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Abstract: In this paper, we selected the northeast region as a study area from the perspective of
soil nutrient demand, calculated the livestock carrying capacity of farmland under three scenarios
where nitrogen nutrient accounts for 35% (low level), 45% (medium level), and 55% (high level) of
fertilization, and carried out a risk analysis. The results show that the scale of husbandry breeding
is expanding and the scale of the planting industry has remained basically unchanged. Under the
three scenarios, there were 23 regions where the livestock manure exceeded the maximum value
that could be absorbed by farmland in 2008 and 28 regions in 2019. These regions in the potential
area are mostly located in Heilongjiang province and the regions in the restricted area are mostly
located in Liaoning Province. On the whole, the northeast region is generally faced with the problem
of livestock overloading, and the insufficient utilization and treatment capacity of livestock manure
poses a huge threat to regional ecological security. Based on this, adjusting the structure of regional
planting and breeding, promoting the development of the livestock manure processing industry,
enhancing the production capacity of organic fertilizer, and constructing an integrated pattern of
regional planting and breeding are effective ways to realize the sustainable utilization of farmland in
northeast China.

Keywords: livestock carrying capacity risk; planting and breeding balance; northeast China

1. Introduction

Farmland is not only a crucial agricultural resource and production factor, but also the
key to ensuring food production. The northeast region is an important grain production
base in China [1]. This region is endowed with rich black soil resources, and is also one of
the four largest black land regions in the world, where it is very suitable for farming [2].
The existing farmland in the northeast region is 3.59 x 107 ha, the grain output accounts
for nearly one-quarter of the national total grain output, and the exported commercial
grain accounts for one-third of the national total commercial grain [3]. The northeast region
has made an outstanding contributions to ensuring national food security and is known
as China’s first granary. However, in recent years, with the rapid development of the
livestock-breeding industry, a large amount of livestock and poultry manure and other
forms of waste have not been effectively treated, which has led to serious ecological and
environmental problems [4]. The northeast region is gradually evolving from an “ecological
functional area” to an “ecologically fragile area”, and problems such as the degradation
of physicochemical properties and ecological functions have become increasingly promi-
nent, posing a serious threat to the stability of the national food security foundation and
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regional ecological security [5-7]. At present, the phenomenon of planting and breeding
separation in northeast China has become very common. The excessive application of
chemical fertilizers and pesticides on farmland has seriously threatened the security of
water and soil resources in these areas. If coupled with the large-scale discharge of livestock
manure and other wastes, pollutants from the planting and breeding industries entering
the environment will greatly exceed the carrying capacity of the farmland, which will create
serious pollution problems [8,9].

Against the background of many uncertainties, such as COVID-19, international trade,
and extreme weather, the Central Economic Work Conference has clearly identified the
“farmland issue” as one of the eight key tasks to be tackled in 2021. Additionally, the
No. 1 Central Document clearly stated in 2021 that it is necessary to “adopt the measures
of ‘long teeth” and implement the strictest farmland protection system”. President Xi
Jinping has repeatedly made a series of important instructions regarding the protection
of farmland, such as “protecting farmland like protecting giant pandas, firmly keeping
the red line of farmland protection, and protecting farmland that is a major issue for more
than one billion people to eat ... ”. The question of how to combine the ecological and
economic benefits of farmland resources and explore a coordinated development path to
ensure food security and ecological security has become an important issue related to the
sustainable development of northeast China. At present, the imbalance of the agro—pastoral
ecological structure caused by the separation of planting and breeding, which has broken
the relationship between material circulation and energy flow within agriculture under
the traditional farming system, is the core cause of the continuous deterioration of local
ecological environments [10-12]. Additionally, the demand for livestock products has
surged significantly due to the changes in the dietary structure of residents, which has
led to the continuous expansion of the husbandry production scale [13], and resulting
problems such as overgrazing will also lead to ecological problems such as soil erosion
and land desertification. Especially with the intensification of the global climate change
process, soil erosion and other problems are becoming more serious [14,15]. In the context
of the separation of planting and breeding, the fertilizers needed for the planting industry
have been gradually replaced by chemical fertilizers. On the one hand, this leads to
environmental pollution and resource waste due to the failure of the return of livestock
manure to fields and resource underutilization. On the other hand, the excessive use of
chemical fertilizers in pursuit of yield improvement also leads to serious environmental
problems [16]. In the long run, this will inevitably threaten regional ecological security and
national food security.

