (17) 0.26 + 0.02 (31) 0.26 + 0.03 (15) 0.26 £ 0.01 (63)
Abomasum Tissue weight 0.06 + 0.02 (17) 0.07 + 0.02 (32) 0.07 + 0.02 (15) 0.07 4+ 0.02 (64)
Including contents 0.14 £+ 0.01 (17) 0.16 + 0.01 (31) 0.18 + 0.03 (15) 0.16 £ 0.01 (63)

Data are expressed as: mean =+ standard error (sample size).

* &
9 2
=50 p=
._g-c 2 En 50
3 R*=0.497 5 2=
2454 © £ R*=0.083
=] %
)
z ° z
= 40 - = 40
z 2
s S 3.5 -
z H
2 ] °
&30 230 o °
= =
g 254 £ 25 - 2 [
g £
S S [e]
2 = 1 9 °
E 20 _E 20 4 L) o °
2 g L] ° °
£ 15 E s
S O Female 9. O Female
k] ® Male 3 1 e
= 1.0 . X =10 ® Male
= Linear Fit £ Linear Fit
g 95% Confidence Band s = .,
§‘ Ll 95% Prediction Band E’ 05 95% Confidence Band
5 = 95% Prediction Band

T T T T T T T = T v T . T v T - T v T
E 15 20 25 30 35 40 45 50 é 3 4 5 6 7 8

Body weight (kg) Age
(a) (b)

Figure 3. (a) The relationship between the proportion of stomach tissue weight to body weight and
body weight; (b) The relationship between the proportion of stomach tissue weight to body weight
and age.

The weight of the rumen and reticulum tissue was the largest, accounting for
80.88 & 0.45% of the stomach tissue weight, followed by the omasum (9.77 & 0.34%)
and abomasum (9.35 & 0.42%). The body weight had a significant effect on the weight
of the rumen and reticulum (r = 0.556, F; 53 = 10.307, p = 0.004), but no significant effect
on the weight of the omasum, abomasum, or the proportions of each part of the stomach
(p > 0.086 in all cases). With an increase in the body weight, the weight of the rumen
and reticulum increased linearly, while the weights of the omasum and abomasum were
negatively correlated with body weight, but none of the above correlation trends were
considered significant (Figure 4).

Between seasons, the weights of the omasum (including contents), abomasum tissue,
and abomasum (including contents) of blue sheep differed significantly, whereas there
were no significant differences among the remaining characteristics (Table 3).
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Figure 4. Relationship between each part of stomach and body weight.

Table 3. Weight of stomach and their weight including contents in different seasons (kg).

Stomach Rumen and Reticulum Omasum Abomasum
Weight of We1g1.1t Weight of We1g1'1t Weight of We1g1.1t Weight of We1g1'1t
Tiseue Including Tissue Including Tiseue Including Tissue Including
Contents Contents Contents Contents
Sorin 077 +0.04 261+118 068+0.08 240+1.05 0.05+£002 0.134+0.08 0.044+0.02 0.08=+0.04
prng @ @ () o) @ @ 4 o)
Summer 0.51+0.08 3.684+1.22 041+007 1784051 0.054+0.01 0.094+0.01 0.06+0.01 0.08+0.01
4 4 4) 4 4 4 4) 4
Autumn 073 4+0.09 590+251 056+0.08 549+232 0.054+0.01 0.08+0.01 011+£0.01 0.33+0.20
“) 4) “4) “) 4) 4) “4) “)
Winter 0784+ 0.03 498+037 063+0.03 458+032 0.064+0.01 0244+0.01 0.07+£0.01 0.15+0.01
(17) 17) 17) (17) (17) 17) 17) (17)
ANOVA (F) Fy29=2.66, Fy09=172, F439=257, Fyp9=3.06 Fy409=091, Fyo9=957, Fyp9=430, Fyp9=4063,
p=0.08 p=0.20 p=0.08 p=0.07 p =046 p <0.001 p=0.02 p=0.01

Data are expressed as: mean + standard error (sample size).

The size of the feed passage in the stomachs of blue sheep decreased according to the
following order: omasum-abomasum passage > reticulum—-omasum passage > cardiac >
orifice ileocecal > pylorus. Additionally, there was no difference between males and females.
Further, the size of the omasum-abomasum passage (r = 0.384, F; 5 = 4.330, p = 0.048) and
ileo-cecal (r = 0.338, F1 26 = 4.618, p = 0.041) orifice were positively correlated with the body
weight of the sheep (Figure 5).
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Figure 5. Measurements of various parts in compound stomach of blue sheep (cm).

3.3. Rumen Surface Enlargement Factor of Blue Sheep

The rumen characteristic parameters of 34 blue sheep (18 with known sex and age)
were measured. Sex had no significant effect on the rumen characteristics (ANOVA,
p = 0.244), and the mastoid density in the abdominal wall decreased significantly with age
(r=—0.494, p = 0.037, n = 18). There were significant differences in the mastoid density,
length, and width in different regions of the rumen (p < 0.001). In addition, the overall
surface enlargement factor of the rumen mucosa was 2.85 £ 1.37 (Table 4).

Table 4. The mastoid width, height, number, and surface enlargement factor of blue sheep.

Organ

Atrium ruminis
Dorsal rumen
Ventral rumen

Dorsal rumen blindsacs

PaPll(I/;eczg)mber Papillae Height (cm) Papillae Width (cm) Enlargsel:;zlc: Factor
55+19¢2 0.263 = 0.093 P 0.105 £ 0.035 P 3.90 +1.58 b
78 +26P 0.162 +0.070 2 0.075 £ 0.028 2 235+0962
76 4 25° 0.166 4 0.063 2 0.085 £+ 0.027 2 253 +£094¢2
66 + 25 2P 0.179 £ 0.0732 0.081 +0.037 2 262+1332

The same letter in the superscript of the same column means that the difference is not significant (p > 0.05).

