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Abstract:  At present, the contradiction between survival and ecology necessitates 

the integration of crop planting, chemical fertilizer application and livestock and 

poultry breeding. Reasonably integrated crop-livestock systems (ICLSs) have become 

an important part of regional ecological and agricultural development. In this study, the 

relationship between manure nutrient demands for crops and manure nutrient supply 

from livestock is considered based on the balance of ICLSs in Jiangxi Province, China. 

The land carrying capacity index and potential of livestock breeding under 

uncoordinated systems are further discussed. The study also addresses water 

environmental risk due to surplus nutrients by integrating a traditional land carrying 

capacity framework and hydrological model. The results show that phosphorus 

absorption in land areas is the main limiting factor for the development of the livestock 

and poultry industries. In addition, manure nutrient demand exceeded supply in most 

districts, while the unbalanced regions with nutrient pollution are located in the upper 

and middle reaches of the Ganjiang basin. In addition, expanding the crop demand for 

manure or increasing the manure collection rate will help reduce environmental harm; 

however, attention should be paid to the risk of excessive manure returns. Additional 

livestock manure can be transferred to regions with developed crop planting systems. 

This study supports more harmonious and common ICLSs construction. 

Keywords: Agriculture; livestock and poultry breeding; land carrying capacity; 

combination of planting and breeding; Nonpoint source pollution 

1 Introduction 

Nowadays, the global agricultural system faces continual changes, including 

climate change, changes in demand for agricultural products, fluctuations in energy 
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prices, and restrictions on land, water and other natural resources. Improving the 

efficiency of agricultural production without harming the environment and adapting to 

these changes is a universal requirement of all the nations of the world to achieve 

sustainable agricultural development (Jones et al.,2017). Recently, agricultural systems 

have become concentrated on specialized farms and there has been a dramatic growth 

in farm output to meet domestic and international market demands (Sulc & 

Franzluebbers et al.,2014). Unfortunately, this growth accelerated the decoupling of 

crop and livestock production and caused a series of unintended negative environmental 

and ecological impacts, including soil erosion, water pollution and low crop diversity, 

leading to pest-related disasters (Peyraud et al.,2014; Hilimire.,2011; Russelle et 

al.,2007). The number of crop-livestock farms has been falling steadily in Europe 

(Ryschawy et al.,2017), Australia (Bell & Moore., 2012) and the United States 

(Franzluebbers.,2007). The decoupling of crop and livestock systems has also occurred 

in China, a traditionally agricultural nation, with the number of rural households 

planting crops and raising livestock in recent decades declining from 71% in 1986 to 

only 12% in 2017 (Jin et al.,2020). However, when designing systems, integrated crop-

livestock systems (ICLSs) have good potential based on their productivity in ecosystem 

functions and services; these systems utilize ecological interactions among crops and 

livestock to make agricultural ecosystems more efficient at cycling nutrients and 

preserving ecological functions and the environment, which are still highly 

marginalized worldwide (Bonaudo et al.,2014; Lemaire et al.,2014). 

The separation of planting crops and raising livestock is obvious in China. The 
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boom in livestock and poultry farms is stimulated by increasing population growth and 

living standards (Bai et al.,2018; Zhang et al. 2015b; Mueller et al.,2012; Tilman et 

al.,2011). The Food and Agriculture Organization (FAO) of the United Nations has 

reported that the current demand for protein has reached a total of 50% of the Chinese 

diet (Gu et al.,2019). The Ministry of Agriculture of China (MOA, 2018a) also 

predicted that consumption of meat will continue to grow in the next decade. Inevitably, 

the current high-cost pollutant control technology cannot keep up with the development 

of the livestock industry, leading to water environmental pollution, especially in rural 

China (Zhang et al. 2015a). On the other hand, chemical fertilizers, which have simple 

application processes and lead to higher yields than organic fertilizers, have become the 

driving force for grain growth, nutrients contributing at least 30% to 50%, especially in 

areas with limited arable land (Stewart et al.,2005). More synthetic fertilizer has been 

used and manure application has decreased, owing to the decoupling of livestock and 

croplands (Zhang et al.,2019). The China Ministry of Agriculture projected “zero 

growth” of chemical fertilizer use by 2020 (MOA, 2015). However, chemical fertilizer 

applications are increasing annually, with their use in China accounting for 35% of the 

global consumption (Yin et al.,2018), causing water eutrophication and degradation of 

soil quality (Strokal et al., 2016). Given the pressure from the two major agricultural 

pollution sources, determining how to apply livestock-cropland systems is vital for 

sustainable development (Zhang et al.,2019). 

Previous research has found that appropriately increasing manure fertilizer could 

improve crop yield and protect the environment at the scale of a field experiment 
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(Hijbeek et al.,2016; Chen et al.,2014). However, there are still difficulties in the large-

scale implementation of this practice. Farmers’ willingness to use manure has declined 

with the rising prices of rural labor, emigration of laborers to cities, implementation of 

regulation and policies by the government, and replacement of draught animals by 

machinery (Jin et al.,2020; Hilimire.,2011). Rebuilding the linkage between crop and 

livestock systems urgently requires some theoretical guidance, because integrated 

agriculture requires proficiency with both crops and livestock (Russelle et al.,2007). 

