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Abstract: There are nonequilibrium characteristics of grassland ecosystems driven by water,
and constraints on the development scale of artificially irrigated grassland caused by the lack of water
resources in arid pastoral areas. Based on the interaction of water, forage, and livestock, this study built
a model of livestock-carrying capacity within the dynamic water–forage–livestock balance, to analyze
the livestock carrying capacity of arid pastoral areas. The results showed that compared with the fixed
livestock carrying capacity of 1.0898 million sheep units with a dynamic forage–livestock balance,
the livestock carrying capacity based on the dynamic water–forage–livestock balance of OtogBanner
were in a multi-equilibrium state due to the fluctuation of rangeland productivity caused by a change
in precipitation conditions and the adjustment of the tame grassland irrigation scale caused by the
change in water demand of other water users in the pastoral area. Under the conditions of the wet,
normal, and dry years, the livestock carrying capacity was 1.632 million standard sheep units under
the 26.5 thousand hm2 tame grassland developing areas, 1.3037 million standard sheep units under
the 25.9 thousand hm2 tame grassland developing areas, and 0.9155 million standard sheep units
respectively under 22.4 thousand hm2 tame grassland developing areas. This fluctuation change
was more prominent in the pastoral areas with rangeland as the key field. Besides this, the model
could effectively identify the predicament of water and forage resources. At present, the overload of
forage resources and water resources coexisted in the pastoral area of OtogBanner, and an important
reason for this was that the distribution of water and forage resources was poorly matched with the
mode of animal husbandry production. The value of 1.3037 million sheep units was recommended
to the livestock-carrying capacity of OtogBanner according to the model. This study could provide
a new method for the calculation of livestock carrying capacity, and offered a scientific basis for
the protection of the grassland ecological environment and the sustainable development of animal
husbandry in the arid pastoral area of OtogBanner.

Keywords: water–forage–livestock balance; nonequilibrium ecology; arid pasturing areas;
carrying capacity; grassland ecological protection

1. Introduction

There are more than 4 million km2 of rangeland in China, accounting for 41% of territorial areas,
which is the main animal husbandry production base in the country and the ecological barrier for
wind prevention and sand fixation in the northern region [1–3]. Facing the current predicament of
livestock overload and ecological imbalance of rangeland in pastoral areas [4,5], on the one hand,
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the pastoral management departments strictly control the number of livestock in pastoral areas,
and carry out forage–livestock balance (FLB) management based on the livestock carrying capacity
(LCC) of rangeland in pastoral areas [6,7]. On the other hand, the artificially irrigated grassland is
developed, and the grazing pressure of rangeland is replaced with the huge productivity of intensive
cultivation of tame grassland [8,9]. However, the pastures in China are mainly distributed between the
arid and semi-arid areas to the west of the 400mm precipitation line. The scarcity of water resources,
the fragility of the water ecological environment, and the uneven precipitation caused by monsoon
water vapor pose new challenges to the development of the concept “to determining the forage yield by
water carrying capacity and the livestock number by forage carrying capacity” in pastoral areas [10,11].
Therefore, to study the carrying capacity of animal husbandry development under the restriction
of water resources and to realize the sustainable development of animal husbandry production,
resources and ecological environments in pastoral areas have become an important problem to be
solved urgently for the high-quality development of animal husbandry in pastoral areas of China.

As the basis of animal husbandry management, the core of LCC is to achieve the maximum
number of livestock that can equal the amount of available forage and the forage demand for the animal
in pastoral areas, to realize the ecological protection of rangeland and the sustainable development of
animal husbandry in pastoral areas [12–14]. The LCC of this equilibrium state was usually based on
the theory of equilibrium ecology. This theory held that the grassland ecosystem was a stable system,
which can return to its initial state after being disturbed by grazing, and the LCC was the maximum
value of this resilience, so the LCC usually showed a fixed value for the pastoral areas [15,16]. However,
water resources as the main driving factor for the stability of the grassland ecosystem in the arid and
semi-arid areas and the unstable precipitation made the grassland ecosystem present with a high
degree of variability, showing a state of non-equilibrium or multi-equilibrium, and the fixed LCC for
grassland ecosystem protection was hardly satisfied [16–19].

At the same time, tame grassland as the efficient, stable and controllable irrigated grassland,
has always been regarded as an important measure to solve the contradiction between the development
of animal husbandry and the ecological protection of rangeland in pastoral areas [20]. Different from
the rangeland, the growth of tame grassland was inseparable from local agricultural irrigation, and the
forage yield of tame grassland was significant correlativity with irrigation water [21,22]. Furthermore,
developing tame grassland blindly in the arid and semi-arid areas with water scarcity was not only
needed to face the competition with other water users, but would also lead to overexploitation of
local water resources and the destruction of the balance of water resources. It was bound to cause a
series of water environmental problems, and deepen the current situation of rangeland degradation
and ecological environmental deterioration, in the form of a vicious cycle in pastoral areas [23–25].
Therefore, it is meaningful to consider the influence of water resources on the FLB and to realize the
development of animal husbandry and the protection of the grassland ecological environment through
the dynamic balance of water, forage, and livestock in the arid and semi-arid pastoral areas.

