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• One evaluation procedure for excess/
deficiency of manure and meat is
proposed.

• The excess/deficiency of manure and
meat in eastern regions of China
were assessed.

• Meat self-sufficiency was met with-
out manure excess only in ~15% of
the regions.

• GDP and arable land per capita af-
fected the excess/deficiency of ma-
nure and meat.
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Due to the rising incomes and rapid urbanization, China is facing a challenge in producing more meat while
avoiding excess manure. These objectives might be in contrast: if excess manure is avoided, meat self-
sufficiency might not be met; in contrast, meeting meat self-sufficiency might cause severe excess manure.
Our study (1) characterizes the eastern regions of China according to the deficiency/excess of manure nitrogen
andmeat production, and investigates their relationships with natural resources and social economic indicators;
(2) analyzes how the trade-off changeswith increasing proportion of chemical nitrogen substitutedwithmanure
nitrogen (PCSM). Elaborating on data, we divided eastern regions of China into types according to satisfaction/
unsatisfaction of meat demand and deficiency/excess of manure. We then re-calculated the number of regions
in each type simulating the effect of increasing values of PCSM. In ~15% of the regions, meat self-sufficiency
was met without manure excess, but in ~76% of the regions, manure excess occurred where meat self-
sufficiency was met. In ~2% of the regions, meat self-sufficiency was not met and manure excess was absent;
in ~7% of the regions, meat self-sufficiencywas notmet and excessmanurewas observed. The higher the regions'
GDP (gross domestic product) per capita, the lower their ability to satisfymeat demand; themore arable land per
capita in the regions, the higher their ability to satisfymeat demand and avoid excessmanure. For the scenarios of
increasing PCSM, our results show that some regions still cannot avoid excess manure with unchanged livestock
quantity, althoughmanure fertilizer completely replaced chemical fertilizer. Our study suggests that the regions
of eastern Chinaneed to advocate a healthy diet and strengthen themanagement of foodwaste and livestockma-
nures. The study is significant for policymakers to achieve sustainable agricultural production.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

The livestock sector is linked with the United Nations Sustainable De-
velopment Goals, and balancing both the costs and benefits of the live-
stock sector is important to achieve a sustainable agri-food system
(Mehrabi et al., 2020). China is the largest developing countryworldwide,
and its livestock sector is dealing with the challenge of increasing meat
production in the face of rapid economic growth and population increase
(Gandhi and Zhou, 2014; Shimokawa, 2015). According to statistics,
China's meat production increased by approximately three times from
1988 to 2018 (NBS, n.d.) as a result of a number of policies, such as the
Shopping Basket Program (Zhang et al., 2019), supporting the develop-
ment of a feed-milling industry, and subsidizing imports of more produc-
tive animal breeds (Hansen and Gale, 2014). The livestock rearing model
in China has been transformed from traditional household production to
intensive industrial production (Qian et al., 2018; Wang et al., 2016),
and some studies have pointed out that the current intensive and special-
ized livestock production is not sustainable (FAO, 2006) because, through
manure excess nutrient accumulation, it can cause negative environmen-
tal effects, such as biodiversity loss, climate change (e.g., CH4 emission),
soil erosion, and air and water pollution (e.g., eutrophication) (Peyraud
et al., 2014; Ryschawy et al., 2017; Tang et al., 2012; Xia et al., 2017).

Achieving meat self-sufficiency while avoiding excess manure is an
important objective set by China (MARAPRC and MEEPRC, 2020;
MARAPRC, 1988). Meat is recognized as a valuable food of animal origin
because of its high nutrient content (e.g., protein and micronutrients)
(Mullen et al., 2017). Many countries have targeted meat self-
sufficiency by promoting a series of measures and policy decisions
(Metelkova et al., 2019; Nugroho et al., 2013). These policy decisions
were based on multiple factors, such as the risk of volatile prices in
the international market (Clapp, 2017), food supply chain disruptions
and trade restrictions due to the prevailing COVID-19 pandemic
(Laborde et al., 2020), and global warming caused by greenhouse gas
emissions through transportation (Pradhan et al., 2020). However, a
trade-off might occur: achievingmeat self-sufficiency might lead to ex-
cessmanure; on the contrary, avoiding excessmanuremight not ensure
meat self-sufficiency. The increasing and alarming levels of pollution
caused by excess manure have been recognized in previous studies
(Chadwick et al., 2015; Bai et al., 2018). Although manure constitutes
an organic source of nutrients for crops, if not managed properly, it
could be a source of pollution when its amount exceeds the crop de-
mand (Bai et al., 2018). Improving manure management is an effective
way to reduce environmental impacts (Leinonen, 2019).

To quantify and analyze the trade-off between meat self-sufficiency
and manure excess avoidance, it is important to calculate, for a region,
the manure need and the meat demand. One condition to avoid manure
pollution in a region is that the nutrient supply from livestock manure
does not exceed the appropriate quantity of nutrients needed by the
crops in the region. Some studies have analyzedmanure nutrient produc-
tion and consumption at the local level to check whether the livestock
manure in a region was excessive (see Barker and Zublena (1995) for
North Carolina; Bateman et al. (2011) for England; Gerber et al. (2005)
for Asia; Peng and Bai (2013) for China). All these studies mainly focused
on the environmental carrying capacity of livestock manure but did not
consider it in relation to the satisfaction of local meat self-sufficiency.