Previous studies have used the “pig/farmland ratio” (PFR) to reflect the degree of 

recoupling between livestock and croplands (Jin et al.,2020), the gray water footprint 

(GWF) to determine the dilution of livestock manure pollution (Yang et al., 2020), and 

the balance of nutrients in ICLSs to judge the carrying capacity (Wang et al.,2020). 

However, the current research on the supply and demand balance in ICLSs is still 

incomplete, lacking an understanding of livestock carrying capacity under different 

ratios and the risks to the water environment from the manure supply needed to meet 

crop demands. 

The objectives of this paper are to (1) propose a set of risk assessment methods for 

water environments that integrate traditional land carrying capacity frameworks and 

watershed hydrological simulations and (2) quantify the risk of excessive pollution in 

typical agricultural regions under uncoordinated integrated crop-livestock systems and 

provide references for optimizing the management of livestock and poultry breeding in 

the future. 
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2 Material and Methods 

2.1 Study area and data collection 

Jiang Xi Province in China was selected as the study area. The total grain output 

of Jiangxi Province was 21.9 million tons, ranking 13th in China according to the 

Bureau of Statistics of China. China, a large crop-producing nation, has only 8% of the 

world’s arable land, feeding 18% of the global population, but consumes 1/3 of the 

world’s chemical fertilizers (Liu et al.,2019; Heffer & Prud., 2008). As one of the 

traditionally agricultural provinces, Jiangxi Province has increased its use of fertilizers 

each year, reaching 1.436 million tons in 2015, compared to 1.032 million tons in 1993 

(Liu & Xie.,2018). In addition, the pollutants from livestock breeding, which are mostly 

distributed in regions with large amounts of animal products and relatively small areas 

of farmland, may exceed the local farmland carrying capacity in Jiangxi (Zheng & 

Fu.,2011). In addition, although the proportion of water quality improvement is 

increasing, the annual mean total nitrogen and total phosphorus concentrations (the 

main pollutants) show significant upward trends from the 1980s to 2018 in Poyang Lake 

(Li et al.,2020). There is great potential for exploring integrated crop-livestock systems 

by gradually improving the waste resource utilization index to protect the environment 

in Jiangxi. Thus, this study concentrates on Jiangxi, a typical agricultural area, to guide 

the future development of ecological agriculture in China. 

Jiangxi Province, the capital of which is Nanchang, is located in southeastern 

China and is composed of 11 districts and cities, including 100 districts and counties, 
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and has five main rivers: Ganjiang, Fu River, Xinjiang, Raohe and Xiu Rivers (Fig. 1). 

The land area is approximately 166,900 km2, accounting for 1.74% of China. The 

region is dominated by plains and hills, and red soil is the most widely distributed zonal 

soil. The annual average temperature is approximately 18°C, and the average annual 

precipitation is 1,341-1,940 mm.  

In this study, basic data on agricultural production were collected at the district 

scale in Jiangxi Province in 2016; the data collected included the types and yields of 

the main crops, the year-end inventory of livestock and poultry breeding, and the arable 

land area. In addition, basic raster data used in the model database, including DEM, 

land use, soil and weather data, were collected from the Geospatial Data Cloud website 

(http://www.gscloud.cn/sources/?cdataid=302&pdataid=10), Resource and 

Environmental Sciences Data Center (http://www.resdc.cn/data.aspx?DATAID=184), 

and China Meteorological Network(http://data.cma.cn/site/index.html). 

2.2 SWAT model 

In this study, the Soil and Water Assessment Tool (SWAT) model was used to 

simulate the hydrology in Jiangxi. The SWAT model is a semi-distributed and 

physically based model developed by the United States Department of Agriculture 

(USDA); it includes hydrological modules, soil erosion and sediment transport modules, 

nutrient transport modules, and plant growth and operations management modules 

(Arnold et al.,2012; Neitsch et al.,2011). The SWAT model, which is used to simulate 

the quantity and quality of surface water and groundwater, relies on easily obtained data 

http://www.resdc.cn/data.aspx?DATAID=184
http://data.cma.cn/site/index.html
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and has high calculation efficiency without requiring more time or money to calculate 

larger watersheds (Shen et al.,2012). The surface runoff was estimated using the 

modified Soil Conservation Service (SCS) curve number method (SCS, 1972), shown 

in formula (1) (Zhang et al.,2014). 𝑄𝑠𝑢𝑟𝑓 = (R𝑑𝑎𝑦−I𝑎)2R𝑑𝑎𝑦−I𝑎+𝑆                           (1) 

where Qsurf is the accumulated runoff or rainfall excess (mm H2O); Rday is the 

rainfall depth for the day (mm H2O); Ia is the initial abstraction, which includes surface 

storage, interception, and infiltration prior to runoff (mm H2O); and S is the retention 

parameter (mm H2O). 

