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Abstract: Agriculture significantly contributes to the global water footprint (WF) with the animal
breeding industry accounting for over 33% of agricultural water consumption. Since 2000, rapid
development in animal breeding has intensified the pressure on water resources. Forecasts indicate a
projected 70% increase in freshwater usage in the meat industry by 2025 compared to 2000, particularly
in developing countries, such as China, yet comprehensive studies regarding China’s animal breeding
industry WF remain limited. This study aimed to assess the variations in the green, blue, and gray
WF of pork, beef, milk, eggs, and chicken meat across 31 provinces in China from 2000 to 2017.
Additionally, a driving force analysis using the Kaya equation and LMDI method was conducted.
Findings revealed that the total WF of animal products increased from 1049.67 Gm? (in 2000) to
1385.05 Gm? (in 2017) in China, and pork exhibited a significantly higher WF compared to other
animal products, contributing 64.49% to China’s total animal product WF. The sharp rise in the green
WEF demonstrated regional disparities in water consumption efficiency within the animal breeding
industry. The increase in the blue WF was associated with rising livestock numbers and China’s
efforts to conserve water. The increase in the gray WF indicated that increased consumption of
animal products heightened wastewater treatment pressures, particularly in economically developed
provinces. The augmentation in China’s animal product WF was primarily influenced by policy
and economic effects, with increased agricultural equipment funding and enhanced production
efficiency identified as effective strategies for WF reduction. This study suggests that the promotion
of technology, combined with scientific policies, can alleviate the pressure on water resources in the
animal breeding industry in developing countries.

Keywords: water footprint assessment; animal products; agricultural water consumption; logarithmic
mean divisia index (LMDI); driving force analysis; Kaya equation

1. Introduction

Agriculture represents a major contribution to the water footprint (WF) of humanity,
and most of this contribution is linked to the animal breeding industry, which represents
more than 33% of agricultural water consumption [1]. There is more pressure on water
resources caused by the animal breeding industry. The growing need for livestock products,
their substantial water usage, and their significant direct influence on aquatic environments
have placed immense pressure on finite water resources. [2]. Predictions show that fresh-
water consumption in the meat industry will have a 70% increase by 2025 compared to
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2000 [3]. Since the beginning of the new century, significant advancements in the animal
breeding industry have been witnessed in developing nations. There is an imperative to
enhance water productivity within this sector to mitigate its impact on water resources and
the environment, thereby fostering the sustainability of animal production.

The WF [4] stands as a comprehensive indicator assessing both water consumption and
its environmental ramifications. It quantifies direct and indirect water use by source and
identifies polluted water according to the type of pollution, offering distinct spatiotemporal
trends that reveal the impact of diverse human activities on water resources [3]. The water
usage within the animal breeding industry is elucidated through the evaluation of the WF
of animal products. This term encompasses the complete amount of direct and indirect
freshwater utilized and contaminated due to livestock feeding practices. Direct water
usage incorporates water utilized for drinking and for services like cleaning sheds [5].
Additionally, it encompasses water utilized to mitigate pollutant concentrations arising
from animal excreta, commonly referred to as the gray WEF. Indirect water consumption
is the WF generated in the process of feed production over the lifetime of livestock. The
green WF denotes the usage of green water, specifically rainwater that does not transform
into runoff. Meanwhile, the blue WF signifies the consumption of blue water resources,
including surface and groundwater, throughout the livestock product supply chain. Lastly,
the gray WF quantifies water pollution, signifying the volume of freshwater needed to
assimilate a pollutant load based on natural background concentrations and established
ambient water quality standards [5].