This study took the arid pastoral area of OtogBanner in China as the research area, by analyzing
the functional relationship between water, forage, and livestock, based on the nonequilibrium
characteristics of the grassland ecosystem driven by precipitation and the current mode of animal
husbandry production dominated by forage utilization and livestock grazing management, to study
the LCC based on the dynamic balance of water, forage, and livestock, to provide a scientific basis for
the sustainable development of ecological animal husbandry in arid pastoral areas.

2. Materials and Methods

2.1. Study Area

The study area, OtogBanner (106◦40′ E–108◦54′ E, 38◦18′ N–40◦11′ N, Figure 1), is located to
the southwest of Ordos city, Inner Mongolia Autonomous Region, China. The area is 962–2063 m
above sea level, with an area of 20.4 thousand km2. The annual average temperature is 7.7 °C, and the
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average annual precipitation is only 241.2 mm, which is typical of the arid and semi-arid continental
climate in OtogBanner [26]. According to the characteristics of the river system of the basin, the study
area is divided into three water resource regionalizations: Zhuozi mountain zoning (I), Dusituhe river
watershed zoning (II), and Inland river watershed zoning (III).
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in pastoral area of OtogBanner; (c) The grazing behavior in pastoral area of OtogBanner.

2.2. Data

The present situation of water resource data refers to The Integrated Water Resources Planning of
OtogBanner and the water supply and consumption statistics by the local OtogBanner government.
The available amount of water resources in OtogBanner is 206.702 million m3, of which the available
amount of surface water resources is 11.174 million m3 and the exploitable amount of groundwater
resources is 195.528 million m3. According to the most stringent water resources management system,
the water consumption control index of OtogBanner is 192 million m3 in 2016, while the total water
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supply is 197.89 million m3, which shows that the current water supply capacity is greater than the
total water consumption control index in OtogBanner. Therefore, adding the water supply capacity
of reclaimed water of 16.677 million m3, the current available water supply of OtogBanner was
208.677 million m3 in 2016 and the available water supply with different inflow frequency in different
water resource regionalization is described in Table 1.

Table 1. The results of the currently available water supply in OtogBanner (106 m3).

Water Resource
Regionalization

Available Surface Water Available
Ground Water

Available
Reclaimed Water

Available Water Supply

25% 50% 75% 25% 50% 75%

I 60.004 59.950 59.904 11.410 14.753 86.167 86.113 86.068
II 11.271 9.229 7.503 40.468 1.924 53.663 51.620 49.894
III 1.054 0.863 0.702 70.080 0.0 71.134 70.943 70.782

OtogBanner 72.329 70.042 68.109 121.958 16.677 210.964 208.677 206.744

The current situation of water users covers the whole industry including domestic, agriculture,
industry, tertiary industry, ecological, and so on in OtogBanner. To facilitate understanding and
calculation, livestock water users and tame grassland water users are separated from agricultural
water users and calculated independently in this study. The scale and quota of water consumption
in related industries are selected according to the relevant indicators of the Statistical Bulletin of
National Economic and Social Development of OtogBanner in 2016 (http://www.eq.gov.cn/zwgk_97654/

tjxx_97687/tjgb_97910/201704/t20170427_1932660.html) and the water consumption standard of the
Industrial Water quota of the Inner Mongolia Autonomous Region. The utilization coefficient of local
agricultural water irrigation is 0.75, ignoring the utilization rate of water resources in other industries.

The situation of grassland resources refers to the monitoring data collected by the OtogBanner
grassland station, and OtogBanner has a total rangeland area of 1.9745 million hm2. Due to the
outstanding problems of degradation, desertification, and salinization of rangeland in OtogBanner,
in addition to the grassland ecological construction, the present situation of rangeland used for grazing
is only 1.1277 million hm2. At the same time, OtogBanner is also an important tame forage base in
Inner Mongolia, and there was 25,000 hm2 of artificial forage planting area in 2016, with corn and
alfalfa as the main tame forage crops. The specific statistics of the grazing grassland area in each
district of OtogBanner are shown in Table 2.

Table 2. Statistics on grazing grassland in OtogBanner (103 hm2).