2.3 Land carrying capacity evaluation from the perspective of ICLSs 

Crop nutrient demands are calculated using crop yields and the nitrogen and 

phosphorus nutrient demands of the unit area of the crop yields under different crop 

types, as shown in formula (2). The nitrogen (phosphorus) nutrient requirements of 

different crops can be found in Table S1 (MOA,2018b; Zhang et al.,2015), sourced from 

the official website of the Ministry of Agriculture and FAO. 𝑁𝑈𝑁,𝑃 = ∑ 𝑃𝑖𝑛𝑖 ∗𝐶𝑖100                             (2) 

where 𝑁𝑈𝑁,𝑃 is the total amount of nitrogen (phosphorus) nutrient demand of all 

crops, 𝑃𝑖  is the yield of the ith crop in the regions (t ·a-1), and  𝐶𝑖  is the nutrient 

requirement for the ith crop to reach a yield of 100 kg (kg·100 kg-1). 

The crop manure nutrient demands come from livestock and poultry breeding, 

as calculated by formula (3). The ratio of the nutrients supplied the fertilizer to the total 
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nutrient requirements of a crop (FP) can be obtained based on the soil nutrient 

background content, which considers the contents of soil available phosphorus and soil 

total nitrogen in Jiangxi Province. According to the actual soil nitrogen and phosphorus 

survey results, the total nitrogen content of the arable land was greater than 1.2 g/kg in 

11 municipal districts (Table S2). The ratio of nitrogen nutrients supplied by fertilizer 

(FP of nitrogen) was 35% (Table S3). The soil available phosphorus content is mainly 

distributed in the range of 10-40 mg/kg. Thus, the comprehensive ratio of phosphorus 

nutrients supplied by fertilization (FP of phosphorus) was 48.45% (Table S4). The ratio 

of manure to fertilization (MP) in different regions is usually determined according to 

actual local conditions. In this study, an FP of 50% is used, which is the value provided 

by most Chinese agricultural technicians (Zhu et al.,2020; Li et al.,2016; Huang et 

al.,2006). In addition, nitrogen and phosphorus utilization efficiencies of manure and 

urine nutrients (MR) of 30% and 35%, respectively, were adopted, as recommended by 

the Ministry of Agriculture (MOA, 2017). Considering the developed agricultural 

practice in Jiangxi and the relatively high utilization of organic resources, the upper 

limit is selected as the value of MR. 𝑁𝑈𝑟.𝑚 = 𝑁𝑈𝑁,𝑃∗𝐹𝑃∗𝑀𝑃𝑀𝑅                         (3) 

where 𝑁𝑈𝑟.𝑚 is the crop manure nutrient demand (t·a-1), 𝑁𝑈𝑁,𝑃 is the total 

nitrogen and phosphorus nutrient demand of all crops (t·a-1), 𝐹𝑃  is the ratio of 

nutrients supplied by fertilization to the total nutrient requirements of the crop (%), 𝑀𝑃 

is the ratio of nutrients supplied by manure to the total nutrients supplied by fertilization, 

and 𝑀𝑅 is the utilization efficiency of the nutrients from manure and urine (%). 
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The manure nutrients supplied by livestock and poultry breeding accounts for 

the loss of nutrients in the processes of collection, treatment and storage, as calculated 

by formula (4). The livestock and poultry inventory was obtained from the statistical 

yearbook of Jiangxi, and the excretion coefficient is obtained from references (Wang et 

al.,2020; Jia et al.,2018; China,2009). The collection rate of livestock manure represents 

a comprehensive utilization rate, which is set as 87.8% based on local investigation. In 

addition, the nitrogen (phosphorus) retention rate in the process of manure collection 

and treatment was 62% (72%), as described by the Ministry of Agriculture in 2018 

(MOA, 2018), under the conditions of solid manure composting, sewage storage in 

oxidation ponds, or farmland utilization after anaerobic fermentation. These treatments 

are similar to those used for livestock and poultry manure in Jiangxi Province (Yan et 

al., 2017). 𝑀𝑠 = ∑ 𝐴𝑖 ∗ 𝐸𝑖𝑛𝑖=1 ∗ 𝐺𝑟 ∗ 𝑆𝑟                  (4) 

where 𝑀𝑠 is the manure nutrient supply from livestock and poultry breeding in the 

region (t·a-1), 𝐴𝑖 is the inventory of the ith livestock or poultry species, 𝐸𝑖 is the annual 

nitrogen (phosphorus) excretion coefficient of the ith livestock or poultry species (kg·d-

1) (Table S5), 𝐺𝑟 is the collection coefficient in the region (%), and 𝑆𝑟 is the nutrient 

retention rate, which is related to the treatment methods (%). 

The pig equivalent standard is a measurement unit used to determine the amount 

of nitrogen and phosphorus excreted by livestock and poultry, as shown in formula (5). 

This unit provides a more convenient basis for calculation and quantity comparisons. 