The WF of animal products has been widely studied worldwide and provides the basis
for the projections of global future demand for animal products [1,6-9]. Technology and
economic development levels and populations are not considered for different countries at
the global level. Therefore, the national WF of animal products has recently begun to be
intensively analyzed. Most of these studies analyzed the environmental impact of a single
WF of animal products in developed countries [2,8-16]. However, the WF of a single animal
product has little impact on water resources for a country. The WF of the entire animal
breeding industry enables an analysis of the future development of the industry and the
impact on the development of a country. There are limited studies that are representative
for developing countries, such as China, which is the one of the biggest producers of
animal products in the world. China accounted for 46.25% of global pork and 39.13% of
egg production in 2017 [17]. The main animal products consumed in China are pork, eggs,
milk, poultry meat and beef. The production of these animal products in 2017 was 36.10%,
45.05%, 323.44%, 77.66%, and 25.56% higher than that in 2000, respectively. Water scarcity
limits the expansion of animal production. Therefore, large quantities of animal products
must be imported into China. China imported 3048.61 thousand tons of meat products in
2018 [17]. However, few studies have examined the driving forces of growth in the WF
of the animal breeding industry in China. China’s demand for animal products is rapidly
increasing with economic development, which corresponds to a highly uneven agricultural
development. For its future sustainable development, it is necessary to investigate the
impact of the WF of the animal breeding industry on China’s water resources.

The driving force of agricultural water consumption has become a major concern. The
impact of population, economic, and intensity effects on agricultural water consumption
has been widely analyzed [18-25]. Most of these studies ignored the impact of agricultural
machinery inputs, the degree of farm automation, and the efficiency of farm production on
the WF of animal products. China has continued to increase its investment in agricultural
machinery and improve farming automation in recent years. The impact of these factors on
the WF of animal products should be examined.

The present paper quantified and evaluated the interannual variations in the blue,
green, and gray WFs of pork, eggs, milk, poultry meat, and beef in 31 provinces in China
from 2000 to 2017. A driving force analysis was performed by combining a Kaya equa-
tion with the logarithmic mean division index (LMDI) method. Clearly, analyzing the
variations and driving forces of the WF under changing economic conditions is important
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for the efficient utilization of regional water resources and for water management and
allocation strategies.

2. Materials and Methods
2.1. Animals and Animal Products

In this study, our focus includes pigs, dairy cattle, beef cattle, broiler chickens, and
laying hens, along with their respective products such as pork, milk, beef, chicken meat,
and eggs. These animal categories represent significant segments within China’s live-
stock industry, and we have extensively analyzed their WF variations and impact on
water resources.

2.2. WF of Animal Products

The WFs of pork, beef, milk, eggs and chicken meat are estimated in this paper. The
WF of animal products for category a in province p (WF; m3) reflects the feed, drinking
water, and service water consumed [1],

WF[“/ p] = WFfeed [Ll, P} + WFayink [61, P] + WFsero [Ll, p] @

where WF [a,p], WEgyink [a,p], and WFsery [a,p] represent the WF of animal products for
category a in province p related to feed, drinking, and service water, respectively. Service
water refers to the water used for maintaining cleanliness and cooling in animal buildings.
For beef cattle, pigs, and broiler chickens—animals that yield products after slaughter—we
ascertain the WF of the animal at the conclusion of its lifetime, subsequently distributing
the total WF among the different products (such as meat and leather). In the case of dairy
cattle and layer chickens, the process of determining the animal’s WF per year (averaged
over its lifetime) and relating this annual animal WF to its average annual production (milk,
eggs) is more direct [1].

The WF of animal products related to their feed was calculated as follows (the water
used to mix the feed was ignored):

" (Feed [a,¢,p] X WF 04 [c}) + WF ixing[a, P
Popla, p]

WPfeed [{l, p] = &)

Feed [a, ¢, p] denotes the yearly consumption of feed ingredient ¢ by animal category a in
province ¢ (m3/y), WEFy04 [c] stands for the WF of feed ingredient ¢ (m3/ton), WF yixing a, pl
signifies the water volume consumed during the feed mixing process for animal category a
in province p (m?/y/animal), and Pop [a, p] represents the annual count of slaughtered
animals or the number of milk- or egg-producing animals in a year for animal category a in
province p [1].

The calculation of WF4,;,,x and WF,, is as follows:

_ Drinkla, p]
WE gyink = W 3)
n
WFoo — Y., Serva,c, p] )

Popla, p]
where Drink [a, p] represents the annual amount of drinking water consumed by animal
category a in province ¢ (m>/y) and Serv [a, ¢, p] is the water consumed to keep the animal
building clean and cool ¢ for animal category a in province p (m3/y).