3.4. Intestinal Length and Weight of Blue Sheep

The total length of the intestinal tract of blue sheep was 22.79 £ 0.26 m (n = 60),
which was 26.1 £ 0.5 times the body length (1 = 26). The small intestine accounted for
about 73.06 &= 0.29% of the total length of the intestine (n = 59). There was no significant
correlation between the total length of the intestine, the length of each intestinal component,
and the body length (Pearson, r = 0.233, p = 0.251, n = 26), and there was also no significant
difference in the total length of the intestinal tract and the length of each component
between the two sexes (Fy 42 = 0.427, p = 0.517). There was no significant difference in the
total length of the intestinal tract and the length of each component between the two sexes
between different seasons (F; 53 = 2.052, p = 0.157). The total intestinal weight (including
contents) of blue sheep was 1.38 £ 0.06 kg (n = 61), accounting for 4.09 + 0.34% of the
sheep’s body weight (1 = 26, Table 5). There were significant differences between the small
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intestine (F1 69 = 9.671, p = 0.003), small colon, (F1 g9 = 12.434, p = 0.001), and rectum weights
(F160 = 5.716, p = 0.020) in different seasons, and the weights of the small intestine, small
colon, and rectum were larger in the winter than in the summer. There was no significant
difference in the weights of various parts of the intestinal tract between male and female
individuals (p > 0.164). There were significant differences in the weights of the small
colon tissue (Fy 60 = 4.541, p = 0.037) and rectal tissue (Fy 69 = 4.709, p = 0.034) between
different seasons.

Table 5. Intestinal length and weight between sexes in blue sheep in different seasons.

Length Weight
Small Colon . Small Colon .
Intestine Cecum Crassum Microcolon Rectum Intestine Cecum Crassum Microcolon Rectum
Unl;:)?wn 1671.4 + 42.4 345+1.9 792+ 6.6 366.5 +19.7 1294 £ 8.6 1714.9 +22.8 1684.7 + 42.5 1669.9 + 19.9 1714.9 +22.8 1684.7 + 42.5
Sex Male 17149 +22.8 333 +12 61.2+21 397.6 £ 12.6 137.1 =48 333+12 332+£12 33.6+ 0.7 333112 332+12
Female 1684.7 + 42.5 332+12 709 +9.2 380.1 +14.1 1241 +87 612+21 709 +9.2 67.9 £ 3.0 612+21 709 +£9.2
Total 1669.9 + 19.9 33.6+0.7 679 + 3.0 3849 + 87 1321 +3.8 397.6 +12.6 380.1 4+ 14.1 384.9 + 8.7 397.6 +12.6 380.1 4+ 14.1
Winter 1671.4 +21.1 339+0.7 68.0+3.2 386.4 +9.7 135.1 £ 3.6 0.51 +0.02 0.18 +0.02 0.21 +0.02 0.28 +0.01 0.24 +0.01
. Summer 1642.4 + 56.3 285+2.8 66.0 + 8.4 368.3 + 32.7 972+17.3 0.31 + 0.06 0.12 + 0.04 0.16 + 0.04 0.15 + 0.02 0.14 + 0.03
Season ANOVA Fyg = 0.153, Fi61=0153,  Fie =0153,  Fig =0.153,  Fjg =0.153, F16 =0.153, Fi61 =0.153, Fi61 =0.153, Fi61=0.153, Fi 61 =0.153,
p =0.697 p=0.697 p =0.697 p =0.697 p =0.697 p =0.697 p =0.697 p=0.697 p =0.697 p=0.697

The weight of each part of the intestine is the weight of the content.

3.5. Distribution of Feed Particles in the Digestive Tract of Blue Sheep in Different Seasons

The rumen and reticulum contained the largest feed particles (x > 2 mm), which
reached 27.7 &+ 3.03% of the total feed particles and gradually decreased in the omasum.
The content of relatively large feed particles (2.0 mm > x > 1.0 mm) was the highest in
the omasum, reaching 6.17 £ 1.79%. However, the content of medium feed particles
(0.425 mm < x < 1.0 mm) was the lowest in the rumen and reticulum (2.89 £ 0.77%), being
significantly lower in the other digestive organs. The contents of relatively small feed
particles (0.425 mm > x > 0.25 mm) were significantly lower in the rumen and reticu-
lum than in the digestive tract after the abomasum. In addition, small feed particles
(0.25 mm > x > 0.125 mm) showed no significant differences in the content of each di-
gestive organ. Thus, the contents of feed particles of different sizes changed between
seasons (Figure 6).

T  [Cx2.0[_]1.0<x<2.0[__]0.425<x<1.0[_]0.25<x<0.425[___|0.125<x<0.25
Rumen and |0/ 1,4, 70, 16% 72%
Reticulum
Abomasum 14% 10% 28% 23% 25%
Cecum 16% 14% 39% 22% 9%

Small

intestine 9% 11% 39% 23% 17%

Colon

16% 14% 39% 18% 13%
crassum
Omasum | 6% 1% 20% 24% 40%
20 40 60 80 100

Figure 6. Distribution of different feed particles in different parts of the digestive tract of blue sheep.

The large feed particle content showed remarkable differences between the rumen-
reticulum, small intestine, and cecum in different seasons. For relatively large feed particles,
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there were significant differences only in the rumen and omasum between different seasons.
Medium feed particles also showed significant differences between the rumen-reticulum,
small intestine, and cecum in different seasons. For relatively small feed particles, a
lower content was present in the rumen-reticulum than in other digestive organs, but the
difference was not significant. For small feed particles, there was a prominent difference
only in the omasum, whose content (16.05 & 2.52%) was significantly higher in the summer
than in the winter (6.44 + 1.45%, Table 6).

Table 6.
different seasons.