Pig equivalents, in which one pig is equivalent to one pig, can be used as measurement 
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standards for calculating the amount of livestock and poultry breeding in regions (MOA, 

2018). Then, the manure nutrient supply per pig equivalent is calculated based on the 

ratio of the total manure nutrient supply to the total pig equivalent value in the region 

(formula (6)). 𝑄 = ∑ 𝐴𝑖 ∗ 𝑅𝑖𝑛𝑖=1                               (5) 𝑁𝑆𝑟,𝑎 = 𝑀𝑠Q ∗ 1000                               (6) 

where Q is the actual inventory of the livestock and poultry breeding in the region 

(pig equivalent), 𝐴𝑖 is the inventory of the ith livestock or poultry species, and 𝑅𝑖 is 

the conversion coefficient of the ith livestock or poultry species to the pig equivalent. 

According to guidelines, 100 pigs = 15 cows = 30 beef cattle (draught cattle) = 250 

sheep = 2,500 poultry (MOA, 2018). 𝑁𝑆𝑟,𝑎  is the manure nutrient supply per pig 

equivalent (kg). 

The land carrying capacity of livestock and poultry breeding refers to the largest 

stock of livestock and poultry that can be carried by cultivated land, woodland and 

grassland in regions with conditions suitable for sustaining terrestrial ecosystems. The 

theoretical maximum breeding quantity based on crop nutrient demands being met by 

manure (manure nutrient supply per pig equivalent) can be calculated by formula (7). 

In this study, the ratio of the actual number of livestock and poultry bred to the 

maximum breeding number is used to characterize the carrying capacity, as shown in 

formula (8). When the ratio is larger than 1.0, the number of livestock and poultry bred 

in the region is above carrying capacity. 𝑅 = 𝑁𝑈𝑟,𝑚𝑁𝑆𝑟,𝑎 ∗ 1000                     (7) 
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𝐼 = 𝑄𝑅                              (8) 

where R is the theoretical maximum breeding quantity based on the crop nutrient 

demand being met by manure (pig equivalent) and I is the index of the land carrying 

capacity of livestock and poultry breeding. 

The potential carrying capacity of livestock and poultry breeding equals the 

difference between the theoretical maximum breeding level and the actual breeding 

level, calculated based on formula (9). This represents the extra amount of livestock 

breeding accommodated by the regional crop manure demand. However, the nutrient 

supply from livestock manure may exceed the crop nutrient demands in some districts 

and counties. If these excess nutrients are not handled properly and immediately, they 

can enter cultivated land systems. The extra farmland load, calculated by formula (10), 

is then used to characterize the pollution risk of cultivated land once crop nutrient 

demands are met by the manure. 𝐶 = 𝑄 − 𝑅                              (9) 𝐸𝑙𝑜𝑎𝑑 = 𝑀𝑆−𝑁𝑈𝑟.𝑚𝐴𝑟𝑒𝑎∗100                         (10) 

where C is the potential carrying capacity of livestock and poultry breeding (pig 

equivalent), 𝐸𝑙𝑜𝑎𝑑 is the extra farmland load (kg·hm-2), and Area is the arable land area 

in the district and county, extracted from a 2015 land use map of Jiangxi Province (km2). 

2.4 Water environmental risk assessment using an integrated model and land 

capacity 

In this study, simulated hydrology and traditional land carrying capacity 

frameworks were integrated to calculate the concentrations of nitrogen and phosphorus 
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in surface water at the subbasin scale using formula (11). Then, these concentrations 

are compared with the surface water environmental quality standards to characterize 

the risk level in each area. The study area was divided into 303 subbasins based on a 

DEM of the Poyang Lake basin, which covers almost the entire province. Furthermore, 

the additional manure nutrient supply was calculated after meeting crop nutrient 

demands based on the percentage of area in the district covered by the subbasin. Next, 

the additional pollutants from livestock breeding were further calculated to determine 

the pollutant load actually migrating into water bodies, and this value was combined 

with the farmland pollutant loss coefficient (12%) (Wang et al., 2009). 𝐶𝑠𝑢𝑏 = 𝑀𝑠𝑢𝑏∗12%𝑊𝑠𝑢𝑏                     (10) 

where 𝐶𝑠𝑢𝑏 is the concentration of nitrogen (phosphorus) in surface water, 𝑀𝑠𝑢𝑏 is 

the nitrogen (phosphorus) content in each subbasin (kg), and 𝑊𝑠𝑢𝑏 is the total runoff 

of each subbasin simulated by the SWAT model (m3). 