Water Resources
Regionalization

Rangeland Tame Grassland

Temperate
Steppe Type

Temperate Desert
Steppe Type

Temperate Steppe
Desert Type

Temperate Desert
Type

Azonal Lowland
MeadowType Corn Alfalfa

I 0.0 38.4 30.3 3.7 1.8 4.5 1.4
II 2.1 492.8 48.8 3.8 26.0 8.8 4.6
III 10.1 391.9 48.7 2.7 26.5 5.0 0.7

OtogBanner 12.2 923.1 127.8 10.2 54.4 18.4 6.7

The current situation of grazing livestock refers to the mid-year livestock statistics of the local
animal husbandry bureau in OtogBanner, and due to the different amount of forage required among
all kinds of livestock in pastoral areas, the standard conversion of livestock quantities is carried out
by using sheep units (SU) which are commonly used in China. The mid-year statistics of livestock is
1.5395 million SU in 2016, including 161.1 thousand SU in Zhuozi mountain zoning, 677.3 thousand SU
in Dusituhe river watershed zoning, and 701.1 thousand SU in inland river watershed zoning. Sheep
are the main grazing livestock in OtogBanner, according to the local feeding rhythm, and the lambing
and column quantity of sheep, which have the greatest impact on the number of grazing livestock in
the pastoral area, occurred in April and September respectively, and the slaughter rate of livestock was
0.65.

The intermittent grazing was carried out in the rangeland of OtogBanner. From January to March,
it was called the cold season, grazing on rangeland for 90 days. In addition to grazing, additional

http://www.eq.gov.cn/zwgk_97654/tjxx_97687/tjgb_97910/201704/t20170427_1932660.html
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supplementary feeding was conducted, with 0.75kg forage per SU per day; from April to June,
it belonged to the grazing prohibition season, with a total of 91 days, and supplementary feeding 1.8 kg
forage per SU per day; from July to December, it was called the warm season, grazing on rangeland for
184 days without supplementary feeding. The productivity of rangeland was significantly different
in the cold season compared to the warm season (Table 3). The productivity of tame grassland was
18 thousand kg/hm2 for core, 12 thousand kg/hm2 for alfalfa, and the utilization rate of artificial
grassland was 0.9. At the same time, the tame grassland is also responsible for supplying forage to the
outside of OtogBanner, the retention rate of tame grassland is 0.76 for corn and 0.2 for alfalfa.

Table 3. The productivity of rangeland in OtogBanner.

Type of Rangeland
Productivity in the

Warm Season
(kg/hm2)

Productivity in the Cold Season
(kg/hm2)

Utilization Rate of
Rangeland

Temperate steppe type 475.88 285.56 0.80
Temperate desert-steppe type 440.00 263.96 0.72
Temperate steppe desert type 400.08 240.00 0.64

Temperate desert type 327.05 196.07 0.56
Azonal lowland meadow type 436.52 283.79 0.99

2.3. Methods

The balance of water, forage, and livestock is a complex system involving humans, water, forage,
livestock, ecology, and other elements [27,28]. According to the correlation among the elements of the
system, the balance system of water, forage, and livestock can be divided into water balance and FLB
(Figure 2). From elements and balance, the functional relationship among the elements is embodied in
the following aspects:Water 2020, 12, x FOR PEER REVIEW 6 of 16 
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Figure 2. Schematic diagram of the water, forage, and livestock balance system.

(1) The effect of water on the balance of forage and livestock.
FLB refers to the dynamic balance between the forage demand of livestock and the amount

of available forage of grassland in a specific period. As the basic resource of production and life,
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water resources play the controlling factor in the balance of forage and livestock and are an important
means of regulating both sides of the balance. Tame grassland is a stable and controllable high-quality
forage, the irrigation water of grassland determines the planting scale and the output of tame grassland.
The productivity of rangeland, especially in arid areas, is unsteadily driven by precipitation. On the
other hand, livestock as the demand side of FLB not only needs to consume forage in its growth process,
but also needs to drink enough water. The supply of water resources determines the livestock feeding
scale and then affects the forage demand for FLB.

(2) The effect of forage and livestock on the balance of water resources.
Water balance refers to the dynamic balance between water consumption of regional water users

and the regional available water supply in a specific period and region. In the water resource balance,
forage and livestock are independent water use departments, which form the balanced water side
together with other water departments in the region. The change of the scale of forage and livestock
will directly lead to an increase in water consumption of forage and livestock, which will lead to an
increase in water consumption and water balance.

To verify the applicability of the dynamic balance of water, forage, and livestock in the calculation
of LCC in pastoral areas, two balance models based on dynamic FLB and based on dynamic
water–forage–livestock balance (WFLB) were used to calculate LCC in this study.

2.3.1. LCCModel Based on Dynamic FLB

The LCC model based on the dynamic FLB was referred to the existing research results [29] when
the amount of available forage was equal to the forage demand of livestock in t periods of i pastoral
areas, the number of livestock was the LCC in t periods of i pastoral areas, which was also called
theoretical LCC, and the formula was expressed as follows:

Fit = Eit (1)

where Fit is the amount of available forage in t periods of i pastoral areas (kg); Eit is the forage demand
of livestock in t periods of i pastoral areas (kg).