Distribution and difference of feed particles in digestive tract of blue sheep in

Particle Size Distribution of Different Grades (%)

Organ Season

0.125<x<0.25 0.25<x<0.425 0.425<x<1.0 1.0<x<20 x>2.0

Summer 5.75 £ 1.00 3.42 £0.80 8.93 £ 0.83 420+ 1.31 77.69 +2.02

Rumen and Winter 417 £1.07 2.71 £ 0.96 9.80 + 1.80 17.97 £ 6.47 65.35 +7.17

Reticulum = = = = =

ANOVA F=0.33, F=0.08, F=0.04, F=6.69, F=444,
p=0.57 p=0.78 p=0.85 p=0.02 p=0.04

Summer 16.05 £ 2.52 12.98 £ 3.89 25.46 + 6.14 16.71 £7.32 28.80 & 16.82

Omasum Winter 6.44 £1.45 10.06 +2.44 26.99 £ 4.42 25.17 £ 3.78 31.34 £6.35
F=6.34, F=021, F=0.02, F=7.02, F=0.02,
ANOVA p=0.02 p=0.65 p=0.90 p=0.01 p=0.89

Summer 12.55 + 6.60 1494 £+ 4.68 18.76 +1.27 26.71 £ 5.64 27.04 £ 6.68

Abomasum Winter 161.:76 ;324.65 111.:60 8:41696 291.:57 ?531.43 191.:76 3[0%75 221.:32 0i231.89
ANOVA p=0.56 p=0.53 p=0.02 p=049 p=0.65

Summer 17.33 £1.34 14.88 £ 5.37 31.66 + 8.17 13.25 £ 5.68 22.88 £8.12

Colon crassum Winter 151.:85 Bt025.49 121.:50 3:218.60 371.:28 Bt338.40 181.T29 3:3?;21 161.309 3:43(;77
ANOVA p=0.82 p=0.60 p=0.55 p=0.56 p=0.51

Summer 18.56 £+ 4.39 9.71 £2.26 19.89 + 6.71 22.07 +4.02 29.77 £ 8.24

Small intestine Winter 11.63 +2.52 11.25 +1.41 38.74 £3.23 24.49 +2.07 13.89 +3.03
ANOVA F=1.09, F=0.17, F=4.80, F=0.20, =395,
p=031 p=0.68 p=0.04 p=0.66 p=0.04

Summer 16.06 +2.85 12.96 +2.75 26.22 £5.35 23.15 + 4.89 21.61 £ 6.28

Cecum Winter 18.12 +2.21 1414 +1.53 35.93 £+ 2.54 20.85 £ 3.12 9.96 + 1.98
ANOVA F=0.13, F=0.29, F=9.05, F=0.08, F=447,
p=0.72 p=0.60 p=0.01 p=0.78 p=0.03

4. Discussion

Our results validate those of numerous other studies [4,14,52]. Through the dissection
of adult blue sheep samples, we recorded the structural parameters of the sheep’s digestive
tracts, such as the stomach and intestinal tract, and explored the distribution of feed
particles with different sizes in the digestive tract. Previous studies have shown that blue
sheep should be classified as a medium-sized ruminant in terms of their body weight
(32.2 + 1.4 kg) [53], and the proportion of the stomach to body weight (2.23 £ 0.93%).
The findings of the current study are in agreement with those of other studies concerning
ruminants, such as the sika deer (Cervus nippon at 2.2%, indicating a similar proportion of
stomach to body weight), black-tailed deer (Odocoiteus hemionus, 1.2%), white-tailed deer
(O. virginianus, 1.9%), fallow deer (Dama dama, 3.0%), red deer (Cervus canadensis, 3.0%), roe
deer (Capreolus capreolu, 2.8%), and goat (Capra hircus, 2.7%) [52,54-58].

The weight of the organs that compose the gastrointestinal tracts of ruminants can
vary based on the nutrition and type of feed consumed by those ruminants [59]. When
the weight of the gastrointestinal tract increases, this is because the energetic demands
of the tract also increase due to the weight-specific energy requirements of the tissue that
remain unchanged [60]. Furthermore, a heavier gastrointestinal tract likely imposes a
more substantial metabolic cost on the animal due to the high energetic demands of this
tissue [61]. The implication is that animals should not commit to increases in the weight of
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their gastrointestinal tract organs unless there is a return from ingested nutrients or such
a change is vital for their digestion and acclimation to local conditions [13]. The rumen
and reticulum are the most important organs in ruminant stomachs and are mainly used to
store and ferment feed. The force needed for rumen motility might require a thicker, more
muscular tunic, which would lead to a heavier rumen-reticulum weight [62].

The weight of the rumen and reticulum tissue of blue sheep accounted for
80.88 + 0.45% of the weight of the stomach tissue, which is similar to that of roe deer
(70%), black-tailed deer (71%), red deer (77%), and sika deer (75%) [52,55,56,58]. The
weight of the rumen and reticulum (contents included) accounted for 12.8 £ 0.04% of the
body weight of blue sheep, ranging from 11% to 20%. The total length of the intestinal
tract of blue sheep was 22.79 £+ 0.26 m (n = 60); the small intestine accounted for about
73.06 £ 0.29% (n = 59) of the total intestinal length, and the weight of the small intestine
accounted for 1.91% of the body weight. Based on the analysis of the length and weight
of the gastrointestinal tract, blue sheep should be classified as rough feeders, which is in
line with Hofmann’s theory [14]: most small ruminants adopt the energy strategy of a
concentrate selector, foraging the necessary feed resources that have high nutritional quality
and are easy to digest; on the contrary, large ruminants have high energy requirements
and require a large amount of feed, which causes them to adopt the nutritional strategy
of roughage feeders. The gastrointestinal tracts of roughage feeders are relatively long,
which extends the retention time of feed particles to enable more efficient digestion and
absorption of nutrients [47,52]. The case of the blue sheep in this study, with low rumen
and reticulum contents in the summer, increasing rumen and reticulum contents towards
the beginning of winter, with a subsequent decrease in the rumen and reticulum contents
toward the end of the winter, might represent an example of such a shifting pattern in the
forage quality and quantity. The weight of the intestinal tissue and content of blue sheep
was higher in the winter than in the summer. The diet of blue sheep is primarily grass,
which often includes Poaceae, Ulmaceae, and Rosacea. In the winter, blue sheep mainly feed
on shrubs and trees [40], and the gut thickens to accommodate the high fiber content of this
winter diet.