3 Results 

3.1 Analysis of the carrying capacity considering the supply and demand 

relationship 

Crop manure supply and demand analysis. The total nitrogen and phosphorus 

nutrients required by crops in the districts of Jiangxi Province are shown in Fig. 2 (a) 

and (d). The manure demands of crops are shown in Fig. 2 (b) and (e), and their spatial 

distribution is consistent with the crop nutrient demand. The crop nitrogen and 

phosphorus demands from manure range from 0-19930 t and 0-7066 t, with mean values 
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of 4250 t and 1551 t per district, respectively, with the nitrogen fertilizer use being more 

than twice the phosphate fertilizer use. The result also reveals that the regions 

surrounding the lake tend to have higher manure nutrient demands due to the developed 

state of the planting industry. The crop growth in these regions benefit from better water 

and heat conditions, fertile soil, and large proportions of paddy and cultivated fields and 

are an important grain commodity source for China (Xie et al.,2016). The application 

of organic fertilizer can provide a variety of nutrients for crop production while 

protecting the environment (Hijbeek et al.,2016). However, in the districts with rapid 

urbanization, such as Xihu district and Qingyunpu district, the demand for crops is very 

low. 

The nitrogen and phosphorus provided by livestock and poultry breeding are shown 

in Fig. 2 (c) and (f). These results indicate that a high manure supply from livestock is 

distributed near Poyang Lake, surrounding the middle reaches of the Ganjiang basin, 

similar to the overall distribution of the manure demand for crops (Fig. 2 (b) and (e)). 

The regions with high manure supply and demand include the counties of Gao'an, Taihe, 

Nanchang, Fengcheng, Ji'an, and Jinxian, as shown in Fig. 2 (c) and (f). To some extent, 

the distribution of livestock breeding in Jiangxi is more reasonable, owing to the 

consistency with manure demand for crops. The nitrogen and phosphorus contents in 

manure range from 0-9177 t and 0-5998 t, with mean values of 2119 t and 1430 t per 

district, respectively. The comparison of the mean values of nutrient demand and supply 

per district showed that the manure nitrogen supply is insufficient and lower than the 

crop nitrogen demand (4250 t per district). The manure phosphorus supply is close to 
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the crop phosphorus demand (1551 t per district). Thus, in most districts, phosphorus is 

more likely than nitrogen to contribute to livestock manure pollution. 

The livestock analysis based on pig equivalent. the distribution of actual 

livestock in each region is shown in Fig. 3 (1) and is consistent with the spatial 

distribution of the manure nutrient supply (Fig. 2 (c) and (f)), where the southern area 

of Poyang Lake and the middle reaches of the Ganjiang basin tend to have higher 

concentrations of livestock and poultry farms. High values of livestock breeding are 

distributed in the cities of Nanchang, Yichun, and Ji'an, with a range of 0.874-1.322 

million pig equivalents. Among them, Gao’an city has the largest value, with 1.322 

million pig equivalents. The manure nutrient supply per pig equivalent are shown in 

Fig. 3 (2) and (3). The nitrogen nutrients per pig equivalent ranged from 5-8 kg, with 

a mean value of 6.47 kg. The phosphorus nutrients per pig equivalent ranged from 4-

5.5 kg, with a mean value of 4.38 kg; this value is lower than the nitrogen nutrient 

supply per pig equivalent and is related to the lower phosphorus content in livestock 

excretions. The spatial distribution shows that high values of nitrogen content per pig 

equivalent are mostly distributed in the middle reaches of the Ganjiang basin and the 

upper reaches of the Fu River basin (Fig. 3 (2)), while phosphorus is more widely 

distributed, including around Poyang Lake, as shown in Fig. 3 (3). Obviously, the 

value provided by the pig equivalent unit is relatively stable, although there are 

fluctuations within a small range. These fluctuations are related to the type and 

methods of feeding, technological processes used, and manure disposal methods of the 

livestock and poultry breeding industry in the actual region (MOA,2018; Philippe et 
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al.,2011). 

The theoretical livestock maximums based on the land carrying capacity for crop 

nutrient requirements are shown in Fig. 4 (I) and (II). As Fig. 4. (I) shows, there is a 

relatively high livestock carrying capacity near Poyang Lake (including in Poyang, 

Nanchang, and Yugan Counties and the cities of Fengcheng, Gao’an, and Linchuan), 

with more than 1.7 million pig equivalents. The average livestock carrying capacity of 

each district is 0.636 million pig equivalents based on nitrogen. However, based on 

phosphorus, the livestock carrying capacity is in the range of 0-1.413 million pig 

equivalents, with a mean value of 0.343 million in each district (Fig. 4 (II)), close to 1/2 

of the mean value of nitrogen. These findings may be related to the lower demand for 

phosphorus by crops, resulting in relatively low theoretical carrying capacity and 

indicating that phosphorus pollution is a key factor in local livestock restriction. A 

previous study proved that phosphorus levels would be elevated by the long-term 

application of phosphorus fertilizer and animal wastes, leading to eutrophication 

(Carpenter.,2008). 