The Fit usually consisted of four parts: the remaining available forage amounts of rangeland in
t − 1 periods of i pastoral areas, the growing available forage amounts of rangeland in t periods of i
pastoral areas, the available forage amount of tame grassland for t periods of i pastoral areas, and the
available forage amount of outside input and output for t periods of i pastoral areas. The formula was
as follows:

Fit = ∆Fit−1 +
∑
j=1

U ×Yi j × Si j × t + Uh ×Yh × Sith + fit (2)

where ∆Fit−1 is the remaining available forage amount of rangeland in t − 1 periods of i pastoral areas
(kg); j is the number of different types of rangeland in i pastoral areas; U is the forage utilization
rate of the rangeland; Yi j is the forage productivity of the j type of rangeland in i pastoral areas
(kg/hm2); Si j is the area of the j type of rangeland in i pastoral areas; Uh is the forage utilization rate of
the tame grassland; Yh is the forage productivity of the tame grassland (kg/hm2); Sith is the area of
tame grassland used for t periods of i pastoral areas (hm2) and fit is the available forage amount of
outside input and output for t periods of i pastoral areas (kg).

The Eit is usually calculated by the forage requirement quota of livestock and the number of
livestock in the pastoral area. The formula for calculating the forage demand of livestock in t periods
of i pastoral areas was as follows:

Eit =
∑
k=1

ϕitk ×Ait × PF × tk (3)

where k is the number of times that the number of livestock fluctuates around the maximum statistics
of livestock during the t periods; ϕitk is the floating coefficient of the change of the k-th livestock
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quantity in t periods of i pastoral areas; Ait is the maximum statistical number of livestock in t periods
of i pastoral areas (SU); PF is the forage requirement quota for livestock (kg/SU); tk the duration of the
k-th livestock quantity change in t periods of i pastoral areas (d).

According to the Formulas (1)–(3), the amount of available forage was equal to the forage demand
of livestock, which means that the FLB in t periods in i pastoral areas, and the Ait was the LCC in t
periods of i pastoral areas:

Ait =

∆Fit−1 +
∑
j=1

U ×Yi j × Si j × t + Uh ×Yh × Sith + fit∑
k=1

ϕitk × PF × tk
(4)

For i pastoral areas, different calculation periods t would get different LCCs. From the whole
system, only the LCC corresponding to the period with the lowest LCC could make the pastoral area
achieve FLB in the whole period, which was called the key pasture of the pastoral area [30]. Therefore,
the LCC of i pastoral areas Ai was:

Ai = minAit (5)

The calculated LCC was used to analyze the current stocking capacity balance, and obtain the
overload condition of i pastoral areas:

δ =
(L−Ai)

Ai
× 100% (6)

where δ is the overload rate of livestock in pastoral areas; L is the current number of the livestock in
pastoral areas (SU).

2.3.2. LCCModel Based on Dynamic WFLB

The dynamic WFLB increases the water resource balance and the influence of water resources
on the balance system based on dynamic FLB. Because of the contradiction between water balance
and FLB, we used the objective programming method to calculate the LCC based on dynamic WFLB.
The calculation model is expressed as follows:

Objective:
The maximum LCC of i pastoral areas

max f = Ai (7)

Subjective to:
(1) The forage demand of livestock EWit was less than or equal to the available forage amount of

grassland FWit in t periods of i pastoral areas

EWit ≤ FWit, ∀t ∈ Z (8)

(2) The water demand Wit was less than or equal to the available water supply WSit in t periods
of i pastoral areas

Wit ≤WSit, ∀t ∈ Z (9)

where EWit is the forage demand of livestock and FWit is the available forage amount of grassland in t
periods of i pastoral areas based on the dynamic WFLB (kg); Wit is the water demand of all water-use
sectors and WSit is the available water supply in t periods of i pastoral areas (m3).

(3) Nonnegative constraint
According to the relationship between the elements of the WFLB system, the effect of water

resources on the forage demand of livestock was shown to limit the size of livestock by affecting livestock
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water consumption, thus affecting the forage requirement of livestock in pastoral areas. The scale of
livestock can be expressed by the water consumption of livestock WitE and the water demand quota
of livestock PE, the forage demand of livestock based on the balance of water–forage–livestock in
t periods of i pastoral areas was expressed as follows:

EWit =
∑
k=1

ϕitk ×
WitE∑

k=1
(ϕitk × PE)

× PF × tk (10)

where WitE is the water demand of livestock in t periods of i pastoral areas (m3); PE is the water
demand quota for livestock (m3/SU).