The wall of the rumen-reticulum is lined with papillae, a serous membrane, and a
muscular tunic [17]. The papillae contributes to the nutrient absorption, the active transport
of sodium and chloride, and the passive transport of volatile fatty acids and water [17].
The papillae of the ruminal mucosa vary among ruminants along with the season, diet, or
feeding type [4,63,64]. Concentrate selectors should have higher SEF values than roughage
feeders due to their selective intake of plant parts with higher nutrient contents [4,52].
Prins and Geelen [52] studied the rumen SEF values of fallow deer, red deer, and roe deer,
and concluded that the SEF value of roughage feeders was less than 3.5, while that of
concentrate selectors was between 7.0 and 9.5. Our study showed that the SEF of blue
sheep was 2.85 & 1.37, and the SEF of the vestibular area was significantly larger than that
of other areas. The mastoid density in the rumen was significantly different in different
regions, with the greatest density in the dorsal and ventral regions and a relatively lower
density in the dorso-cecal and vestibular regions. This result is similar to those for the
inhomogeneous distribution density of rumen papillae of the roughage feeders explained
by Hofmann’s [4,52] theory, which further supports the classification of blue sheep as
roughage feeders.

The digestibility of feed is determined by the excretion rate of feed particles of dif-
ferent sizes and the flow rate in the gastrointestinal tract, while the rate of excretion is
determined by the feed type, particle size, and nutritional content [65]. A common feature
of roughage feeders is that their feed is characterized by a high cellulose content and low
nutritional quality, but they have a relatively large rumen and reticulum, which can better
delay the passage of feed. Therefore, the feed particles in the gastrointestinal tracts of
roughage feeders are relatively small. The proportion of feed particles smaller than 1 mm
in the omasum of cattle and sheep is about 85~96%, with only 20~30% coverage in the
rumen [66,67]. However, the feed strategy of concentrate selectors is different from that of
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roughage feeders, and the feed particles in the digestive tract of roughage feeders are often
larger than those of concentrate selectors. For example, the proportion of feed particles
larger than 1 mm in the omasum of moose (Alces alces) exceeds 50~60% [68]. Feed particles
with a size larger than 1 mm in the omasum of blue sheep account for about 50% of the
feed, which demonstrates that their nutrition feeding strategy is similar to that of moose.
Therefore, the digestion mode of blue sheep is similar to that of concentrate selectors. The
feed of roughage feeders is also high in fiber. In order to ensure that the feed is fully di-
gested and absorbed by the rumen and reticulum, the reticulum-valve opening is relatively
small, and only feed particles smaller than a certain standard size can pass through [47].
The pore size of the blue sheep feed passage decreases according to the following order:
omasum-abomasum passage > reticulum—omasum passage > cardiac > orifice ileocecal >
pylorus, with no significant differences between different sexes or seasons. Even though
there are differences in the types and nutritional quality of feed consumed by blue sheep in
different seasons, the size of each pore in blue sheep of different sexes remains relatively
unchanged throughout the year. Therefore, it is difficult for blue sheep to delay the flow
rate of large-sized feed particles in the rumen by adjusting the pore size of the rumen
and reticulum.

The diameter of the feed passages in ruminants’ stomachs is the main factor that
affects the feed flow rate [69]. In particular, the size and structure of the reticulum-omasum
passage and omasum—abomasum passage play the most important role in regulating the
flow rate of feed particles [70]. The reticulum—omasum passages of concentrate selectors
are relatively large, and the feed particles that pass through have a relatively large size.
However, the passages of roughage feeders are relatively small, and the feed particles that
pass through them are, consequently, also relatively small. The reticulum-omasum passage
of blue sheep (3.65 & 0.11 mm) is slightly larger than that of Przewalski’s gazelle (3.05 mm),
and cattle and sheep (2.91~3.25 mm), but smaller than that of moose (4.60~6.60 mm) [68,71].
The reticulum-omasum passage cannot adequately delay or block the passage of large
feed particles through the omasum, so many large feed particles are still present after the
omasum in blue sheep. The proportion of large feed particles in the rumen, reticulum, and
omasum of blue sheep is higher in the winter than in the summer, but the opposite is true
for small particles. In addition, the nutrient composition of the feed taken in by blue sheep
varies greatly between different seasons, as the nutritional quality of the feed is higher in
the summer than in the winter. Therefore, according to the theory of Kay and Hofmann,
blue sheep prolong the flow time and fermentation time of feed particles in the stomach to
fully digest and absorb feeds with a high fiber content. The nutritional quality of plants
is closely related to phenological changes, and the nutritional quality of plants fluctuates
greatly between seasons in the arid and semi-arid regions of Northern China. The nutrient
quality of feed is the highest in the spring and summer and lowest in the winter. Blue
sheep adopt different nutritional strategies to adapt to the environment and changes in the
feed conditions.

5. Conclusions

The results obtained in the present study show that the digestive system of blue
sheep in Helan Mountain, China, have the characteristics of typical ruminants, and they
can be classified as medium ruminants in terms of their body weight. According to
the morphological characteristics of the alimentary tracts of ruminants, the proportion
of rumen and reticulum in the gastrointestinal tract, surface enlargement factors, and
intestinal length and intestinal weight of blue sheep are consistent with the nutritional
adaptations of roughage feeders. In this study, the pore sizes in the alimentary canal of
blue sheep remained unchanged. However, the different grain sizes of feed particles in the
digestive tract showed seasonal changes, indicating that the blue sheep’s digestive system
is highly adaptable to environmental changes.