In addition, the livestock carrying capacity index, calculated based on nitrogen 

and phosphorus, is shown in Fig. 4 (III) and (IV), respectively. The index value in 

Dongxiang, Xinfeng and Longnan Counties is higher than 1.0 in Fig. 4 (III), indicating 

higher risk, though the livestock carrying capacity index is lower than 1.0 among most 

regions. The potential risk reflected by the index calculated based on phosphorus was 

more severe than that calculated based on nitrogen, as shown in Fig. 4 (IV). Except for 

key regions exceeding 1.0 (consistent with the distribution of nitrogen), there are 
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different degrees of elevated risks along the Ganjiang basin and the Xinjiang Basin, 

including Ganzhou, Pingxiang, Yichun, Ji'an and Nanchang cities. The soil in these 

regions is fertile, with soil available phosphorus ranging from 20-35 mg/kg, according 

to local investigations, which suggests reduced phosphorus demand from livestock 

manure. Thus, more attention should be paid to phosphorus nutrient inputs from 

livestock manure when developing ICLSs (Daniel et al.,1998). 

The theoretical breeding potential of livestock based on nitrogen and 

phosphorus nutrients, respectively, are shown in Fig. 5 (m) and (n). Apparently, regions 

surrounding Poyang Lake and the middle reaches of the Rao River basin can 

accommodate more livestock, which is related to the locally high manure nutrient 

demand by crops in ICLSs. The negative values shown in the south and west of Jiangxi, 

including the Ganjiang basin and eastern Xinjiang basin, indicate that plans in these 

regions should consider the currently existing livestock breeding level. It may be good 

for ecological agriculture to migrate manure into districts with high manure nutrient 

demand for crops, such as regions near Poyang Lake. Although previous governmental 

measures were implemented to move the livestock breeding industry out of the areas 

surrounding the lake by delimitating restricted regions to prevent water pollution, the 

benefits of ICLSs cannot be ignored (Bell & Moore., 2012). A previous study pointed 

out that the manure fertilizer produced in the southern region can be appropriately 

transported to regions with more developed planting systems, such as the central and 

northern regions of Jiangxi Province, to solve manure pollution problems (Jia et 

al.,2015). 
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The distribution of the extra farmland loads after meeting the manure nutrient 

demand of crops are shown in Fig. 5 (o) and (p), where negative values represent areas 

not experiencing pressure from extra manure; the smaller the negative value is, the 

lower the pressure from farmland pollution. Positive values represent pressure on the 

farmland from extra manure, and the greater the positive value is, the greater the manure 

load per unit of farmland. The nitrogen balance between crop planting and livestock 

breeding is shown in Fig. 5 (o). Southern Ganzhou city experiences relatively high 

farmland nutrient pollution, with excess manure nutrients ranging from 32-69 kg·hm-2, 

with an average of 44 kg·hm-2. However, the results based on the phosphorus balance 

show that more farmlands need to decompose excessive phosphorus nutrients input, as 

shown in Fig. 5 (p). The results also include Dongxiang, Ji'an, Taihe and Guangfeng 

Counties (excluding southern Ganzhou), with values ranging from 25-75 kg/hm2. 

Reasonably planning for and controlling excess manure nutrients in cultivated land is 

necessary in ICLSs (Svanbäck et al.,2019). In particular, the additional absorption by 

farmland of phosphorus creates greater risk prevention and control challenges for local 

water environments.  

3.2 Water environmental risk assessment 

This study combines hydrological data of major river basins from 2009 to 2018 for 

use in the simulation. The years from 2009-2013 serve as the calibration period and 

those from 2014-2018 serve as the verification period. The coefficient of determination 

(R2) and Nash-Sutcliffe efficiency (NSE; Nash and Sutcliffe,1970) index both show 
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good results, with values exceeding 0.75 (Fig. 6). The concentrations of total nitrogen 

and phosphorus in each subbasin are shown in Fig. 7 (r) and (s), respectively, with 303 

subbasins. Negative values indicate that regions can achieve a balance between crops 

and livestock with no excess pollution emissions, owing to the manure nutrient demand 

of crops and livestock manure supply. The water environmental risk assessment was 

conducted by comparing the results of the total nitrogen and phosphorus concentrations 

with surface water environmental quality standards. Fig. 7. (r) shows that the southern 

Ganjiang basin, including Xinfeng and Longnan Counties, consists of type IV water, 

with great risk of exceeding the standards, which needs to be considered when applying 

manure. However, the phosphorus pollution in water bodies is more serious than the 

nitrogen pollution (Fig. 7 (s)). The regions with high concentrations of phosphorus (> 

0.4 mg·L-1) are distributed in the southern and central areas of the Ganjiang basin, 

mainly in Ganzhou and Ji'an cities, including Xinfeng, Longnan, Taihe, Ji'an, and Anfu 

counties. Among these locations, the water is classified as inferior to type V water. The 

aquatic environments in these areas have greater risks than those in other areas, which 

indicates that the scale of livestock and poultry breeding needs to be further optimized. 

According to the spatial distribution of nitrogen and phosphorus concentrations at 

the subbasin scale, the surface water quality of most subbasins is type III (TN ≤ 1.0 

mg/L; TP ≤ 0.2 mg/L), meeting the surface water environmental quality requirements 

of Jiangxi. To some extent, these regions can achieve the combination of planting and 

livestock and poultry breeding. However, the upper and middle reaches of the Ganjiang 

watershed need to focus on the risk of excessive phosphorus pollution caused by the 
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development of livestock and poultry breeding industries in the future. Livestock 

manure can be highly processed to produce organic fertilizer. Then, this fertilizer can 

be transported to regions with developed planting industries, such as Poyang Lake, thus 

taking advantage of regional resource integration (Jia et al.,2015). 