Increasing the use ofmanure in fields as a substitution formineral fer-
tilizer is an effective strategy to reduce excess manure. Previous studies
have shown that increasing the use of manure nitrogen (N) for fertiliza-
tion decreases not only the manure excess close to livestock production
systems but also the use of mineral fertilizer, which is another severe
source of eutrophication (Cai et al., 2015; Savci, 2012; Tang et al., 2012).
The application of organic manure combined with chemical fertilizers
can help maintain crop yield and improve soil fertility (Xie et al., 2016;
Zhou et al., 2019). Besides, substituting livestock manure for synthetic N
fertilizer significantly decreased reactive N losses via NH3 emission, N
leaching, and N runoff (Xia et al., 2017). Therefore, increasing manure
2

application for crops per arable land is one of the optimal ways to avoid/
reduce excess manure. Theoretically, other strategies can also reduce ex-
cess manure. One strategy would be to increase the crop-cultivated
areas or increase the number of crops in the same land per year. However,
rapid urbanization and industrialization in China have caused a drastic
loss of arable land (Liu et al., 2010). In addition, multiple cropping
(i.e., the practice of growing crops for two or more rotations in the same
piece of land during one growing season) ismainly affected by climate, in-
cluding temperature, precipitation, and light, which are difficult to con-
trol. Another strategy would be to transport excess manure to other
regions where manure is required. Nevertheless, transferring manure to
other regions might be expensive (Asai et al., 2014; Dagnall et al., 2000;
Wilkins, 2008).

In this study, we analyzed the trade-off betweenmeat self-sufficiency
and excessmanure in the regions of eastern Chinawith the following spe-
cific objectives: (1) characterizing regions in eastern China according to
the excess or deficit ofmanure nitrogen (according to crop requirements)
and their capacity to satisfy localmeat ideal demand (according tohealthy
diet recommendations) and investigating their relationships with natural
resources and socio-economic indicators; (2) analyzing how the trade-off
changes with increasing proportion of chemical fertilizer N substituted
with manure N (PCSM). We acknowledge that in China there is also con-
sumption of importedmeat, or ofmeat produced in some internal regions
and transported to other regions, however in this studywe target the spe-
cific question of regional self-sufficiency. We focused on N because it is
one of the most important nutrients for agricultural production
(Dimkpa et al., 2020; Pinsard et al., 2021; Lassaletta et al., 2016), and
crops with chemical fertilizer N currently accounted for over 50% of the
food production (Zhang et al., 2015). Within China, we chose the eastern
regions as our study area for two reasons. First, in termsof socio-economic
aspects, theGDPper capita and the urbanization level of eastern China are
higher than that of western China (Deng and Bai, 2014), and meat con-
sumption is likely to be higher in these richer regions (Bai et al., 2018).
In addition, the population density of eastern China is much larger than
that of western China (Deng et al., 2015). For these reasons, eastern
China faces more challenges in meeting the meat demand and needs to
raise more livestock. Second, intensive and specialized agricultural pro-
duction dominates in eastern China. Generally, the risk of excess manure
is higher in intensive livestock than in grassland regions. It is essential for
eastern regions of China to ensure thatmanure is integratedwith cropnu-
trients using a coupling crop-livestock system (Bai et al., 2018; Chadwick
et al., 2015; Gerber et al., 2005), which is a sustainable development ap-
proach for agriculture (Moraine et al., 2017; Russelle et al., 2007;
Ryschawy et al., 2012).

2. Material and methods

2.1. Study area

We considered the Chinese regions east of theHeihe-Tengchong line
(Fig. 1), excluding those characterized by a high presence of grasslands.
In the regions that west of the Heihe-Tengchong line, there is an impor-
tant quantity of grassland and pasture, which makes it difficult to ac-
count for the livestock manure that effectively can reach the crops. In
total, 261 regions were considered, with an average surface area of
1.39 × 104 km2 and a GDP per capita ranging from 18,134
Yuan·person−1 to 177,033 Yuan·person−1 (average value: 51,379
Yuan·person−1) in 2017. The eastern regions of China are mainly mon-
soon climate, which ranges from temperate monsoon climate (in the
north) to subtropical monsoon climate (in the south) and tropical mon-
soon climate (southernmost areas, e.g., Hainan Province).

2.2. Definition of notable livestock quantities

To analyze whether meat production was sufficient for people and
whether manure N was excessive for the crops in a region, we defined



Fig. 1. Chinese regions considered in the study area (in green) and Heihe-Tengchong line. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Y. Li, Z. Sun and F. Accatino Science of the Total Environment xxx (xxxx) xxx
two notable livestock quantities corresponding to specific theoretical
conditions. The meat-optimal livestock quantity (L∗) corresponds to
the total livestock quantity that theoretically achieves meat balance,
that is, producing the amount of meat equal to the regional demand, ac-
cording to recommendations for healthy diets. Themanure-optimal live-

stock quantity (bL) corresponds to the total livestock quantity
theoretically achieving manure N balance, that is, producing a quantity
of manure equal to crop needs. Comparing these two livestock quanti-

ties L∗ and bL informs about the capacity of a region to conciliate (or
not) the achievement of meat self-sufficiency and the avoidance of ma-

nure excess. The condition bL ≥ L∗ means that the livestock quantity that
satisfies meat demand would not provoke manure excess, therefore in
that region, it is possible to solve the trade-off between meat demand
and excess manure avoidance. On the contrary, the trade-off could not

be addressed where bL<L∗, that is, it was not possible to satisfy the
local meat demand without producing excess manure. In the latter
case, manure had to be exported, or meat had to be imported.