Similarly, considering the driving effect of water resources on rangeland in arid pastoral areas,
the representative precipitation cumulative frequency of 25%, 50%, and 75% was selected as the
wet year, normal year and dry year in the calculation of available forage amount of rangeland,
and the wet and dry coefficient γ was introduced to simulate the multi-equilibrium state of rangeland
productivity caused by precipitation driving in arid pastoral areas. The effect of water resources on
the available forage amount of tame grassland was expressed by using irrigation water requirements
and irrigation quotas. Therefore, the available forage amount of grassland based on the balance of
water–forage–livestock in t periods of i pastoral areas could be expressed as follows:

FWit = ∆Fit−1 +
∑
j=1

U ×Yi j × Si j × t× γ + Uh ×Yh × η×
WitF
PW

+ fit (11)

where WitF is the irrigation water requirement of tame grassland in t periods of i pastoral areas (m3);
and γ is the wet and dry coefficient of rangeland in i pastoral areas, representing the floating range of
grass production capacity and the multi-year average value of rangeland under different water supply
conditions. The values should be dynamically fitted according to the observed data of a long series
of rangeland and their corresponding precipitation. In this study, the values were obtained by using
the research results of Habuer et al. [31]; η is the utilization coefficient of irrigation water in i pastoral
areas; PW is the irrigation quota of tame grassland in t periods of i pastoral areas (m3/hm2).

On the other hand, the water demand reflects the influence of forage and livestock on the water
balance in the pastoral area. I pastoral areas, for example, water demand, was generally expressed as
the sum of water demand for each water user in t periods, and water users include tame grassland water
users, livestock water users, and other industrial water users. The water demand for other industrial
water users were calculated by the water demand scale of water users and their corresponding water
demand quota. Thus, the formula of water demands in t periods of i pastoral areas was obtained
as follows:

Wit = WitE + WitF +
∑
n=1

ηn ×Mitn × pitn (12)

where n is the number of different other water users in pastoral areas; ηn is the water resources
utilization coefficient of the n-th water user; Mitn is the water demand scale of the n-th water users,
the unit varies according to the statistics of water users, taking livestock water users as an example
(SU); pitn is the water demand quota of water users, the unit varies according to the statistics of water
users also, taking livestock water users as an example (m3/SU).

The available water supply was determined by the number of available water resources and the
water supply capacity of the water supply project; the total water consumption index was under the
strictest water resource management system and the amount of water transferred outside the region in
t periods of i pastoral areas. The formula was expressed as follows:

WSit = min(WSat, WSct, WSgt) + WSrt + WSdt (13)
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where WSat is the amount of available water resources in t periods of i pastoral areas (m3); WSct is
the water supply capacity of water supply projects in t periods of i pastoral areas (m3); WSgt is the
total water consumption index under the strictest water resource management system in t periods of i
pastoral areas (m3); WSrt is the amount of reclaimed water in t periods of i pastoral areas (m3); WSdt is
the amount of water transferred outside the region in t periods of i pastoral areas (m3).

The objective programming model based on the dynamic balance of water–forage–livestock
was established by the simultaneous Formulas (7)–(13) and solved by MATLAB. The water demand
of livestock WitE and the water demand of tame grassland in different periods WitF were obtained.
The LCC Ai and the development scale of tame grassland WitF in different periods were calculated
according to PW and PE.

From the LCC calculation process, the balance of water–forage–livestock existence and the
relationship between water resources affected the FLB by affecting the planting scale and output of
tame grassland. Therefore, the LCC was closely related to the area of tame grassland in the pastoral
area, and it could be regarded as the LCC. Ai was based on the planting scale Sit of tame grassland in
i pastoral areas. However, in the current stocking capacity balance analysis of i pastoral areas, due to
the difference between the current planting area of tame grassland Sitp and the planting area which
could be the development of tame grassland Sit, the LCC based on the WFLB calculation was not the
actual carrying capacity of the current, which was difficult to directly guide with the development of
ecological animal husbandry in pastoral areas.

The current LCC Aip was based on the planting area Sitp of tame grassland in i pastoral areas. So,

calculating the current LCC of i pastoral areas needed to be replaced with ηWitF
Pw

in Formula (11) by

using Sitp, and WitF in Formula (12) by using
SitpPw
η , which was to use the current situation of tame

grassland and water use to replace the theoretical value. Then the new objective programming model
was established and solved, and the current carrying capacity of i pastoral areas Aip can be obtained.
If the model cannot be solved, it shows that the water–forage–livestock system was imbalanced and
the development of artificial grassland was restricted, and Ai was the current carrying capacity Aip of
i pastoral areas.

Based on the analysis of the current LCC Aip of i pastoral areas, the overloading situation of the
pastoral area was obtained.