Animals 2023, 13, 1084 14 of 16

Author Contributions: Conceptualization, D.M., Z.L. (Zhensheng Liu) and L.T.; methodology, D.M.,
J.W. and Y.S; software, D.M. and Z.L. (Zongzhi Li); validation, D.M., Z.L. (Zhensheng Liu), RH.K.
and L.T.; formal analysis, D.M., Y.S. and Z.L. (Zongzhi Li); investigation, D.M., ] W., Z.L. (Zongzhi Li)
and Y.S.; resources, Z.L. (Zhensheng Liu) and L.T.; data curation, D.M. and Z.L. (Zongzhi Li);
writing—original draft preparation, D.M.; writing—review and editing, D.M., RH.K. and Z.L.
(Zongzhi Li); visualization, D.M., Y.S. and Z.L. (Zongzhi Li); supervision, Z.L. (Zhensheng Liu)
and L.T.; project administration, D.M. and Y.S.; funding acquisition, Z.L. (Zhensheng Liu) and L.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China
(No. 32071649 and 32070519), Heilongjiang Touyan Innovation Team Program for Forest Ecology, the
Fundamental Research Funds for the Central Universities, China (2572021AW03 and 2572021 AWO05),
Conservation and Ningxia Helan Mountain National Nature Reserve Administration (NLF2020-
93-1) and the Key Research and Development Program of Ningxia Hui autonomous region, China
(No. 2020BEG02001).

Institutional Review Board Statement: Ethical review and approval were not required for the animal
study because we collected carcasses that died naturally in the protected areas when permission
was obtained.

Informed Consent Statement: Not applicable.

Data Availability Statement: See the data of this study: https://datadryad.org/stash/share/1wG-
CYDhthMIH-k9IKrVHgj7qU5CenbNH9mfgZIiNLc, accessed on 24 November 2022.

Acknowledgments: We thank the assistance supplied by the National Nature Reserve of Helan
Mountains in Ningxia in the sample collection.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chilliard, Y.; Doreau, M.; Veissier, 1.; Bocquier, F. Guest editorial: Ruminant physiology; digestion, metabolism and effects of
nutrition on reproduction and welfare. Animal 2010, 4, 977. [CrossRef] [PubMed]

2. Tarso, S.; Daniela, O.; José, A.B.A. Ruminants as Part of the Global Food System: How Evolutionary Adaptations and Diversity of
the Digestive System Brought them to the Future. Anim. Res. 2016, 3, 94-101. [CrossRef]

3. Clauss, M.; Hume, 1.D.; Hummel, J. Evolutionary adaptations of ruminants and their potential relevance for modern production
systems. Animal 2010, 4, 979-992. [CrossRef]

4. Hofmann, R.R. The Ruminant Stomach. Stomach Structure and Feeding Habits of East African Game Ruminants; East African Literature
Bureau: Nairobi, Kenya, 1973.

5. Przybyo, M,; Flaga, J.; Clauss, M.; Szczepanik, K.; Miltko, R.; Beecki, G.; Kowalski, Z.M.; Gérka, P. Increased intake of mono-and
disaccharides by Reeves’s muntjac (Muntiacus reevesi). Effect on gastrointestinal tract structure and function and blood parameters.
J. Anim. Physiol. Anim. Nutr. 2022, 106, 922-938. [CrossRef] [PubMed]

6. Pawel, G,; Bogdan, S.; Jadwiga, E; Jarostaw, O.; Marcin, W.; Klaudia, K.; Godlewski, M.M.; Romuald, Z.; Kowalski, Z.M. Effect of
exogenous butyrate on the gastrointestinal tract of sheep. I. Structure and function of the rumen, omasum, and abomasum].
J. Anim. Sci. 2019, 98, 5311-5324. [CrossRef]

7. Ehrlich, C,; Codron, D.; Hofmann, R.R.; Hummel, J.; Clauss, M. Comparative omasum anatomy in ruminants: Relationships
with natural diet, digestive physiology, and general considerations on allometric investigations. J. Morphol. 2019, 280, 259-277.
[CrossRef] [PubMed]

8. Millen, D.D.; Arrigoni, M.D.B.; Pacheco, R.D.L. Rumenology; Springer: Berlin/Heidelberg, Germany, 2016.

9. Konig, A.; Hudler, M,; Dahl, S.-A.; Bolduan, C.; Brugger, D.; Windisch, W. Response of roe deer (Capreolus capreolus) to seasonal
and local changes in dietary energy content and quality. Anim. Prod. Sci. 2020, 60, 1315-1325. [CrossRef]

10. Valerius, G. On the Relationship of Social Evolution and Ecology in Ungulates. Am. Zool. 1974, 14, 205-220. [CrossRef]

11. Barboza, PS.; Peltier, T.C.; Forster, R.J. Ruminal fermentation and fill change with season in an arctic grazer: Responses to
hyperphagia and hypophagia in muskoxen (Ovibos moschatus). Physiol. Biochem. Zool. 2006, 79, 497-513. [CrossRef]

12.  Ramzinski, D.M.; Weckerly, EW. Scaling Relationship between Body Weight and Fermentation Gut Capacity in Axis Deer.
J. Mammal. 2007, 88, 415-420. [CrossRef]

13.  Weckerly, F,; Bhaskar, G.; Duarte, A.; Luna, R.S.; Starns, H.D. Heavier rumen-reticulum organs in white-tailed deer (Odocoileus
virginianus) is consistent with dietary bulk not quality. Can. J. Zool. 2018, 96, 748-752. [CrossRef]

14. Hofmann, R.R. Evolutionary Steps of Ecophysiological Adaptation and Diversification of Ruminants: A Comparative View of
Their Digestive System. Oecologia 1989, 78, 443—-457. [CrossRef] [PubMed]

15. Clauss, M.; Jirgen, H. Physiological adaptations of ruminants and their potential relevance for production systems. Rev. Bras.