A large number of studies have shown that livestock manure has useful properties,
containing nitrogen, phosphorus, potassium, and other nutrients necessary for crop pro-
duction, and is an important nutrient source for improving soil fertility [17]. However,
overuse of manure can also lead to environmental pollution and soil compaction [18,19].
In recent years, governments at all levels have successively issued a series of measures to
promote the resource utilization of livestock breeding waste, emphasizing the important
role of livestock manure in the high-quality development of agriculture. Thus, relocating
the production activities of husbandry to the agricultural ecosystem, reconstructing the
combination mode and ecological link between agriculture and husbandry, and ensur-
ing that the breeding waste is digested in the ecological cycle system of agriculture and
husbandry will undoubtedly effectively increase soil organic matter content [20,21]. The
combination of planting and breeding and the cycle of farming and grazing are considered
to be the most effective solutions at present [22]. Therefore, based on the idea of planting
and breeding balance, scientifically measuring the nutrient demand of regional crop growth
and the nutrient availability of livestock manure has become the key to adjusting regional
planting and raising structure, reducing the application of chemical fertilizer, reducing
environmental pollution, and achieving high-quality agricultural development [23]. In
this context, research on the regional livestock carrying capacity of farmland is becoming
increasingly abundant [24]. The regional livestock carrying capacity of farmland refers to
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the maximum stock of livestock and poultry that can be supported by farmland in a given
region under the condition of the sustainable operation of the land ecosystem, and it can
also be popularly understood as the ability of a farmland to absorb livestock and poultry
excrement [25].

The existing research generally studies the livestock carrying capacity of farmland
from the perspective of meeting the nutrient requirements of crops, through constructing
the farmland consumption model of livestock breed waste based on the soil nitrogen
and phosphorus nutrient-balance method [23,26-29]. If the regional crops can absorb the
livestock breeding waste in an equal proportion, the balance between planting and breeding
in the region can be considered to be achieved [29]. In 2018, the Ministry of Agriculture
and Rural Affairs of the People’s Republic of China issued the “Technical Guidelines
for the Measurement of Farmland Carrying Capacity of Livestock Manure” (hereinafter
referred to as the Guide), which requires that the livestock carrying capacity should be
calculated based on the balance between the nitrogen supply of manure and the nitrogen
demand of plants. Subsequently, the Nitrogen Nutrient Balance Method (NNBM) has been
widely used in the field of analyzing the carrying capacity of livestock breeding [30,31].
However, farmland consumption of livestock manure is mainly via absorption by crops
of nitrogen, phosphorus, and other elements emitted by livestock. Clearly, the ability
to absorb livestock manure of farmland varies under different fertilization intensities,
and the corresponding livestock carrying capacity of farmland will also be significantly
different, and the existing research has not considered the effect of different fertilization
intensities [32]. Therefore, calculating the carrying capacity of livestock breeding under
different fertilization intensities is helpful for providing references for determining the
reasonable livestock breeding scale and adjusting the industrial layout within the region.

However, based on this, we selected the northeast region as a study area, which
includes Liaoning Province, Jilin Province, and Heilongjiang Province, from the perspective
of soil nutrient demand. We calculated the livestock carrying capacity of farmland under the
three scenarios where nitrogen nutrient accounts for 35% (low level), 45% (medium level),
and 55% (high level) of fertilization, and we carried out a risk analysis. This is expected
to provide decision support for optimizing the layout of livestock breeding, adjusting
the production structure of planting, reducing local pollution, and building a modern
agricultural and animal husbandry policy system with balanced planting and breeding.