4 Discussion 

4.1 Changing nutrient demand and supply affect environmental risk 

Many factors influence the crop-livestock system, including the willingness of 

rural residents to participate, manure treatment technology, natural resources, policy 

and management (Jin et al.,2020; Ryschawy et al.,2017; Hilimire.,2011; 

Franzluebbers.,2007). Among these, the proportion of crop demand and the proportion 

of manure returned to the field are the two most direct impacts. Thus, this study focuses 

on these two aspects to further explore their impact. 

At present, the return rate of livestock manure to the field has become a critical 

factor in achieving nutrient cycling in ICLSs. This study combines the characteristics 

of domestic and foreign livestock manure practices, with return rates of 30%, 40%, 50%, 

60%, and 70%, to explore the number of districts and counties where the manure supply 

exceeds the farmland demand (Bai et al., 2016; Gu et al., 2015). The numbers of 

districts and counties where the manure supply exceeds the crop manure demand are 

shown in Fig. 8. This result indicates that the amount of chemical fertilizers used in 

crop fertilization has decreased and that the proportion of organic fertilizer has 

increased, resulting in the number of districts exceeding the land carrying capacity 
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declining. Phosphorus pollution was more severe than nitrogen pollution in Jiangxi, as 

shown in Fig. 8, which was related to the low demand for phosphate fertilizer by crops 

and the large amount of phosphorus produced by livestock manure. To set a reasonable 

rate of return of livestock manure to the field, it is necessary to fully consider the impact 

of multiple factors, such as local planting and breeding patterns, soil nutrients, crop 

demands, and the impact of manure on food (Yang et al., 2017). Blindly returning all 

manure to the field may cause a soil nutrient surplus, leading to serious water 

environment risks. Therefore, exploring the optimal ratio of livestock manure return to 

the field will be necessary in the future. 

Besides, the supply of manure nutrients, which determines the nutrient input, is 

also an important part of ICLSs. The annual excretion of livestock varies greatly due to 

species, growth period, feed, management level, climate, and other reasons (Bao et al., 

2019). The manure collection rate was set in the range of 50%-95%, combined with the 

current situation of large-scale livestock breeding farms being the dominant farm type 

in China (Bai et al., 2018), to quantitatively characterize the possible pollutant 

discharge amount caused by different collection rates. The pollutant discharge amount 

decreased as the collection rate increased overall, as shown in Fig. 9. The pollutants 

directly discharged into the environment declined with increasing collection rate. 

However, the collected manure will indirectly cause a soil nutrient surplus once it 

exceeds the nutrient demands of crops, as it likely flows into water bodies due to the 

process of soil erosion. This phenomenon is especially apparent in the results for 

phosphorus (Fig. 8). This finding forces us to pay attention to the pollution caused by 
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the surplus in nutrients returned to fields as collection rates continuously improve and 

to realize that the manure demand for crop production is very meaningful for preventing 

arable land from exceeding the land carrying capacity and pollution from exceeding 

water environmental quality standards (Zhang et al., 2019). In addition, both the 

collection rate and the nutrient retention rate of livestock affect the manure nutrient 

supply for crops. Livestock manure is mainly treated by composting, sewage oxidation 

pond storage or farmland utilization after anaerobic fermentation in China (Yan et al., 

2017; Dong et., 2020). These methods can be combined with pollutant monitoring of 

breeding facilities to further explore their impact on ICLSs in the future. 

4.2 Shortcomings and understanding of ICLSs 

Farming and breeding are integrated in crop-livestock-forestry systems (de 

Carvalho et al., 2019) more widely globally than in China. In China, integrated systems 

focus more on the utilization of livestock and poultry manure, ignoring the impact of 

the coupling of livestock manure nutrients, soil nutrients, and chemical fertilizers on 

food production (Iqbal et al., 2019), which has attracted attention. In the current mode 

of controlling livestock and poultry pollution, the livestock breeding industry has been 

required to move away from rivers, while regions with developed planting industries 

are often close to rivers, causing a series of problems, such as difficulties in livestock 

and poultry manure collection and transportation costs (Bai et al., 2016). Exploring the 

compatibility of farmland and livestock breeding farms in ICLSs and how to achieve 

coupling of planting and breeding in the same area is one issue that urgently needs to 
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be focused on in the future. It is necessary to further the exploration of phosphate 

fertilizers in the future. 

ICLSs, which rely on internal circulations, are an environmentally friendly way to 

ensure food production under limited resources and have received attention from an 

increasing number of countries and regions (Lemaire et al.,2014; Bonaudo et al.,2014). 