Zootec. 2017, 46, 606-613. [CrossRef]


https://datadryad.org/stash/share/1wG-CYDhthMlH-k9IKrVHgj7qU5CenbNH9mfgZIiNLc
https://datadryad.org/stash/share/1wG-CYDhthMlH-k9IKrVHgj7qU5CenbNH9mfgZIiNLc
http://doi.org/10.1017/S1751731110000959
http://www.ncbi.nlm.nih.gov/pubmed/22444603
http://doi.org/10.15406/jdvar.2016.03.00094
http://doi.org/10.1017/S1751731110000388
http://doi.org/10.1111/jpn.13727
http://www.ncbi.nlm.nih.gov/pubmed/35587535
http://doi.org/10.1093/jas/skz032
http://doi.org/10.1002/jmor.20942
http://www.ncbi.nlm.nih.gov/pubmed/30615226
http://doi.org/10.1071/AN19375
http://doi.org/10.1093/icb/14.1.205
http://doi.org/10.1086/501058
http://doi.org/10.1644/06-MAMM-A-213R1.1
http://doi.org/10.1139/cjz-2017-0036
http://doi.org/10.1007/BF00378733
http://www.ncbi.nlm.nih.gov/pubmed/28312172
http://doi.org/10.1590/s1806-92902017000700008

Animals 2023, 13, 1084 15 of 16

16.
17.
18.
19.
20.
21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.
35.

36.

37.

38.

39.
40.

41.

42.
43.

44.

45.

46.

47.
48.

49.

Smith, L.W.; Weinland, B.T.; Waldo, D.R.; Leffel, E.C. Rate of Plant Cell Wall Particle Size Reduction in the Rumen. J. Dairy Sci.
1983, 66, 2124-2136. [CrossRef]

Soest, PJ.V. Nutritional Ecology of the Ruminant; Cornell University Press: Ithaca, NY, USA, 2018.

Pei, Y.; Wang, D. Factors Influencing the Retention Time of Digesta in Mammals. Chin. J. Zool. 2000, 35, 50-53. [CrossRef]
Pearce, G.R. Changes in particle size in the reticulorumen of sheep. Aust. J. Agric. Res. 1967, 18, 119-125. [CrossRef]

Sun, G.; Zhang, H.; Wei, Q.; Zhao, C.; Li, Y. Comparative Analyses of Fecal Microbiota in European Mouflon (Ovis orientalis
musimon) and Blue Sheep (Pseudois nayaur) Living at Low or High Altitudes. Front. Microbiol. 2019, 10, 1735. [CrossRef]

Sheikh, K.M.; Molur, S. Status and Red List of Pakistan’s Mammals, Based on Conservation Assessment and Management Plan for
Mammals; TUCN: Islamabad, Pakistan, 2005; Volume 344.

Schaller, G.B. Mountain Monarchs: Wild Sheep and Goats of The Himalaya; University of Chicago Press: Chicago, IL, USA, 1977.
Mishra, C.; Wieren, S.E.V,; Ketner, P.; Heitkonig, .M. A; Prins, H.H.T. Competition between domestic livestock and wild bharal
Pseudois nayaur in the Indian Trans-Himalaya. J. Appl. Ecol. 2004, 41, 344-354. [CrossRef]

Davies, N.B.; Krebs, ].R. An Introduction to Behavioural Ecology, 3rd ed.; Blackwell Scientific Publications: Cambridge, UK, 1993;
pp- 48-76.

Davies, N.B.; Krebs, ].R.; West, S.A. An Introduction to Behavioural Ecology, 4th ed.; Wiley-Blackwell: Hoboken, NJ, USA, 2012.
Sheng, H. Fur Animal Handbook; Lexicographical Publishing House: Shanghai, China, 1994.

Wang, X.; Liu, Z.; Xu, H.; Li, M.; Li, Y. The Blue Sheep population ecology and its conservation in Helan Mountain, China. Chin.
Biodivers. 1998, 6, 1-5. [CrossRef]

Namgail, T.; Fox, ].L.; Bhatnagar, Y.V. Habitat segregation between sympatric Tibetan argali Ovis ammon hodgsoni and blue sheep
Pseudois nayaur in the Indian Trans-Himalaya. J. Zool. 2004, 262, 57-63. [CrossRef]

Aryal, A; Coogan, S.C.P; Ji, W.; Rothman, ].M.; Raubenheimer, D. Foods, macronutrients and fibre in the diet of blue sheep
(Psuedois nayaur) in the Annapurna Conservation Area of Nepal. Ecol. Evol. 2015, 5, 4006-4017. [CrossRef] [PubMed]

Khattak, R.H.; Ali, H.; Rehman, E.U.; Nawaz, M.A. Population Structure of Blue Sheep (Pseudois nayaur) in Shimshal Valley
Gilgit-Baltistan Pakistan. Pak. J. Zool. 2020, 52, 425-824. [CrossRef]

Craig, H.T. 2000 IUCN Red List of Threatened Species; Species Survival Commission, [IUCN: Gland, Switzerland, 2000.

Wang, X.; Schaller, G.B. Status of large mammals in western Inner Mongolia, China. J. East China Norm. Univ. (Spec. Issue Mamm.)
1996, 6, 97-108.