2. Material and Methodology
2.1. Study Area

The northeast region is located in the northeastern part of China, including three
provinces of Liaoning, Heilongjiang, and Jilin, with a total area of 787,300 km? (Figure 1).
Among them, Heilongjiang Province includes 13 cities with a total area of 473,000 km?, Jilin
Province includes 9 cities with a total area of 187,400 km2, and Liaoning Province includes
14 cities with a total area of 145,700 km? [33]. On the whole, the northeast region has a
temperate monsoon climate, and the terrain is mainly dominated by mountains and plains.
It is the main grain production base in China and has made important contributions to
ensuring national food security, and it also known as the “stabilizer” and “ballast stone”
of China’s grain production [34]. However, due to the imbalance of the planting and
breeding structure, the ecological environmental problems are becoming more and more
prominent. On the one hand, this leads to the lack of nourishment of organic fertilizers and
the decline in soil organic matter; on the other hand, it also leads to the destruction of the
ecological environment [19]. Therefore, determining the scale of planting and breeding that
matches the carrying capacity of arable land is the key to realizing the mutual connection,
coordinated promotion, and common development of planting and breeding, so that
agricultural resources can be fully and effectively utilized.
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Figure 1. Study area.

2.2. Experimental Design
2.2.1. Data Source

The research data in this paper (amount of livestock and poultry breeding, sown
area, annual crop yield, etc.) come from China Animal Husbandry Yearbook (2009-2020),
Agricultural Statistical Yearbook (2009-2020), Heilongjiang Statistical Yearbook (2009-2020),
Jilin Statistical Yearbook (2009-2020), Liaoning Statistical Yearbook (2009-2020), and related
agricultural survey data; China’s provincial administrative division data come from the
National Science and Technology Basic Conditions Platform-Earth System Science Data
Sharing Platform. Additionally, the correlation coefficients involved in this paper all come
from the “Technical Guide for the Measurement of Land Carrying Capacity of Livestock and
Poultry Manure” issued by the General Office of the Ministry of Agriculture in March 2018.

2.2.2. Methodology

According to the main planting and breeding species in the Northeast region, we
analyzed the nitrogen nutrient supply of four types of livestock manure (pig, cattle, sheep,
poultry) and the nitrogen nutrient demand data of regional plants (rice, wheat, corn,
sorghum, millet, potatoes, soybean, cotton, vegetable, melons), and calculated the live-
stock carrying capacity of farmland from 2008 to 2019 by using the Nitrogen Nutrient
Balance Method (NNBM). Considering that the absorption of livestock manure in farmland
mainly depends on the absorption of nitrogen, phosphorus, and other elements in livestock
emissions by crops, the absorptive capacity of farmland will be varied under different
fertilization intensities. Based on this, on the basis of referring to relevant research [35,36],
we considered three different fertilization intensities, that is, the proportion of nitrogen
nutrient in fertilization being 35%, 45%, and 55%, respectively. Finally, we determined the
livestock carrying capacity of farmland under different scenarios.
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manure nhitrogen nutrient requirement of crops =

the proportion of nitrogen nutrient supplied by fertilization X the proportion of manure in fertilization

2.2.3. Indicator Accounting

(1) Regional livestock manure nitrogen nutrient supply accounting

According to the Guide, the regional livestock manure nitrogen nutrient supply ac-
counting was based on the nitrogen nutrient supply of livestock manure and the nitrogen
nutrient demand for crop growth. The nitrogen nutrient demand for crop growth was
determined according to soil fertility, crop type and yield, and the proportion of manure use.
The nitrogen nutrient supply of livestock and poultry manure was determined according
to the level of livestock breeding and manure nutrient production. Moreover, for ease of
calculation and analysis, other major livestock and poultry were converted into the number
of pigs (pig equivalent) according to the relationship in the Guide, as follows:

Q = Qpig + 23—0Qcow + %Qcattle + %Qsheep + ;—Sonultry 1)

where Q represents the standard pig production, and Qpie, Qcow, Qcattier Qsheepr Qpoultry
represent the number of pigs, cows, cattle, sheep and poultry to slaughter, respectively.
Therefore, the level of regional livestock manure nitrogen nutrient supply is as follows:

Ns = Q x 0.007 x 10,000 )

where N, represents the level of regional livestock manure nitrogen nutrient supply, and
0.007 represents nitrogen supply per unit pig equivalent (t).