2.3. Driving Force Analysis

The driving force analysis was extended to identify the factors influencing the increase
in the WFs. While the Kaya equation is commonly employed in analyzing the driving forces
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of carbon emissions and energy consumption [19,25,26], this paper expands its application
to decompose the WF as follows.

WF; Y; FARM MAC EXP, EXP GDP P W

WE=Y" . . . . . . W
Zl Y; FARM MAC EXP, EXP GDP P W W, ° ©)

where WF;, Y;, FARM, MAC, EXP,, EXP, GDP, P, W, and W, represent the WF of animal
product i, the yield of animal product i, the number of farms, the number of agricultural
machines and China’s financial expenditure on agriculture, total financial expenditure,
GDP, populations, water resources, and agricultural water, respectively. The ten driving
forces are defined in Table 1.

Table 1. Ten driving forces of the WF of animal products in China.

Effect Decomposition Symbol Explanation
WE;/Y; A Unit WF content
Y;/FARM B Farm production efficiency
Technology Effects FARM/MAC C Degree of automation on farms
MAC/EXP, D Funding for agricultural equipment
. EXP,/EXP E National agricultural inputs
Policy Effects EXP/GDP F Scale of national financial expenditure
Economic Effects GDP/P G Agricultural earnings per capita
P/W H Per capita water resources
Endowment Effects W/W, I Utilization of water resources in agriculture
W, J Water consumption in agriculture

The study then utilizes the LMDI decomposition method to quantitatively assess
the contribution of each influencing factor [27,28]. The LMDI method boasts several
advantages, including complete decomposition without residual, a strong theoretical
foundation, adaptability, ease of use, and a straightforward interpretation of results [19].
This model aids in analyzing the driving factors within the Kaya equation and their
subsequent effects. In accordance with the LMDI method, there exists a variation in the WF
between the base year and year ¢, as illustrated in Equation (6).

AWE = WF! — WF? = AWF2 + AWFB + AWFC + AWFP + AWFE + AWFE + AWFC + AWF + AWF! + AWF/ (6)

where ,
AWFA = g x In <jo> 7)
AWEB =g x In B 8)
q BO
t
AWFC =g x ln(go> )
t
AWEFP =g x In (go> (10)
AWEE = g x 1 E
= 4> (11)
AWFF =g x in( £ :
=gxlIn 70 (12)
t
AWEC =g x In (go) (13)
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AWFH = g x ln(fi) (14)

AWF!L =g x In (It> (15)
IO

AWF! =g x In (ﬁ) (16)

A, B, C, and D are labeled technology effects, E and F are policy effects, G is the
economic effect, and H, I, and | are the endowment effects. After conversion through the
application of the LMDI model, the proportion of each of these ten effects is obtained in the
explanation for changes in the WF of animal products. If an effect’s value is negative, it
implies a positive driving factor contributing to the reduction in the WF. The greater the
absolute value of this effect, the more pronounced its positive impact as a driving factor.
Conversely, a positive effect value indicates a negative driving factor. The magnitude of
this effect’s value signifies the extent of the impact caused by the driving factor.

q is the logarithmic weight and can be calculated using Equation (17).

WF! — WF?
ln(WPT) “In (WF0>

q= (17)

2.4. Data

The daily drinking water consumed, daily service water consumed, and feed com-
position of animals were obtained from Chapagain and Hoekstra [6]. The WF of feed
ingredients was obtained from published articles [29,30]. For each province, the annual
number of slaughtered animals and production of animal products were obtained, and
the number of livestock farms, agricultural machines, financial expenditure on agriculture,
total financial expenditure, GDP, populations, water resources, and agricultural water for
China were obtained from the National Bureau of Statistics of China.

3. Results and Discussion
3.1. Provincial WF of Animal Products in China
3.1.1. Green, Blue and Gray WF of Animal Products

The green WF of animal products is shown in Figure 1. The results show that a
dramatic rise occurred from 2000 to 2017, with a fluctuation of approximately 31.59%.
The green WF grew in most provinces, with the exception of Beijing (—45.70%), Shanghai
(—63.17%), and Zhejiang Province (—22.57%). The growth rate during the period between
2008 and 2017 (11.53%) was lower than that during 2000-2008 (17.99%), indicating that the
demand for animal products is gradually being met as the number of livestock and poultry
animals raised in most provinces increases in China.