Wegge, P.; Shrestha, R.; Flagstad, &. Snow leopard Panthera uncia predation on livestock and wild prey in a mountain valley in
northern Nepal: Implications for conservation management. Wildl. Biol. 2012, 18, 131-141. [CrossRef]

Liu, Z.; Wang, X.; Li, Z. The number and distribution of rock sheep in Helan Mountain. Chin. . Zool. 2007, 43, 6-7. [CrossRef]
Lu, H,; Li, Z.; Zhai, H.; Li, T.; Hu, T.; Zhao, C.; Wang, H.; Li, Y,; Shi, H.; Wang, Z.; et al. Monitoring and Survey of Blue sheep in
Germany—Aided Project Area of state Natural Reserve of Helanshan Mountain in Ningxia. Ningxia |. Agric. For. 2000, S1, 15-18.
Liu, Z.; Wang, X,; Teng, L.; Cui, D.; Li, X. Estimating seasonal density of blue sheep (Pseudois nayaur) in the Helan Mountain
region using distance sampling methods. Ecol. Res. 2008, 23, 393—400. [CrossRef]

Aryal, A.; Brunton, D.; Raubenheimer, D. Habitat assessment for the translocation of blue sheep to maintain a viable snow
leopard population in the Mt Everest Region, Nepal. Zool. Ecol. 2013, 23, 66-82. [CrossRef]

Aryal, A; Brunton, D.; Ji, W.; Raubenheimer, D. Blue sheep in the Annapurna Conservation Area, Nepal: Habitat use, population
biomass and their contribution to the carrying capacity of snow leopards. Integr. Zool. 2014, 9, 34—45. [CrossRef]

Packer, ].G.; Takhtajan, A. Floristic Regions of the World. Bull. Torrey Bot. Club 1988, 115, 230. [CrossRef]

Luo, Y. Compared Study on the Diet, Habitat Selection of Sympatric Blue Sheep (Pseudois nayaur) and Red Deer (Cervus elaphus
alxaicus) in Helan Mountains, China. Ph.D. Thesis, Northeast Forestry University, Harbin, China, 2011.

Zhang, W.; Cui, Z.; Li, Y.; Wang, Z.; Yu, Y.; He, M. Characteristics of Quaternary glaciers in Helan Mountain and their coupling
relationship with climate and structure. Chin. Sci. Bull. 2012, 57, 13. [CrossRef]

Di, W. Plantae Vasculares Helanshanicae; Northwestern University Press: Xi’an, China, 1987.

Di, Q.; Tian, L.; Li, Z. The characteristics of Helan Mountains flora of spermatophytes. Acta Bot. Boreali-Occident. Sin. 1988, 8,
242-254.

Li, Z.; Wang, J.; Khattak, R.H.; Han, X,; Liu, P; Liu, Z.; Teng, L. Coexistence mechanisms of sympatric ungulates: Behavioral and
physiological adaptations of blue sheep (Pseudois nayaur) and red deer (Cervus elaphus alxaicus) in Helan Mountains, China. Front.
Ecol. Evol. 2022, 10, 1-14. [CrossRef]

Li, Z.; Pang, B.; Yao, Z.; Mi, S.; Liu, Z.; Teng, L. Microhabitat selection of blue eared pheasant (Crossoptilon auritum) during
breeding period in Helan Mountains, China. Avian Biol. Res. 2022, 15, 173-179. [CrossRef]

Ashby, K.R.; Henry, B.A.M. Age criteria and life expectancy of Roe deer (Capreolus capreolus) in coniferous forest in North-eastern
England. Proc. Zool. Soc. Lond. 1979, 189, 207-220. [CrossRef]

Xiong, B. Atlas of Sheep Solid Anatomy; China Agriculture Press: Beijing, China, 2012.

Luna, R.; Duarte, A.; Weckerly, F. Rumen-reticulum characteristics, scaling relationships, and ontogeny in white-tailed deer
(Odocoileus virginianus). Can. J. Zool. 2012, 90, 1351-1358. [CrossRef]

McGrosky, A.; Codron, D.; Miiller, D.W.H.; Navarrete, A ; Isler, K.; Hofmann, R.R.; Clauss, M. Gross intestinal morphometry and
allometry in ruminants. J. Morphol. 2019, 280, 1254-1266. [CrossRef] [PubMed]


http://doi.org/10.3168/jds.S0022-0302(83)82059-1
http://doi.org/10.13859/j.cjz.2000.05.015
http://doi.org/10.1071/AR9670119
http://doi.org/10.3389/fmicb.2019.01735
http://doi.org/10.1111/j.0021-8901.2004.00885.x
http://doi.org/10.17520/biods.1998001
http://doi.org/10.1017/S0952836903004394
http://doi.org/10.1002/ece3.1661
http://www.ncbi.nlm.nih.gov/pubmed/26445655
http://doi.org/10.17582/journal.pjz/20180919050909
http://doi.org/10.2981/11-049
http://doi.org/10.13859/j.cjz.2007.03.001
http://doi.org/10.1007/s11284-007-0394-8
http://doi.org/10.1080/21658005.2013.765634
http://doi.org/10.1111/1749-4877.12004
http://doi.org/10.2307/2995961
http://doi.org/10.1007/s11426-013-4975-9
http://doi.org/10.3389/fevo.2022.925465
http://doi.org/10.1177/17581559221125364
http://doi.org/10.1111/j.1469-7998.1979.tb03959.x
http://doi.org/10.1139/cjz-2012-0122
http://doi.org/10.1002/jmor.21028
http://www.ncbi.nlm.nih.gov/pubmed/31241799

Animals 2023, 13, 1084 16 of 16

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.
69.

70.
71.

Hemmoda, A.S.; Berg, R. Gross-anatomical studies on the ruminal pillar system of the Egyptian water buffalo (Bos bubalis L.).
Anat. Histol. Embryol. 1980, 9, 148-154. [CrossRef] [PubMed]

Hofmann, R.R. Morphophysiological Evolutionary Adaptations of the Ruminant Digestive System; Aspects of Digestive Physiology in
Ruminants; Cornell University Press: Ithaca, NY, USA, 2019.

Prins, R.A.; Geelen, M.].J. Rumen characteristics of red deer, fallow deer, and roe deer. |. Wildl. Manag. 1971, 35, 673-680.
[CrossRef]

Ravimurugan, T.; Devendran, P. Body measurements and body weight of Ramnad White sheep. Indian J. Small Rumin. 2009, 15,
266-267.