The meat-optimal and the manure-optimal livestock quantities L∗

and bL could also be compared with the current livestock quantity (L),
i.e., the actual total livestock number in the region. We observed that
meat self-sufficiency was met in a region where L ≥ L ∗, whereas it was
not met where L < L ∗. The manure N was excessive for crops when

L ≥bL (possibly causing environmental pollution), whereas it was defi-

cient for crops when L<bL.
2.3. Assumptions of the methodology

To calculate the livestock quantities L, bL, and L∗, we need to pose
some assumptions which take into account the data availability and
3

the scale addressed. (i) Our focus is on the regional scale: all the species
of livestock and crops are summed together and parameters (e.g., meat
productivity, excretive coefficient, nitrogen demand) are constant
within each species and are averaged (using weights proportional to
the species quantities). (ii) Feed composition is assumed to be the
same for each livestock species in all the regions. In the eastern regions
of China, most of the livestock is raised with intensive practices due to
the little grassland in this area. Therefore, the difference in feed compo-
sition for the same livestock type in different regions would be negligi-
ble. (iii) We only consider the main crops (i.e., rice, wheat, maize,
soybean, vegetables), for which the consumption of chemical fertilizer
(i.e., nitrogen, phosphorus, potassium, and compound fertilizer) of
these main crops accounted for 84% of the total consumption of chemi-
cal fertilizer in China in 2017 according to the NCAPCB (2018). Also, we
only consider the main livestock species (i.e., cattle [dairy and meat],
sheep, pigs, and poultry [broiler and layer hens]), for which the meat
production accounted for 99% of the total meat production in China in
2017 according to the CRSY (2018). Dairy cattle and laying hens also
produce (in lower quantities) meat when their productivity of dairy
and eggs is low. (iv) All the livestock manure produced is fermented
to organic fertilizer and then applied to the crops in the local region,
which is the efficient and ecological approach as it is more expensive
and polluting to transport manure across regions (Asai et al., 2014;
Dagnall et al., 2000; Wilkins, 2008). (v) The manure balance is
expressed in N quantities. Some other elements are important to con-
sider (e.g., potassium, phosphorous), but for this study, we only focus
on N for the following reasons. First, N is considered to be the main nu-
trient of livestockmanure, and the loss of livestockN frommanure to air
and water would harm the environment, ecosystems, and humans
themselves (Galloway et al., 2004; Tamminga, 2003; Pinsard et al.,
2021). Second, many governments have implemented measures to
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use N standards to control livestock quantity (Oenema, 2004). (vi)
TheN cycle is assumed in an ideal condition andN loss is not considered,
which is an issue that needs to be solved through various agronomic
measures to avoid environmental pollution in the future. (vii)
The meat demand used in our paper refers to the healthy dietary
guidelines.

2.4. Calculation of the notable livestock quantities

Fig. 2 represents theworkflow leading from available data to the cal-
culation of the notable livestock quantities.

Two methodological issues were addressed to calculate the three

livestock quantities (L, L∗, and bL). First, the quantities L, L∗, and bL were
obtained by summing different livestock species. Second, we assumed
that the proportion of each type of livestock in a region was considered
constantwithin a year. There are two types of termsused to describe the
livestock quantity: marketable (LM) and stock (LS) quantity. The mar-
ketable quantity is defined as the number of livestock sold in themarket
for one year. The stock quantity is defined as the number of livestock at
the end of the year. For meat production estimation, we can use the
marketable quantity to multiply the meat productivity of unit livestock
directly. For manure production estimation, the choice of stock quantity
or marketable quantity depends on the growth period of the livestock.
The manure production, for a region, can be calculated using the stock
quantity when the livestock growth period is greater than one year
Fig. 2. Procedure to calculate the three notable livestock quantities (L, L∗ , andbL) in each region. L
cattle [dairy and meat], sheep, etc.), P: population, TD: meat demand per capita, TTD: total mea
wheat, maize, soybean, vegetables, etc.), PCSM: proportion of chemical N substituted with ma
vegetables, etc.), PN: N content of fermented manure, TMD: total fermented manure deman

coefficient from fresh manure to fermented manure. The detailed classification based on the c

4

(e.g., in the case of cattle); in contrast, for livestockwith a growth period
of less than one year (e.g., in the case of pigs), we can use marketable
quantities to calculate the manure production in regional level (Zhou
et al., 2014). This method can calculate both the meat production and
manure production of the livestock whose main function is not to pro-
duce meat, such as dairy cattle and layer hens. To achieve uniformity

that the three types of total livestock quantity (L, L∗, andbL) can compare,
when the total livestock quantity was calculated, the livestock quantity
types chosen referred to the livestock quantity types used in manure
production estimation. The detailed formulas are presented in the fol-
lowing section.