The regional disparities in the green WF of animal products highlight the diverse
efficiency levels in water consumption across provinces within the animal breeding indus-
try. These WFs exhibited notable variations among provinces and underwent significant
changes from 2000 to 2017. In 2000, Shandong (67.19 Gm?3), Hunan (64.79 Gm?) and Hebei
(64.45 Gm?) had higher green WFs, whereas Sichuan (73.95 Gm?) and Henan (70.67 Gm?)
had the largest green WFs. In 2008, Henan had the largest green WF (86.19 Gm?). In 2017,
Shandong (93.86 Gm®) surpassed Henan (91.03 Gm?®) and had the largest green WF. Beijing,
Shanghai, and Zhejiang had a lower green WF in 2017 than in 2000.
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Figure 1. Green WF of animal products in China.

Figure 2 shows the variations in the blue WF of animal products in China over
2000-2017. The blue WEF increased by 33.12% during 2000-2017. The blue WF increased in
all provinces with the exception of Beijing (—48.69%), Hebei (—0.37%), Shanghai (—67.43%),
and Zhejiang (—22.18). The growth rate of the blue WF during 2000-2008 (17.04%) was
higher than that during 2008-2017 (13.74%). On the one hand, the increase in the number
of livestock and poultry animals led to a larger blue WF, while on the other hand, it can be
seen that China made many efforts to save water.

0-100,000
100,000—-200,000
200,000-300,000
300,000-400,000
400,000-500,000
500,000—-600,000
600,000—-700,000
700,000-800,000
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Figure 2. Blue WF of animal products in China.
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Differences in the water conservation capacity across provinces are reflected in the
depletion of the blue WF in 2000, 2008, and 2017. In 2000, Henan (9.74 Gm3), Hebei
(9.53 Gm?), and Hunan (9.37 Gm?®) had larger blue WFs, whereas Sichuan (10.82 Gm?) and
Shandong (10.33 Gm?) had the largest blue WFs. In 2008, Sichuan had the largest blue WF
(12.56 Gm?). In 2017, Shandong (14.95 Gm?) surpassed Henan (14.26 Gm?) to have the
largest blue WE.

This analysis revealed a notably higher WF for pork compared to other animal prod-
ucts. Pork production contributed significantly to the overall WF of animal products in
China, accounting for 64.49%. This dominance of the WF of pork highlights its substantial
impact on water resources, emphasizing the importance of reducing its water consumption
for ensuring the sustainability of water resources in China. The green and blue pork WF
was averaged at 705.9 Gm? per year, which is much larger than the 225.8 Gm? per year in
Xie’s study [3]. These numbers may be interpreted as the difference between the number of
stocked and slaughtered pigs in China. The pork WF may be overestimated, but the annual
water consumption of the stocked pigs was not ignored.

The WFs of all five animal products in this study were higher than those in published
studies [1,3,8,12-14]. This study concluded that the total WF of animal products needs to
encompass all the water consumed by animals annually. The substantial water consump-
tion by living animals should not be disregarded and needs consideration in assessing
water resources.

The green and blue WFs are interconnected. Typically, the green WF from feed crop
production does not have a notably adverse environmental impact. Nevertheless, globally,
minimizing the green WF might be crucial in decreasing the blue WF in crop production.
Enhancing rainwater efficiency, such as augmenting yields per unit of rainwater, holds the
potential to decrease the blue WF associated with feed crops.

The large animal population requires a greater capacity for manure treatment, es-
pecially in the northern provinces of China (Figure 3). In 2017, Shandong (12.89 Gm?),
Henan (12.60 Gm?), Sichuan (11.80 Gm?), and Hunan (10.38 Gm?) had the highest gray
WFs, accounting for 37.39% of the total. In contrast, Tibet had the highest growth rate
(227.62%) of the gray WF during 2000-2017.