δ =

(
L−Aip

)
Aip

× 100% (14)

Similarly, by substituting the livestock capacity L and the planting area of tame grassland Sitp into
the Formulas (10)–(12), the current forage requirement of livestock EWP, the amount of current forage
available FWP and the current water demand WP can be calculated respectively in i pastoral areas,
and the overload condition of forage resources and water resources can be calculated as follows:

δF =
(EWP − FWP)

FWP
× 100% (15)

δW =
(WP −WS)

WS
× 100% (16)

3. Results

3.1. Analysis of Livestock Carrying Capacity in Pastoral Areas

According to the present situation of grassland utilization, the pasturing area of OtogBanner was
divided into two periods of rangeland utilization and tame grassland utilization. The calculation
results of two methods could be found in Tables 4 and 5, compared with the LCC based on the
dynamic FLB model, the LCC was based on the dynamic WFLB model which showed a fluctuating
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multi-equilibrium form with a different water frequency. At the same time, it could be seen that the
livestock carrying capacity values of the two models were also different (Figure 3).

Table 4. LCC based on the Dynamic FLB in OtogBanner.

Water Resources
Regionalization

LCCbased on the Dynamic FLB Model (103 SU)

Rangeland
Utilization Period

Tame Grassland
Utilization Period Theoretical Value

I 99.2 321.6 99.2
II 842.1 645.5 645.5
III 708.1 345.0 345.0

OtogBanner 1649.4 1312.1 1089.8

Table 5. LCC based on the Dynamic WFLB in OtogBanner.

Water Resources
Regionalization

LCC Based on the Dynamic WFLBmodel

Precipitation
Frequency

(%)

Developing Area of
Tame Grassland

(103 hm2)

Theoretical Livestock
Carrying Capacity

(103 SU)

Current Livestock
Carrying Capacity

(103 SU)

I
25 4.2 136.9 136.9
50 3.7 99.2 99.2
75 3.1 57.5 57.5

II
25 8.1 540.6 540.6
50 7.4 496.3 496.3
75 6.7 447.2 447.2

III
25 14.2 954.5 345.0
50 14.7 708.2 345.0
75 12.6 410.9 345.0

OtogBanner
25 26.5 1632.0 1022.5
50 25.9 1303.7 940.5
75 22.4 915.5 849.7
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Figure 3. The comparison of LCC with two balance models.

For the Zhuozimountain zoning with the rangeland as the key field, the difference of LCC between
the two methods was that the dynamic WFLB model could reflect the process of water resources
affecting FLB by affecting the rangeland. Because of the wet year, precipitation was most beneficial to
the growth of rangeland in the arid pastoral area. Therefore, the theoretical LCC based on dynamic
WFLB 136.9 thousand SU under the 4.2 thousandhm2 tame grassland developing areas was higher
than that based on dynamic FLB 99.2 thousand SU.

For the Dusituhe river watershed zoning, the inland river watershed zoning with the tame
grassland was the key field. The difference in LCC between the two models was that the dynamic WFLB
model, which took into account the effects of the interaction of water, tame grassland, and livestock
on water balance and FLB in pastoral areas. The yield of the existing tame grassland could support
the LCC of 645.5 thousand SU, but at this time, the water demand of tame grassland and livestock
exceeded the available water supply for tame grassland and livestock, and the water resources could
not be balanced in the pastoral area. It was necessary to reduce the water use of tame grassland and
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livestock to re-establish the balance of water resources. So, the theoretical LCC based on dynamic
WFLB 540.6 thousand SU under the 8.1 thousand hm2 tame grassland developing areas was lower
than that based on the dynamic FLB 645.5 thousand SU in pastoral areas.

In the Inland river watershed zoning, the water resources in pastoral areas could not only support
the current water demand but also develop additional tame grassland irrigation areas and supply
water to additional livestock at the same time. Therefore, the theoretical LCC 954.5 thousand SU was
higher than the current LCC 345.0 thousand SU, and the theoretical LCC based on dynamic WFLB was
higher than that based on dynamic FLB 345.0 thousand SU. However, since the development area of
tame grassland does not reach the theoretical planting area 14.2 thousand hm2, this effect was lagging,
and the actual LCC did not reach the theoretical LCC.

3.2. Analysis of Stocking Capacity Balance in Pastoral Area

The precipitation frequency of OtogBanner was 18.5% (belongs to wet year) in 2016 and the
results of the stocking capacity balance is shown in Tables 6 and 7, and Figure 4. There are different
degrees of overloading of livestock in several pastoral areas, and the overload phenomenon was
prominent. The analysis of stocking capacity balance based on the dynamic balance of forage–livestock
only considered the two elements of forage and livestock, so the reason for overloading was usually
assumed to be that there are more livestock and less forage, leading to the supply and demand of forage
and livestock being unbalanced in pastoral areas. For the stocking capacity balance analysis based on
the dynamic balance of water–forage–livestock, after considered the situation of water resources in the
pastoral area, the overload situation had become more complex.

Table 6. Analysis of stocking capacity balance based on dynamic FLB.

Water Resource
Regionalization

Stocking Rate
(103 SU)

Theoretical LCC
(103 SU)

Overload Rate
(%)

I 161.1 99.2 62.4
II 677.3 645.5 4.9
III 701.1 345.0 103.2

OtogBanner 1539.5 1089.8 41.3

Table 7. Analysis of stocking capacity balance based on dynamic WFLB.