2.4.1. Current livestock quantity
We defined Lj (head·yr−1) as the current total livestock quantity in

region j as follows:

Lj ¼ ∑
i
aij ð1Þ

where aij (head·yr−1) is the quantity of livestock of species i in region j.
Such quantity might refer to marketable or stock quantity according to
the species. Because different livestock species are summed, we set
the assumption that, for each region, within the meat-optimal and the
manure-optimal livestock quantities, the fractions f ij ¼ aij=Lj are kept
constant as in the data.
Si: StockQuantity (i: pig, poultry [broiler and layer hens], etc.),MSi:Marketable Quantity (i:
t demand, WATP: weighted average of meat productivity, Hi: harvest of the crops (i: rice,
nure N, ND: nitrogen demand per unit production of crop (i: rice, wheat, maize, soybean,
d, WAME: weighted average of manure excretive coefficient, MCC: manure conversion

omparison among L, L∗ , and bL refers to Fig. 3.
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2.4.2. Optimal livestock quantity of satisfying meat demand
The meat-optimal livestock quantity L∗j (head·yr

−1) is defined as

L∗j ¼
TTDj

∑iMPij � f ij
ð2Þ

where TTDj (ton·yr−1) is the total meat demand in region j, and MPij
(ton·head−1) is the meat productivity of livestock species i in region j.

The total meat demand of people depends on the human population
size and dietary requirements. We further defined TTDj using the
following equation.

TTDj ¼ TDj � Pj � DY ð3Þ

where TDj (ton·day−1·person−1) is the meat demand per day per
capita in region j, Pj (person) is the population in region j, and DY
(days) is the number of days per year.

The meat productivity of the livestock can be calculated by the total
meat production divided by the total marketable livestock quantity in a
region. We defined MPij as the following equation.

MPij ¼
TPij
LMij

ð4Þ

In Eq. (4), TPij (ton·yr−1) is the meat production of livestock i in
region j, and LMij (head·yr−1) is the marketable livestock quantity of
livestock i in region j.

2.4.3. Optimal livestock quantity of avoiding manure excess

The manure-optimal livestock quantity bLj (head·yr−1) is defined as
follows:

bLj ¼ TMDj

∑
i
ECi � GPi � f ij

 !
�MCC

ð5Þ

where TMDj (ton·yr−1) is the total fermented manure fertilizer demand
for all crops in region j and is calculated as the sum of fermented
manure fertilizer demand of each crop; ECi (ton·head−1·day−1) is the
excretive coefficient of livestock species i, GPi (days) is the growth period
of livestock species i, and MCC (ton·ton−1) is the manure conversion
coefficient from fresh livestock manure to manure fertilizer by usual
fermentation processing. To avoid double counting, we used the stock
quantity of livestock i when the growth period of livestock i was greater
than one year (365 days), and we used the marketable quantity of
livestock iwhen the growthperiodof livestock iwasgreater thanoneyear.

Many studies have used a constant value of N demand to calculate
the excess of manure N (Oenema, 2004; Zhang et al., 2019). For exam-
ple, since the 1990s, the Nitrate Directive (Council Directive 91/676/
EEC) in the EU-15 regulates the use of N in agriculture, which ensures
that in each farm, the amount of N applied via livestock manure shall
not exceed 170 kg·ha−1·yr−1 (Oenema, 2004). However, here we de-
cided to consider the need of the crops, which depends on the type
and production. In this way, our calculations are referred to the physio-
logical crop needs and not on the laws or on the actual usage, which is
difficult to estimate.

In this study, we defined TMDj (ton·yr−1) as follows:

TMDj ¼ PCSM �∑
i

Hi,j � NDi

PN
ð6Þ

whereHi, j (ton·yr−1) is the harvest of crop i in region j,NDi (ton·ton−1)
is a constant coefficient representing the quantity of nitrogen demand
per unit production of crop i, PCSM is the percentage of chemical N
substituted with manure N, PN is the N content in the fermented
manure fertilizer.
5

2.5. Data

The data on livestock quantities (stock and marketable quantity),
meat production, crops production, socioeconomic variables (i.e., GDP,
population, etc.), and agricultural resources (arable land area) were ob-
tained from the provincial or municipal Statistical Yearbook of China,
which is accessible at the China Economic and Social Big Data Research
platform (https://data.cnki.net/) and the Statistics Bureau website of
the regions. We used data from 2017, which was the most recent year
for which information in all regions was available. The missing data
were filled in using information fromneighboring years (2016 or 2018).

2.5.1. Meat
The data onmeat production in each of the considered regions were

directly obtained from the Statistical Yearbook of China. The coefficient
for themeat demand calculation [TTDj in Eq. (3)], we referred to dietary
guidelines for Chinese residents, which were developed by experts
based on nutrition science, food resources, dietary characteristics,
traditions, and nutrient needs. This does not correspond to the
effective food consumption of people; however, obtaining this
demand data might be quite challenging and may require arranging
surveys. A healthy diet is related to human health, environmental sus-
tainability, and benefits sustainable food systems (Willett et al., 2019).
Therefore, in this study, we considered the ideal consumption that
would occur according to healthy diet recommendations. Referring to
the 2016 version (CNS, 2016), we calculated the average daily intake
of meat (TDj = 57.50 × 10−6 ton·day−1·person−1).