However, the current evaluation system for ICLSs is not perfect, lacking evaluation 

indicators for the effects of internal coupling, and more attention has been paid to land 

carrying capacity (Zhu et al., 2020). Moreover, the estimation of risks to water 

environments has mostly been performed through empirical modeling (Yang et al., 

2020), with research on the mechanisms driving the relationship between ICLSs and 

the water environment lacking. Thus, a mechanism-based model, combining terrain, 

rainfall, soil and other factors, is needed in the future to further analyze the process by 

which livestock pollution enters water bodies. In addition, the basic assumption is that 

all the nutrients returned to fields are first absorbed by crops, and then the excess is 

drained out, ignoring the impact of the rainy season. The impact of rainfall needs to be 

further refined and considered spatially and temporally to evaluate the effects of ICLSs; 

this effect can also be studied with a mechanism-based model. 

5 Conclusion 

In this study, the relationship between the manure nutrient demands of crops and 

manure nutrient supply from livestock were investigated and the environmental impact 

caused by the uncoordinated crop-livestock systems was assessed. The results showed 
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that crop-livestock systems were relatively balanced regionally, somewhat unbalanced, 

especially in Dongxiang, Xinfeng and Longnan Counties. From the results of nitrogen 

and phosphorus nutrients calculated, phosphorus pollution was the main limiting factor 

for local livestock and poultry breeding, with more serious risks to land carrying 

capacity and the water environment, than excess nitrogen nutrient loads. Hotspots is in 

the southern and central areas of the Ganjiang basin. And nutrient transfer between 

regions will help to alleviate the risk in hotspots with high pollutant loads. For the joint 

analysis of nutrient demand and supply changed, it found that increasing in the ratio of 

manure collected or crop nutrient demands are both beneficial for solving livestock 

pollution problems. However, the risks of excessive amounts of feces being returned to 

fields need to be clear. In the future, it is necessary to vigorously explore the specific 

practical measures of the integrated crop-livestock systems, and be alert to 

environmental risks caused by uncoordinated systems. 
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Figure. 1. Geographical Location of Jiangxi Province. 
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Figure. 2. The crop nitrogen and phosphorus nutrient demands are shown in (a) and (d); 

the manure nitrogen and phosphorus nutrient demands for crop growth are 

shown in (b) and (e); and the manure nitrogen and phosphorus nutrient 

supplies are shown in (c) and (f). 

Figure. 3. The final inventory of each district and county converted to pig equivalent 

units in 2016 is shown in (1); the nitrogen and phosphorus nutrient contents 

per pig equivalent are shown in (2) and (3), respectively. 

Figure. 4. The theoretical maximum livestock based on the land carrying capacity and 

considering nitrogen and phosphorus nutrition are shown in (I) and (II); the 

carrying capacity indexes considering nitrogen and phosphorus nutrition are 

shown in (III) and (IV), respectively. 

Figure. 5. The breeding potential of livestock and poultry based on the calculation of 

nitrogen and phosphorus nutrient demand and supply are shown in (m) and 

(n) (pig equivalent). The excess units of farmland loads of nitrogen and 

phosphorus nutrients in each district are shown in (o) and (p), kg/hm2. 

Figure. 6. Results of hydrological calibration and validation in the Ganjiang, Xinjiang 

and Fu Rivers. 

Figure. 7. The distribution of nitrogen and phosphorus concentrations in the water 

environment under additional livestock manure loads are shown in (r) and (s), 

respectively. 

Figure. 8. The number of districts exceeding the land carrying capacity under different 

ratios of manure supply to fertilization. 
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Figure. 9. Discharge amounts of total nitrogen and total phosphorus under different 

manure collection coefficients. 

 



Figures

Figure 1

Geographical Location of Jiangxi Province. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 2

The crop nitrogen and phosphorus nutrient demands are shown in (a) and (d); the manure nitrogen and
phosphorus nutrient demands for crop growth are shown in (b) and (e); and the manure nitrogen and
phosphorus nutrient supplies are shown in (c) and (f). Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 3

The �nal inventory of each district and county converted to pig equivalent units in 2016 is shown in (1);
the nitrogen and phosphorus nutrient contents per pig equivalent are shown in (2) and (3), respectively.
Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.

Figure 4



The theoretical maximum livestock based on the land carrying capacity and considering nitrogen and
phosphorus nutrition are shown in (I) and (II); the carrying capacity indexes considering nitrogen and
phosphorus nutrition are shown in (III) and (IV), respectively. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.

Figure 5

The breeding potential of livestock and poultry based on the calculation of nitrogen and phosphorus
nutrient demand and supply are shown in (m) and (n) (pig equivalent). The excess units of farmland
loads of nitrogen and phosphorus nutrients in each district are shown in (o) and (p), kg/hm2. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.

Figure 6

Results of hydrological calibration and validation in the Ganjiang, Xinjiang and Fu Rivers.



Figure 7

The distribution of nitrogen and phosphorus concentrations in the water environment under additional
livestock manure loads are shown in (r) and (s), respectively. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 8

The number of districts exceeding the land carrying capacity under different ratios of manure supply to
fertilization.

Figure 9

Discharge amounts of total nitrogen and total phosphorus under different manure collection coe�cients.
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