Water Resources
Regionalization

Stocking Rate
103 SU)

Current LCC
(103 SU)

Overload Rate
of Livestock

(%)

Overload Rate of
Water Resource

(%)

Overload Rate of
Rangeland

(%)

Overload Rate of
Tame Grassland

(%)

I 161.1 136.9 17.7 24.8 7.6 −49.9
II 677.3 540.6 25.3 39.3 −46.7 4.9
III 701.1 345.0 103.2 −60.7 −34.4 103.2

OtogBanner 1539.5 1022.5 50.6 −16.8 −38.2 17.3

In the Zhuozi mountain zoning and Dusituhe river watershed zoning, the analysis of stocking
capacity balance based on dynamic FLB showed that the main reason for the overload was the lack
of forage production and the excessive number of livestock. After solving the problem of forage
supply, the present overloading situation would be improved in pastoral areas. According to the
analysis results of stocking capacity balance based on the dynamic WFLB, there was not only a forage
demand overload, but also a water resource demand overload. It was necessary to solve the problem
of water and forage resource overload at the same time to effectively improve the current situation of
overloading in the two pastoral areas.

For the inland river watershed zoning, according to the analysis of the stocking capacity balance
based on the dynamic WFLB, the overload rate of 103.2% was consistent with the analysis of the stocking
capacity balance based on the dynamic FLB in pastoral areas, which belonged to the overloading of
tame grassland demand. However, according to the analysis of theoretical LCC, the theoretical LCC of
954.5 thousand SU was larger than the current LCC of 701.1 thousand SU, which were bearable and



Water 2020, 12, 2539 12 of 15

were opposite to the results based on the dynamic FLB in the pastoral area. It could be seen that the
reason for the regional overload was that the planting scale of the tame grassland was insufficient,
and the regional water resources could support the additional forage and livestock scale, so after
planning the appropriate planting scale of the tame grassland, the water and forage resources could
improve the current situation of overloading in pastoral areas.

Water 2020, 12, x FOR PEER REVIEW 12 of 16 

 

Table 7. Analysis of stocking capacity balance based on dynamic WFLB. 

Water 
Resources 

Regionalization 

Stocking 
Rate 

(103SU） 

Current 
LCC 

(103SU） 

Overload 
Rate of 

Livestock 
(%) 

Overload 
Rate of 
Water 

Resource 
(%) 

Overload 
Rate of 

Rangeland 
(%) 

Overload 
Rate of Tame 

Grassland 
(%) 

Ⅰ 161.1 136.9 17.7 24.8 7.6 −49.9 
Ⅱ 677.3 540.6 25.3 39.3 −46.7 4.9 
Ⅲ 701.1 345.0 103.2 −60.7 −34.4 103.2 

OtogBanner 1539.5 1022.5 50.6 −16.8 −38.2 17.3 

In the Zhuozi mountain zoning and Dusituhe river watershed zoning, the analysis of stocking 
capacity balance based on dynamic FLB showed that the main reason for the overload was the lack 
of forage production and the excessive number of livestock. After solving the problem of forage 
supply, the present overloading situation would be improved in pastoral areas. According to the 
analysis results of stocking capacity balance based on the dynamic WFLB, there was not only a forage 
demand overload, but also a water resource demand overload. It was necessary to solve the problem 
of water and forage resource overload at the same time to effectively improve the current situation 
of overloading in the two pastoral areas. 

For the inland river watershed zoning, according to the analysis of the stocking capacity balance 
based on the dynamic WFLB, the overload rate of 103.2% was consistent with the analysis of the 
stocking capacity balance based on the dynamic FLB in pastoral areas, which belonged to the 
overloading of tame grassland demand. However, according to the analysis of theoretical LCC, the 
theoretical LCC of 954.5 thousand SU was larger than the current LCC of 701.1 thousand SU, which 
were bearable and were opposite to the results based on the dynamic FLB in the pastoral area. It 
could be seen that the reason for the regional overload was that the planting scale of the tame 
grassland was insufficient, and the regional water resources could support the additional forage and 
livestock scale, so after planning the appropriate planting scale of the tame grassland, the water and 
forage resources could improve the current situation of overloading in pastoral areas. 

 
Figure 4. The water and forage resource overload situation based on the dynamic WFLB model in 
OtogBanner. 
Figure 4. The water and forage resource overload situation based on the dynamic WFLB model
in OtogBanner.