2.5.2. Manure nitrogen
The growth period of cattle and sheep is greater than 365days,while

the growth period of pigs and poultry is less than 365 days (refer to Sup-
plementary Table S1). Therefore, the stock quantity of cattle and sheep
and the marketable quantity of pig and poultry were used to estimate
the manure N production and total livestock quantity in the study area.

The livestock coefficients ECi andGPi in Eq. (5) referred to Zhou et al.
(2014). The manure conversion coefficient (MCC) in Eq. (5) was sur-
veyed by the manager of an experimental farm that researched on the
integrated crop-livestock paradigm in the North China Plain (37°00′ N,
116°34′ E) (Li et al., 2021a) and the MCC value ranged from 0.33 to
0.40 (ton·ton−1). In this study, we used 0.37 (ton·ton−1) of MCC,
which is an average value.

For estimating the demand for manure N, we considered the main
crops, such as rice, wheat, maize, soybean, and vegetables. The coeffi-
cient of the quantity of nitrogen demand per unit production of crop i
[NDi; Eq. (6)] referred to the ideal application from MARAPRC (2018)
(see Supplementary Table S2). According to some studies (Geng et al.,
2019; Lv et al., 2020; Xie et al., 2016; Yang et al., 2020), the beneficial
proportion of chemical N substituted with manure N [PCSM in Eq. (6)]
for crops ranged between 20% and 40%. In this study, we used an aver-
age value of 30% for PCSM. The N content of fermentedmanure fertilizer
[PN in Eq. (6)] used in this study was 1.75%, which is also the surveyed
average value from an experimental farm.

2.6. Analysis

2.6.1. Classification of the regions

We calculated the three notable livestock quantities (L, L∗, and bL) for
261 regions in eastern China. The regions were divided into six types
(marked with acronyms) according to the different possible rankings
of the three notable livestock quantities (see the schematic representa-

tion in Fig. 3). In the regions characterized by L∗≤bL it is possible to satisfy
the meat demand without producing excess manure. These regions
were marked T−M−, T+M−, and T+M+ (where T stands for “meat”
andM stands for “Manure”; + and−means that themeat andmanure
demand are met or not met, respectively; T preceding M indicates that

https://data.cnki.net/


Fig. 3. Relationships among L, L∗ and bL. L is the current livestock quantity; L∗ is themeat-optimal livestock quantity; bL is themanure-optimal livestock quantity. T−M− andM−T−: meat
self-sufficiency (MSS) not achieved andmanure deficiency, T+M+:MSS achieved andmanure excess, T+M+andM+T+:MSS achieved andmanure excess, M+T−: MSS not achieved
and manure excess.
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“meat-optimal” livestock quantity is lower than “manure-optimal” live-

stock quantity). T−M− corresponds to L<L∗<bL, indicating that the cur-
rent livestock quantity cannot satisfy the meat demand of the people,
and manure N is not produced in excess. T+M− corresponds to

L∗<L<bL, indicating that the current livestock quantity can satisfy the
meat demand, and manure N is not produced in excess (favorable con-

figuration). T+M+ corresponds to L∗<bL<L, indicating that the current
livestock quantity can satisfy the meat demand for people, and the ma-

nure N is produced in excess. In the regions characterized by L∗>bL the
satisfaction of meat demandwould cause excess manure. These regions
were marked M−T−, M+T−, andM+T+ (where M preceding T indi-
cates that manure-optimal livestock quantity is lower than meat-

optimal livestock quantity); M−T− corresponds to L<bL<L∗, indicating
that the current livestock quantity cannot satisfy the meat demand for
people, and the manure N is not produced in excess. M+T− corre-

sponds to bL<L<L∗, indicating that the current livestock quantity causes
excess production of manure N, while not satisfying the demand for

meat. M+T+ corresponds to bL<L∗<L, indicating that the current live-
stock quantity can satisfy themeat demand for people, and the manure
N is not produced in excess. Among all the typologies presented, T+M−
is the optimal situation that not only produces enough meat but also
avoids excess manure.

For the first objective of this study, we mapped the regions in
which meat demand was satisfied and whether manure N was
present in excess (according to the six types defined). We also
tested (using ANOVA and Tukey HSD test) if the distribution of socio-
economic indicators (GDP per capita) and agricultural resources
(arable land area per capita) was significantly affected by the
typologies.

2.6.2. Scenarios to increase the proportion of manure N substituted with
chemical N

For the second objective of our study, we investigated the role of
increasing PCSM [defined in Eq. (6)]. We varied the coefficient PCSM
(which affects the total manure demand for crops) in Eq. (6) in the
range of 0–100%. Other livestock, crop, and population data were
kept constant. Along with this range, we tracked the change in the
number of regions for each of the six types. Increasing the PCSM
value can increase the manure fertilizer demand for crops and
benefit to avoid excess manure if the livestock quantity is not
changed.
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3. Results

3.1. Classification of regions according to satisfaction of meat and manure
balance

We mapped the regions of eastern China according to six types de-
fined in relation to meat and manure N balance (Fig. 4). A total of 178

regions were characterized by L∗<bL [T−M− (n = 1), T+M− (n =
39), T+M+ (n = 138)], indicating that approximately 68% of the re-
gions of eastern China can satisfy ideal meat demand and avoidmanure
excess by adjusting livestock quantity; 83 regionswere characterized by

L∗>bL [M−T− (n = 5), M+T− (n = 17), M+T+ (n = 61)], indicating
that approximately 32% of the regions can satisfy ideal meat demand
and avoidmanure excess only by importingmeat products or increasing
manure demand for crops. The regions in which manure N is not cur-
rently in excess (T−M−, T+M−, and M−T−) are mainly distributed
in northern and central China, accounting for approximately 17% of
the total eastern regions of China. The proportion of regions with sur-
plus meat self-production was 91% (T+M−, T+M +, M+T+).