(2)  Accounting for the regional manure nitrogen nutrient requirement for crops

The manure nitrogen requirement of crops is the total amount of nitrogen required for
the complete growth cycle of field plants, as follows:

regional manure nitrogen nutrient requirement of crops »

seasonal utilization of manure 3)

x 100%

regional livestock carrying capacity of farmland =

seasonal utilization of manure

regional manure nitrogen nutrient requirement of crops =
total crops production x nutrient requirements per unit of yield

4)

where scenarios of the proportion of nitrogen nutrient in fertilization were determined to be
35%, 45%, and 55%, respectively, and according to the Guide, the proportion of manure in
fertilization was determined to be 50%. The seasonal utilization of manure was determined
to be 30%. Additionally, the nutrient requirements per unit yield of different crops are
shown in Table 1.

Table 1. Recommended nitrogen demand for field crop yields per 100 kg.

Type of Crops Rice Wheat Corn Sorghum Millet
N (kg/t) 20.9 30 25.2 24.8 38
Type of crops potatoes soybean cotton vegetable melons
N (kg/t) 5.1 75 117 32 4

(38) Regional livestock carrying capacity of farmland accounting

The regional livestock carrying capacity of farmland is the maximum livestock stock
in a certain area under the condition of sustainable operation of the farmland ecosystem,
as follows:

regional manure nitrogen requirement of crops
nitrogen supply of manure per unit pig equivalent

©)
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(4) The risk coefficient of regional livestock carrying capacity of farmland

This paper referred to Fu et al. (2020) and selected the risk coefficient of regional
livestock carrying capacity of farmland by r, which was used to quantitatively describe
the risk of overloading of regional livestock breeding. If r < 1 (potential area), it means
that the livestock breeding in this region has not exceeded the upper limit of farmland
carrying capacity, and the breeding scale can be appropriately expanded; if 1 <r <2 (general
risk area), it means that the livestock manure has exceeded the upper limit of farmland
absorption, which will have a negative affect on the regional ecological environment; if r
> 2 (restricted area), it means that the livestock manure has far exceeded the upper limit
of farmland absorption, and if left unchecked, there will be irreversible effects on the
environment. The higher r is, the greater risk of environmental pollution is. This paper
defines three risk levels: low, medium, and high, corresponding to the potential zone,
general risk zone, and restricted zone (Table 2) [32], as follows:

. the existing number of livestock breeding in the region
N regional livestock carrying capacity of farmland

(6)

Table 2. The risk coefficient classification for regional livestock carrying capacity of farmland.

Risk Coefficient r<i1 1<r<2 r>2
risk level low medium high
risk partition potential area general risk area restricted area
3. Results

3.1. Changes in Livestock Manure Nitrogen Nutrient Supply in the Northeast Region

Figure 2 shows the results of livestock manure nitrogen nutrient supply in the North-
east region. On the whole, the livestock manure nitrogen nutrient supply in each region
shows a trend of steady growth, indicating that the scale of husbandry breeding is expand-
ing, which is basically consistent with the research results of domestic and foreign scholars
on the characteristics of livestock breeding stages [37-39].

Nitrogen nutrient supply
(ten thousand tons)

<2

-5

e [ 5-8
el

s -1

Bl

200 400
Miles

Figure 2. The livestock manure nitrogen nutrient supply in the northeast region in 2008, 2014, 2019.

From the perspective by year, in 2008, the maximum value of livestock manure nitro-
gen nutrient supply appeared in Changchun, which was 79,210 tons. Additionally, Suihua
(71,530), Jinzhou (71,520), Qigihar (61,170), and Harbin (51,350) were all at high levels.
In 2019, the maximum value appeared in Suihua, which was 12.192 tons, and except for
Changchun (9.585), Qiqihar (8.636), and Harbin (11.946), Shenyang (10.217) and Anshan
(8.895) were also at a relatively high level. From the perspective of change trends, except for
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low level

high level

Hegang, Benxi, Jinzhou, and Liaoyang, which showed a downward trend, the rest of the
regions all showed an upward trend, but the magnitude of the increase was quite different.
Among them, Harbin, Jiamusi, Shuangyashan, and Shenyang have higher growth rates,
with annual growth rates of 11.05%, 9.27%, 7.25%, and 10.42%, respectively.