0-900,000
90,000-180,000
180,000-270,000
270,000-360,000
360,000—-450,000
450,000—-540,000
540,000-630,000
630,000-720,000
720,000-810,000
810,000-900,000
>900,000

Figure 3. Gray WF of animal products in China.
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The total gray WF increased by 33.12% in 2017 compared to 2000. These results
are different from the gray WF estimated by Zhang [19], who indicated that the volume
of agricultural gray WF remained relatively stable and only slightly increased during
2003-2015. The differences in the gray WF may be explained by the contradiction between
technical progress and consumption growth. The increased gray WF of agriculture was
curbed with technical progress in pollution treatment, in recent years. The increased
gray WF of animal products indicates that the consumption growth of animal products
increased the pressure on wastewater treatment while offsetting the benefits of technical
progress. Hence, the gray WF of animal products emerges as a pivotal factor in wastewater
management across China. It becomes imperative to enhance the discharge norms for
pollutants in the animal breeding sector, especially in economically advanced provinces.
Implementing effective strategies to diminish wastewater production on farms and to
curtail fertilizer usage in feed crop cultivation remains essential.

3.1.2. Changes in the Total WF in Different Regions of China

For descriptive purposes, China was divided into seven regions based on its live-
stock characteristics (Figure 4): Qinghai-Tibet Plateau (QTP, Tibet, and Qinghai), Inner
Mongolia-Xinjiang Region (IXR, Inner Mongolia, and Xinjiang), Loess Plateau (LP, Shaanxi,
Ningxia, and Gansu), Southwest Mountain Region (SMR, Yunnan, Guizhou, Sichuan, and
Chongging), Northeast Region (NER, Liaoning, Jilin, and Heilongjiang), Northern China
Region (NCR, Beijing, Tianjin, Hebei, Shandong, Henan, Shanxi, Jiangsu, Shanghai, and
Anhui), and Southeast region (SER, Zhejiang, Fujian, Guangdong, Guangxi, Hunan, Hubei,
Jiangxi, and Hainan).

NER

Figure 4. Seven regions in China.

Figure 5 shows the total WF for the different livestock animal compositions for the
seven regions in 2000, 2008 and 2017. The NCR had the highest WF. The average total WFs
of animal products in 2000, 2008, and 2017 were 15.00 Gm? year—!, 17.67 Gm3 year~!, and
19.50 Gm?3 year~!, respectively. The WF of pork accounted for 54.43%, 51.18%, and 54.49%
of the total WF in 2000, 2008 and 2017, respectively. The WF of animal products in most
regions showed an increasing trend over the period 2000-2017, except for the IXR region.
In 2000-2017, the consumption structure of animal products in the LP, SMR, NER, NCR,
and SER regions was dominated by pork, and the total WF of pork increased by 33.28%
from 678.5 Gm3 year~! to 904.3 Gm? year !, whereas beef had the largest WF in the QTP
region, accounting for 62.43% on average.
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Figure 5. Total WF in different regions of China in 2000, 2008, and 2017.

The contribution of animal products to the total WF varied considerably between
different regions. Some provinces produced enormous WFs of animal products and ranked
within the top three in 2000, 2008, and 2017. Their enormous WFs were induced by rapid
socioeconomic development. These regions are densely populated and have a higher
demand for animal products [24,31]. Specifically, a large amount of animal products
were produced and consumed in these regions compared to other regions. Provinces in
the NCR and NER heavily rely on locally sourced water-intensive animal products and
predominantly export feed crops. These areas face severe water stress and grapple with a
substantial water scarcity challenge, considering the massive demand for water resources.
In these provinces, the animal breeding industry plays a vital role in mitigating the strain
on water resources and ensuring sustainable development. Tailoring their development
strategies based on local water availability becomes crucial. Therefore, adjusting trade
dynamics and relocating a portion of animal product and crop production to regions
endowed with abundant water resources could alleviate water scarcity and optimize water
utilization in these regions.

The high WF observed in developed areas can be attributed to several factors. Firstly,
developed regions often have higher livestock production, leading to increased water
consumption due to larger herd sizes and more intensive farming practices. Secondly,
these areas tend to rely on more resource-intensive production systems, such as confined
animal feeding operations (CAFOs), which require significant water inputs for maintaining
livestock health and hygiene. Additionally, the increased use of feed with higher WFs and
the reliance on processed feeds might elevate the overall WF in these developed regions.
Moreover, the higher demand for animal products in developed areas might drive the need
for larger-scale production, contributing to increased water usage throughout the livestock
farming process. Lastly, the presence of more advanced but water-consuming technologies
and infrastructure in these regions could also contribute to the higher WF associated with
livestock farming.