3.2. Characteristics of different classification

The distributions of GDP per capita and arable resources per capita
are significantly affected by the types of meat and manure balance
(Fig. 5). Type T−M− consisted of only one region, so it was not consid-
ered for the ANOVA analysis. The GDP of regions of types M−T− and
M+T− were higher than that of regions of type T+M−, T+M+, and
M+T+ (p < 0.001), indicating that the higher the GDP per capita of
the regions, the lower the ability to satisfy the ideal meat demand. The
arable land per capita was higher in regions of type T+ M− than that
of other regions (p < 0.001), indicating that the more the arable land
per capita of the region, the higher the possibility of achieving the opti-
mal conditions that satisfy ideal meat demand and avoids excess ma-
nure.

3.3. Scenarios that increase the proportion of manure N substituted with
chemical N

The number of regions belonging to each typology changed as a
function of PCSM (Fig. 6). If the PCSM was low (<5%), there were four
types of regions, including T+M+ (22 regions), M+T− (22 regions),
and M+T+ (216 regions), meaning that almost all the regions had



Fig. 4. Eastern regions of China classified according tomanure deficiency/excess andmeat demand satisfaction/unsatisfaction. Green regions are characterized bymanure N deficiency, red
regions are characterized bymanureN excess. Different nuances of red and green are indicated in the legend and refer to the typology defined in the study. Themeaning of T−M− (n=1),
T+M− (n=39), T+M+(n=138),M−T− (n=5),M+T− (n=17), andM+T+(n=61) refer to Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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manure excess if the manure was not utilized. The number of regions of
both the T−M− and T+M− types increased gradually, whereas the
number of regions of types M+T− and M+ T+ decreased gradually;
for T+M+, the number of regions first increased and then decreased
with the inflection point approximately 30%; for M−T−, the number
of regionsfirst increased and then stabilizedwhen the PCSMwas greater
than approximately 50%. If the PCSM achieved 100% (theoretical situa-
tion in which all the crop agriculture is organic), the T−M−, T+M−,
T+M+, M−T−, M+T−, and M+T+ types included 10, 167, 64, 5, 8,
and7 regions, respectively,meaning that therewere in total 241 regions
that could satisfy ideal meat demand and avoid manure excess by
adjusting livestock quantity (T−M−, T+M−, and T+M+), while 20
regions could satisfy ideal meat demand and avoid manure excess
only by importing meat products (M−T−, M+T−, and M+T+).

4. Discussion

We analyzed the trade-off betweenmeat supply andmanure excess
in eastern China. The Chinese government has implemented several
policies to promote the optimization of spatial agricultural production
distribution according to the resource and environment carrying capa-
bilities, such as the Guiding Opinions of the Ministry of Agriculture on
Further Adjusting and Optimizing the Agricultural Structure, National
Agricultural Sustainable Development Plan (2015–2030) (MARAPRC,
2015a,b). However, based on the metrics of N balance, our results
showed that manure N production was greater than the ideal manure
N demand for crops in most regions in eastern China (Fig. 4), in which
thenumber of regionswith excessmanure accounted for approximately
83% of the total regions. Jia et al. (2018) found that 11 provinces in
China, which are mainly distributed in the eastern region, exceeded
the national average value of manure N load. The goal of meat produc-
tion and meat demand satisfaction might be a priority in China (such
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as the “Shopping Basket Program”), without the consideration of envi-
ronmental consequences. Lack of awareness of nutrient management
and inappropriate policy guidelines could explain the excessive fertili-
zation in China's major croplands (Jiao et al., 2018). In most rural
areas of China, untrained workers conducted farming, and they did
not recognize the importance of nutrient management due to a lack of
efficient channels to transfer technologies to Chinese farmers (Zhang
et al., 2016). Notably, based on the philosophy of high input and output
and the low price of chemical fertilizer due to massive subsidies, exces-
sive fertilization in China's major croplands is common (Vitousek et al.,
2009).