3.2. Changes in Manure Nitrogen Nutrient Requirement of Crops in the Northeast Region

Figure 3 shows the manure nitrogen nutrient requirement of crops under three sce-
narios where the proportions of nitrogen nutrient in fertilization are 35%, 45%, and 55%,
respectively. On the whole, the change range of the manure nitrogen nutrient requirement
of crops in the northeast region was not very obvious. Except for Harbin and Suihua, which
showed a relatively obvious growth trends, the change range of the rest of the regions
was quite small, or increased or decreased slightly, indicating that the scale of the planting
industry has remained basically unchanged.

2008 2014 2019 N

(55%) .,

" Nitrogen nitrogen requirement
(ten thousand tons)

<!
-3
3-5

0 200 400 -5.7
" e

Figure 3. The manure nitrogen nutrient requirement of crops in the northeast region in 2008, 2014,
and 2019.

3.3. Changes in Livestock Carrying Capacity of Farmland in the Northeast Region

Figure 4 shows the livestock carrying capacity of farmland under three scenarios
where the proportion of nitrogen nutrient in fertilization is 35%, 45%, and 55%, respectively.
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low level
(35%)

medium level
(45%)

high level
(55%)

,,,,,

On the whole, the livestock carrying capacity in each region shows a downward trend,
indicating that the capacity of farmland to absorb livestock manure was declining. However,
it can be clearly seen from Figure 4 that the livestock carrying capacity of farmland in the
55% (high level) scenario is higher than in the 45% (medium level) scenario, and the 45%
scenario is also significantly higher than the 35% (low level) scenario, indicating that the
higher the proportion of nitrogen nutrient in fertilization, the higher the livestock carrying
capacity of farmland. Additionally, combined with the pig equivalent level of livestock
breeding in each region, it can be seen that the livestock production in 27 regions exceeded
the actual carrying capacity in 2008, and in 29 regions it was exceeded in 2019.

2014 2019 N

Livestock Carrying Capacity
(pig equivalent)

B <200
[ 200- 500
o o [ 1500-900
o [ 900 - 1400
. B 1400

Figure 4. The livestock carrying capacity of farmland in the northeast region in 2008, 2014, and 2019.

3.4. Changes in the Risk Coefficient of Regional Livestock Carrying Capacity of Farmland in the
Northeast Region

Figure 5 shows the risk coefficient of regional livestock carrying capacity of farmland
under three scenarios where the proportion of nitrogen nutrient in fertilization is 35%, 45%,
and 55%, respectively. On the whole, it can be clearly seen that the risk coefficient shows an
upward trend; although the risk coefficient slightly decreased in 2019, most of the regions
were still in the general risk area (1 < r < 2) and restricted area (r > 2). Under the scenario
of 35%, there were 13 regions in the potential area, which means the livestock production in
these regions did not exceed the livestock carrying capacity of farmland in 2008, and most
of these regions are located in Heilongjiang province. Additionally, there were 14 regions
in the general risk area, which means that the livestock manure in these regions exceed the
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maximum value that can be absorbed by farmland, and cannot be fully utilized locally. If
effective measures are not taken, this may cause pollution to the environment. Additionally,
there are nine areas in the restricted area, which means that the livestock manure in these
regions greatly exceeded the maximum value that the farmland can absorb, and most of
these regions are located in Liaoning province. In 2019, the potential area decreased to 7,
while the restricted area increased to 15, indicating that the regional ecological environment
is facing a major threat. Additionally, it can still be concluded that if the proportion of
nitrogen nutrient in fertilization is higher, the corresponding risk coefficient will be lower,
which means that the farmland can absorb more livestock manure.

2008 2014 2019 N

low level
(35%)

medium level
(45%)

high level

uuuuu

Risk coefficient of regional
livestock carrying capacity

<!
1-2
Sis [ B

Figure 5. The risk coefficient of regional livestock carrying capacity of farmland in the northeast
region in 2008, 2014, and 2019.