4. Discussion

In this study, we have shown that in the development chain of animal husbandry from water to
tame grassland to livestock, the results of LCC based on the dynamic FLB ignore the overload of water
resources in pastoral areas. Therefore, it is easy to lead to a series of water resource problems, which in
turn affect the FLB through the “water–forage–livestock” development chain. This is consistent
with the conclusion of Ellis [32] that the correlation between the balance of forage and livestock in
arid pastoral areas decreases with the fluctuation of the surrounding environment (precipitation).
However, the results of LCC based on the dynamic WFLB consider the impact of water resource
characteristics on the balance of forage and livestock in the arid pastoral areas and show the buoyancy
of a multi-equilibrium state. The result corresponds with the theory of a non-equilibrium system [33,34],
which holds that the large fluctuation of primary productivity driven by precipitation causes the
grassland production system to show non-equilibrium or multi-equilibrium in arid pastoral areas.

Besides this, the results of LCC based on dynamic WFLB can effectively identify the predicament
of water and forage resources, and provide a more scientific basis for the development of ecological
animal husbandry in pastoral areas. In the Dusituhe river watershed zoning, in which the water supply
is dominated by groundwater, compared with the calculation of LCC based on dynamic FLB with a
livestock overload rate of only 4.9%, the result of water resource overload calculated based on dynamic
WFLB is consistent with the current situation of groundwater overexploitation in this pastoral area.
Because the carrying capacity of water resources is not taken into account in the process of exploiting
groundwater to develop tame grassland, the local groundwater level drops year after year and forms
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the groundwater over-exploitation area of the Saiwusu Grass Industry Company in OtogBanner.
Thus it can be seen that it is difficult to support the stocking capacity scale of 645.5 thousand SU in the
Dusituhe river watershed zoning, and the LCC of 540.6 thousand SU based on the dynamic WFLB is
more reasonable.

On the other hand, although the floating LCC can effectively ensure the balance of
water–forage–livestock under different water conditions, it is not conducive to the stable and effective
management requirements of animal husbandry in pastoral areas. Compared with the Dusituhe river
watershed zoning, the floating range of LCC of the Zhuozimountain zoning with rangeland as the key
field (including theoretical LCC of the inland river watershed zoning) is larger. It can be seen that the
forage yield of rangeland affected by water conditions is the main factor affecting the floating degree of
LCC in arid pastoral areas. However, the floating range of LCC in the Dusituhe river watershed zoning
and the current LCC of the inland river watershed zoning with tame grassland as the key field is small,
which can be summarized as a failure to make full use of natural grassland. Therefore, for the current
pastoral area of OtogBanner, full use of rangeland means greater fluctuation of LCC; on the contrary,
underutilization of rangeland means a waste of forage resources. Therefore, given the fluctuation of
theoretical LCC in pastoral areas based on dynamic WFLB, we suggest that the theoretical LCC of
1303.7 thousand SU in normal years (50% precipitation frequency) could be taken as the goal for animal
husbandry management in OtogBanner. In dry years (75% precipitation frequency), the number of
livestock could be controlled from the lambing and fencing of livestock in pastoral areas.

The current situation of water, forage, and livestock resources in the pastoral areas of OtogBanner
shows the overloaded of LCC, the unbalanced distribution of water, forage, and livestock resources,
and the different overloading causes in each water resource region. No matter what the comparison of
LCC between rangeland and tame grassland, or the overload rate of water and forage resources in the
analysis of stocking capacity balance in pastoral areas, it can be seen that each district in pastoral areas
has its advantages and disadvantages relating to water and forage resources. However, the current
production model of animal husbandry in pastoral areas is difficult to make use of and the resource
advantages of each pastoral area to reasonably avoid the shortage of resources, can cause a situation of
resource overload and unloading to coexist, and this is the main problem in the pastoral areas of China
at present [35,36]. Different to the simple analysis of more and less forage based on the analysis of
dynamic FLB, the LCC analysis based on dynamic WFLB can effectively analyze the relationship and
constraints between water, forage, and livestock, which is more conducive for managers to clearly
understand the factors limiting the development of LCC, and to provide a scientific basis for pastoral
area managers to solve the contradiction of water, forage, and livestock resources and the optimal
allocation of water, forage, and livestock resources in pastoral areas.

5. Conclusions

This study constructed an LCC research model based on the WFLB. Through the analysis and
comparison with the model of dynamic FLB, this model can simulate the multi-equilibrium state
of LCC from 0.9155 million SU to 1.632 million SU in arid pastoral areas of OtogBanner with the
fluctuation of precipitation frequency, and the corresponding development scale of tame grassland
is 22.4 thousand hm2 to 26.5 thousand hm2. The current stick rate of 1.5395 million SU is higher
than the current LCC of1.0225 million SU, which belongs to livestock overload, and we recommend
1.3037 million SU under 25.9 thousand hm2 tame grassland developing areas as the LCC in the pastoral
area of OtogBanner. Rational allocation of water, forage, and livestock resources is an important
measure to improve LCC in pastoral areas. This study can provide scientific support for grassland fine
management in the arid pastoral area of OtogBanner.
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