4.1. Spatial distribution of meat and manure N balance

To investigate the situations of meat demand satisfaction and ma-
nure balance, we divided all the regions into six types. The most favor-
able type of region was the one in which ideal meat demand was
satisfied, and manure N excess was avoided (T+M−). This type of re-
gion accounted for approximately 15% of the total regions in eastern
China, mainly distributed in the Middle East and North (Fig. 4), which
is consistent with the results of Zheng et al. (2019); in fact, the Lower
Reaches of the Yangtze River and North China have enough space for
the expansion of livestock and poultry farming from the nitrogen
land-bearing capacity. The regions of type T+M− have a higher arable
land per capita than other types of regions. The larger arable land per
capita of the regions not only mitigates feed-food competition to raise
more livestock (Muscat et al., 2019), but also consumes more manure
N to avoid excess (Zhang et al., 2019). For types T−M− and M−T−,
meat production was deficient, and manure N was not excessive.
These two types of regions were mainly distributed in the Yangtze
River Delta and the Pearl River Delta (Fig. 4), where the main target to
improve the environment was the Air Pollution Prevention and Control



Fig. 5.Box plots of GDP (gross domestic product) per capita distribution (panel above) and
arable land per capita distribution (panel below) in six classification types. Green boxes
represent regions that can satisfy ideal meat demand and avoid manure excess by
adjusting livestock quantity; red bars represent regions that can satisfy ideal meat
demand and avoid manure excess only by importing meat products or increasing
manure demand for crops. The meaning of T−M− (n = 1), T+M− (n = 39), T+M+
(n = 138), M−T− (n = 5), M+T− (n = 17), and M+T+ (n = 61) refer to Fig. 3. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Action Plan published in 2013 (SCPRC, 2013). In addition, both areas
were developed regions, where the GDP per capita was higher than
other types of regions (Fig. 5), and these areas tended to achieve meat
Fig. 6. Changes in the regions' number of six types with the scenarios that increase PCSM.
Regions represented with green nuances are characterized by manure N deficiency,
regions represented by red nuances are characterized by manure N excess. The meaning
of T−M−, T+M−, T+M+, M−T−, M+T−, and M+T+, please refer to Fig. 3. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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demand satisfaction through trade. However, imports and exports of
meat would consume more fuel and cause adverse effects on the envi-
ronment (Kriewald et al., 2019; Pradhan et al., 2020). Nevertheless,
there are differences between the regions of T−M− and M−T−. The
regions of T−M− can achieve the optimal condition (i.e., becoming
T+M−) for meeting meat demand without excess manure production
by increasing the livestock quantity. This is because the arable land per
capita in the region of T−M−was higher than that in M−T− (refer to
Fig. 5); however, a statistical test cannot be conducted due to only one
region of T−M−. For M+T −, the manure N was in excess, and the
meat was deficient. Regions of this type were mainly developed cities,
which have higher GDP per capita and lower arable land per capita
(Fig. 5). Previous studies have shown that Chinese industrial livestock
systems are located near large cities having high population density
(Li et al., 2008), and it is difficult to satisfy themeat demand by increas-
ing the local production. Zheng et al. (2019) found that big cities
(e.g., Beijing and Tianjin) have a higher risk producing excess manure.
The regions of T+M+ and M+T+, accounting for approximately 76%
of the total regions, could satisfymeat demandbut cause excessmanure
N production. These regions produce more meat than they demand,
causing environmental problems.

4.2. Expanding manure fertilizer demand for crops

Fig. 4 shows that most regions in eastern China (approximately
83%) faced the challenge of livestock manure excess when utilizing
a reasonable manure quantity (PCSM = 30%). Keeping the livestock
number constant and increasing the PCSM is the direct method to in-
crease manure N application for crops, which can improve the envi-
ronmental carrying capacity for livestock manure and reduce
manure N excess (Zheng et al., 2019). Fig. 6 shows that when PCSM=
50%, the proportion of the regions with excess manure would de-
crease to 62%; when PCSM = 100%, the proportion would decrease
to 30%. This also means that there were still some regions with ex-
cess manure, even in the theoretical situation of using the highest
possible quantity of manure fertilizer for crops. These regions should
decrease their livestock quantities and satisfy their meat demand by
importing meat.

Indeed, China faces serious problems of synthetic N overuse, re-
sulting in environmental pollution (Jiao et al., 2018); increasing the
PCSM not only can avoid excess manure production without lower-
ing livestock quantity but would also decrease the use of mineral fer-
tilizers. Encouraging farmers to use organic manure instead of
mineral N could be an effective object of policy. According to the
study of Wang et al. (2018) and Chadwick et al. (2015), policies
should promote farmers to join cooperatives, and subsidies on or-
ganic fertilizers should be given to farmers to help them make ma-
nure or compost themselves.

The crop yield, nutrient use efficiency, and soil environment are af-
fected by a different proportion of chemical N substituted with manure
fertilizer, although increasing the PCSM can reduce excess manure. For
crop yield, approximately 20–40% substitution of chemical N with ma-
nure fertilizer is beneficial for improving productivity (Xie et al.,
2016). For nutrient utilization, Guo et al. (2020) found that 50% substi-
tution of chemical N with manure fertilizer was a potential option in
maize production systems to decrease N losses by approximately 45%.
For the soil environment, if there was an increase in PCSM, the soil pH,
available potassium, organic carbon, total N, and microbial biomass C
and N increased as well (Ji et al., 2018). For the greenhouse gas (GHG)
emissions, the more manure fertilizer application, the more CH4

emissions from the cropland, which exacerbates climate change. For
the agricultural systems, with PCSM the increasing, there is one trade-
off between decreasing productivity and decreasing environmental
pressure (Li et al., 2021a). Apparently, increasing the PCSM is beneficial
for the soil environment, while crop yield may be adversely affected.
Therefore, PCSM cannot increase unlimitedly.
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4.3. Limitations and perspectives of the study