4. Discussion

7

In recent years, with the continuous transformation of northeast China’s residents
dietary structure, the demand for animal products has been increasing, so the production
scale of husbandry in this area has expanded significantly [40]. With the rise of modern
large- and medium-sized husbandry enterprises, large-scale production has been realized
in the breeding industry with intensive and factory-like characteristics. Large-scale breed-
ing enterprises have achieved spatial concentration, but the degree of integration with
agricultural production is becoming lower and lower. More and more manure is being
produced, but the path for manure to return to farmland is becoming narrower and nar-
rower. Zheng et al. (2019) also pointed that these changes can achieve large-scale economic
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growth in agricultural production and livestock manure treatment, but it often results in
environmental pollution and waste of resources due to the uncoordinated structure of
planting and breeding and the mismatch of planting and breeding spaces [41]. Behind this
alienation, another important problem is that a large amount of manure that is difficult
to digest in farmland is discharged into the ground and rivers in various ways, which
seriously pollutes the environment and water resources, and this then evolves into an
important environmental problem. Therefore, relocating the production activities of hus-
bandry to the agricultural ecosystem, reconstructing the combination mode and ecological
link between agriculture and husbandry, and ensuring the breeding waste is digested in the
ecological circulation system of agriculture and husbandry are important ways to realize
the sustainable utilization of farmland.

As for the changes in the livestock carrying capacity of farmland and risk coefficient,
from the results we can see that although compared with 2008 the risk coefficient shows a
significant improvement, some regions still have a decline compared with 2014, indicating
that the relevant policies issued by governments to promote the adjustment of planting
and breeding structure and the utilization of livestock manure resources have achieved
certain results. However, it cannot be ignored that there were still 28 regions where the
livestock manure exceed the maximum value that can be absorbed by farmland in 2019.
The regional ecological environment is facing huge challenges. Compared with the scenario
where the proportion of nitrogen nutrient in fertilization is 35%, the 55% scenario can
absorb more livestock manure, and the corresponding risk level will be lower. However,
from the perspective of agricultural production law, it is not the case that more fertilization
is more beneficial to farmland protection and crop production. Excessive nitrogen elements
may cause soil salinization, which is also not conducive to the sustainable use of farmland.
Fu et al. (2020) also pointed that we cannot rely on excessive fertilization to improve
farmland’s absorption of livestock manure [32]. Additionally, from the regional distribution
of the livestock carrying capacity, most of the restricted areas are concentrated in Liaoning
Province, while most of the potential areas are concentrated in Heilongjiang Province. This
also indicates that Liaoning Province urgently needs to take more scientific and effective
measures in strengthening the adjustment of the planting and breeding structure and the
utilization of livestock and poultry waste. Moreover, establishing a regulatory framework
for grazing could also be an effective mitigation measure that also improves farmland
quality. The degraded land can be restored by moderating grazing pressures rather than
completely banning livestock grazing [42—44].

5. Conclusions

In this paper, we selected the northeast region as the study area from the perspective
of soil nutrient demand; calculated the livestock carrying capacity of farmland under
three scenarios where nitrogen nutrient accounts for 35% (low level), 45% (medium level),
and 55% (high level) of fertilization; and carried out a risk analysis. We found that the
scale of husbandry breeding is expanding while the scale of the planting industry has
remained basically unchanged. Compared with 2008, the livestock carrying capacity risk
has displayed a significant improvement, but some regions still show a decline compared
with 2014. In the 35% scenario, the scale of livestock breeding in 29 out of 36 regions
exceeded the actual carrying capacity level, and 15 of them belonged to restricted areas in
2019, which means that livestock waste in these regions far exceeds the capacity of farmland
absorption, causing serious environmental problems in the long term. Additionally, the
potential areas were mostly located in Heilongjiang Province, while the restricted areas
were mostly located in Liaoning Province, which means that Liaoning province faces
greater threats in the aspect of environmental pollution from livestock breeding. Moreover,
in the case of mature organic fertilizer technology, the cross-regional deployment of organic
fertilizers (from restricted area to potential area) is also an important way to resolve the
environmental pollution of livestock and poultry manure.
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Therefore, the political implications of this paper include the following aspects: ad-
justing the structure of regional livestock breeding, improving the utilization rate of feed,
and adopting measures such as manure reduction methods to reduce the output of manure
nutrients; adjusting the regional planting industry structure and improving the output level
of farmland crops to increase the ability to absorb manure; and promoting the development
of the livestock manure processing industry and enhancing the production capacity of
organic fertilizer. Additionally, in regions with suitable conditions, we should formulate
policies to guide the regional allocation of the spatial layout of livestock farms and construct
an integrated pattern of regional planting and breeding (Figure 6).
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Figure 6. Schematic diagram of regional planting and breeding integration pattern.
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