Ma, J.; Li, J.; Jiang, Z.; Wang, W. Morphological and structural characteristics of digestive tract of yellow sheep. Acta Theriol. Sin.
2001, 21, 14-22. [CrossRef]

Hakonson, T.E.; Ward, W.E. The Contribution of Various Tissues and Organs to Total Body Mass in the Mule Deer. |. Mammal.
1971, 52, 628-630. [CrossRef]

Short, H. Postnatal stomach development of white-tailed deer. |. Wildl. Manag. 1964, 28, 445-458. [CrossRef]

Takatsuki, S. The weight contribution of stomach compartment of sika deer. J. Wildl. Manag. 1988, 52, 313-316. [CrossRef]
Chivers, D.J.; Hladik, C.M. Morphology of the gastrointestinal tract in primates: Comparisons with other mammals in relation to
diet. J. Morphol. 1980, 166, 337-386. [CrossRef]

Ortigues, I.; Doreau, M. Responses of the splanchnic tissues of ruminants to changes in intake: Absorption of digestion end
products, tissue mass, metabolic activity and implications to whole animal energy metabolism. Ann. Zootech. 1995, 44, 321-346.
[CrossRef]

McLeod, K.; Baldwin, R. Effects of diet forage: Concentrate ratio and metabolizable energy intake on visceral organ growth and
in vitro oxidative capacity of gut tissues in sheep. J. Anim. Sci. 2000, 78, 760-770. [CrossRef]

McBride, B.; Kelly, J. Energy cost of absorption and metabolism in the ruminant gastrointestinal tract and liver: A review. J. Anim.
Sci. 1990, 68, 2997-3010. [CrossRef] [PubMed]

Alvarez—RodrigueZ, J.; Monledn, E.; Sanz, A ; Badiola, J.; Joy, M. Rumen fermentation and histology in light lambs as affected by
forage supply and lactation length. Res. Vet. Sci. 2012, 92, 247-253. [CrossRef] [PubMed]

Hofmann, R.R.; Schnorr, B. Die Funktionelle Morphologie des Wiederkiuer-Magens: Schleimhaut und Versorgungsbahnen; Enke:
Stuttgart, Germany, 1982.

Clauss, M.; Hofmann, R.R ; Fickel, J.; Streich, W.J.; Hummel, J. The intraruminal papillation gradient in wild ruminants of different
feeding types: Implications for rumen physiology. J. Morphol. 2009, 270, 929-942. [CrossRef] [PubMed]

Liu, B.; Jiang, Z. Feeding strategies of Przewalski’s antelope. Curr. Zool. 2002, 48, 309-316. [CrossRef]

Beauchemin, K.A. Ingestion and Mastication of Feed by Dairy Cattle. Vet. Clin. N. Am. Food Anim. Pract. 1991, 7, 439-463.
[CrossRef]

Domingue, B.EO.; Dellow, D.W.; Barry, T.N.O. The efficiency of chewing during eating and ruminating in goats and sheep. Br. J.
Nutr. 1991, 65, 355-363. [CrossRef] [PubMed]

Van, S.; Peter, J. Nutrition Ecology of the Ruminant; Cornell University Press: Ithaca, NY, USA, 1994.

Liu, Z.; Wang, X,; Li, Z.; Cui, D. Summer feeding and bedding habitat selection by blue sheep (Pseudois nayaur) in Helan
Mountains. Acta Ecol. Sin. 2008, 28, 4277-4285. [CrossRef]

Allen, M.S. Physical constraints on voluntary intake of forages by ruminants. J. Anim. Sci. 1996, 74, 3063-3075. [CrossRef]

Li, J.; Jiang, Z. Distribution of different size food particles in alimentary tract of yellow sheep. Acta Zool. Sin. 2001, 47, 488-594.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1111/j.1439-0264.1980.tb00849.x
http://www.ncbi.nlm.nih.gov/pubmed/6450550
http://doi.org/10.2307/3799772
http://doi.org/10.16829/j.slxb.2001.01.004
http://doi.org/10.2307/1378608
http://doi.org/10.2307/3798196
http://doi.org/10.2307/3801241
http://doi.org/10.1002/jmor.1051660306
http://doi.org/10.1051/animres:19950401
http://doi.org/10.2527/2000.783760x
http://doi.org/10.2527/1990.6892997x
http://www.ncbi.nlm.nih.gov/pubmed/2170320
http://doi.org/10.1016/j.rvsc.2011.03.010
http://www.ncbi.nlm.nih.gov/pubmed/21458834
http://doi.org/10.1002/jmor.10729
http://www.ncbi.nlm.nih.gov/pubmed/19247992
http://doi.org/10.3969/j.issn.1674-5507.2002.03.003
http://doi.org/10.1016/S0749-0720(15)30794-5
http://doi.org/10.1079/BJN19910096
http://www.ncbi.nlm.nih.gov/pubmed/1878355
http://doi.org/10.3321/j.issn:1000-0933.2008.09.026
http://doi.org/10.2527/1996.74123063x
http://doi.org/10.3969/j.issn.1674-5507.2001.05.002

	Introduction 
	Materials and Methods 
	Study Area 
	Measurement of External Morphological Characteristics of Blue Sheep 
	Measurement of Rumen Surface Enlargement Factor 
	Distribution of Feed Particles in Different Parts of Digestive Tract of Blue Sheep 
	Statistical Analyses 

	Results 
	External Morphological Characteristics of Blue Sheep 
	Morphology and Weight Change of the Stomach of Blue Sheep 
	Rumen Surface Enlargement Factor of Blue Sheep 
	Intestinal Length and Weight of Blue Sheep 
	Distribution of Feed Particles in the Digestive Tract of Blue Sheep in Different Seasons 

	Discussion 
	Conclusions 
	References