This study analyzed the trade-off between producing enough meat
for people while avoiding excess manure in eastern China. There are
several limitations and perspectives in our study. First, the study as-
sumed that all the fresh livestockmanure was converted to organic fer-
tilizer by fermentation and returned to the cropland in the local region.
However, it would be possible to utilize livestockmanure in other ways
(e.g., biogas) (Roubík et al., 2018). The manure demand calculation can
be improved by considering multiply manure utilization approaches.
Besides, the transportation of livestock manure can be another ap-
proach to avoid excess manure when the transportation price could
be accepted by the farmers. Second, calculations were done under
ideal conditions, namely, ideal nitrogen demand from main crops
(i.e., rice, wheat, maize, soybean, vegetables), and ideal meat demand
data were obtained from the Chinese Dietary Guidelines recommended
by the Chinese Nutrition Society. However, other crops (e.g., cotton, oil
plants, fruit) also needmanure fertilizer N, which the results can be im-
proved through considering all the crops.Meatwaste,which affects food
self-sufficiency and increases GHG emissions (Hiç et al., 2016), was not
considered. The data on meat consumption can be improved through
conducting a in-depth survey. Third, feed production was not consid-
ered. The global feed demand is predicted to almost double by 2050
compared to 2000 (Pradhan et al., 2013). This is particularly important
in China, given that there is a high dependency on soybean imports
(Gale et al., 2019; Wang, 2019; Li et al., 2021b). Forth, CH4 emissions
from ruminants' enteric fermentation were not considered, which is
one of the important GHG to exacerbate global warming. Fifth, nitrogen
was used to be the metric for manure balance in this study, and other
nutrients (e.g., phosphorus) and other pollutants like heavy metal ele-
ments are also important to be accounted for, and themethod proposed
in our study can be used to study other nutrients balance. Although N
loss was not considered to check the potential carrying capacity of ma-
nure N in this study, the loss ratios of leaching and runoff are 9.2% and
2.6% for organic fertilizer, respectively, based on a global meta-
analysis (Wei et al., 2021). The results of the current manure N balance
can be improved by considering N loss when the data is available. Sixth,
although the laying hens and dairy cattle were considered when calcu-
lating themanure andmeat production, in this study, the eggs andmilk
self-sufficiencywere not studied. Li et al. (2021b) reported thatmost re-
gions are self-sufficient or close to self-sufficiency in meat, however,
concerning eggs southern regions were deficient, and concerning
milk almost all of the eastern regions are in extreme shortage. There-
fore, it is significant to target meat as it regards almost all the eastern
regions, but it is relevant for future studies to adjust the livestock
quantity among different types of livestock to improve self-
sufficiency for all animal-sourced food items and adjust the total
livestock quantity to avoid excess manure. The method framework
in our study can be used to achieve meat self-sufficiency while
avoiding excess manure through adjusting livestock quantity for
each region.

5. Conclusion

In this study, we proposed one quantitative methodology to assess
the meat self-sufficiency and manure nutrient surplus at the regional
level, which is related to food security and environmental protection.
This methodology is useful in different ways. First, it can help evaluate
whether the livestock manure nutrient N was excessive and, mean-
while,whether themeatwas sufficient for a region. Also,with themeth-
odology framework it would be possible to analyze the relationship
between meat self-sufficiency and other manure nutrient surplus
(e.g., phosphorus) for a region according to agricultural nutrient cycling.
Second, thismethodology framework can be applied in the optimization
of the livestock quantity for a region to avoid excess manure nutrients
and, at the same time, satisfy local meat demand, and help the
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government to determine the optimal livestock quantity in regional
level. The methodology can be applied in other countries or regions
with negligible grassland surface and with intensive livestock sys-
tems, as long as the data are available.

Based on this method, we analyzed the trade-off between the
achievement of meat self-sufficiency and the avoidance of manure ex-
cess in eastern regions of China, and, at the best of our knowledge,
this is the first study addressing this. We found that the most favorable
type of regions, that satisfies meat demand and also avoids excess ma-
nure, accounted for only 15% of the total regions, mainly distributed in
the Middle East and North of China. Approximately 83% of the total re-
gions had excess manure, and 91% of the total regions produced more
meat than they ideally needed. This means that many regions with ex-
cess manure in China are provoked by an excess of unnecessary live-
stock density to produce meat in many regions. There were still 30%
of regions that cannot conciliate meat self-sufficiency with manure
excess avoidance, even in the theoretical situation of using the
highest possible quantity of manure fertilizer for crops, where
should decrease their livestock quantities and satisfy their meat
demand by importing meat.

The natural resources and the social economy vary for different
types of regions and are correlated to meat self-sufficiency and manure
nutrient balance in a region. GDP per capita is negatively correlated to
the ability to satisfy meat demand in a region; arable land per capita is
positively correlated with the capability of a region to satisfy local
meat demand while avoiding excess manure.

Expanding manure fertilizer demand for crops by increasing the
proportion of manure N as a substitute for chemical N can improve
the environmental carrying capacity of livestock manure and solve
the problem of excess manure N. However, in order to maintain
optimal crop yield and nutrient use efficiency, the proportion of
chemical N substituted with manure N cannot increase unlimitedly.
Additionally, eastern China needs to advocate a healthy diet and
strengthen the management and supervision of food waste and
livestock manure.
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