3.2. Driving Force Analysis

In this study, an analysis of the driving forces behind the total WF was conducted.
Utilizing the LMDI model, the factors influencing the total WF for each province were
categorized into four effects: the technology effect (A, B, C, D), policy effect (E, F), economic
effect (G), and endowment effect (H, I, J) (Figure 6).
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Figure 6. Driving forces of the WFs of animal products in different periods in China.

The results show that G, F, and E were the three most significant driving forces of the
total WF increase in the Chinese animal breeding industry. The other driving forces of the
increase in the total WF included C, H, and I. The six driving forces contributed 2482.41,
801.97, 696.62, 154.02, 66.29 and 50.93 Gm? to the Chinese breeding industry. D was the
leading factor in the decline in the total WEF, followed by B, A, and J. The four driving forces
contributed —2650.51, —1023.00, —237.86, and —5.49 Gm?® to the total WF of the Chinese
breeding industry, respectively.

We decomposed the total WF of the Chinese breeding industry into two different
periods to explore the driving forces of the total WE. During 2000-2008, the overall WF
increased by 187.11 Gm?, and C and G had a decisive effect on the increase in WF. The other
important driving forces of the increase in total WF were the change in E and F, whereas H
and I only marginally affected the total WE. B and D were the leading factors in the decline
during this period.

In contrast to the 2000-2008 period, the increase in the total WF of the breeding industry
at the national level and the effects of its driving forces differed significantly between 2008
and 2017 in China. B contributed to the increase in total WE, but the positive effects of B
notably changed in the two periods. This change may be due to a mismatch between the
production of animal products and the increased number of farms. This study finds that
D promoted a decline in the total WF during the two periods. The extent of the decrease
in 2008-2017 was larger during the two periods since a greater increase in D occurred in
2008-2017. This demonstrates that increased funding for agricultural equipment is effective
in reducing WFs. Moreover, G, F, and E were promoted to increase the total WF over the
two periods. This promotion could be due to rapid economic growth and a continued rise
in the demand for animal products in China. E and F indicate that policy effects may be
beneficial to the development of the Chinese breeding industry, while water consumption
also increased. The effects of B and C notably changed in the two periods. The change in
B occurred because farming productivity was lower during 2008-2017 than in 2000-2008.
For example, between 2008 and 2017, the number of farms increased significantly, but
the increase in the production of animal products was modest, making 2008-2017 less
productive than 2000-2008. The change in C was due to the development of automation on
farms. The increase in agro-mechanical equipment has increased the level of automation in
farming, and the high level of automation helps to reduce water consumption.
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Enhancing farm production efficiency stands as a viable option to alleviate the pre-
vailing pressure on water resources. Namely, the yield of animal products increased under
the same conditions of breeding and water consumption, which slowed the expansion
of animal breeding scale and reduced water consumption. Despite the advancements
witnessed in China’s farm production efficiency within the animal breeding industry over
the study period, it remained relatively lower in comparison to other industrialized nations,
signifying the need for further enhancement. During the past two decades, the substantial
expansion of China’s animal feeding industry has largely met the demand for animal
products among its populace. Efforts are needed create a resource-saving farming model to
reduce water consumption while improving production efficiency in the future.

The main drivers behind the increase in the Chinese WF of animal products from
2000 to 2017 were the policy and economic effects, and the technology effects were the
main driver of the reduction. Funding for agricultural equipment is increasing via national
agricultural inputs and encouraging input from practitioners. The development of the
animal breeding industry may be promoted, and the WF of animal products will be
reduced. It is more scientific and reasonable to reduce the WF in this manner rather than
changing people’s consumption habits and continuously expanding the importation of
animal products.

3.3. Comparative Analysis

Published studies [2,3,10] broadly addressed the WF of livestock; they mainly concen-
trated on the overall water resource consumption in specific countries (Korea, the United
States) or regions. In contrast, our study focused specifically on the WF of livestock farm-
ing in distinct regions of China, undertaking regional and temporal analyses to deeply
investigate the variations in WFs across different provinces from 2000 to 2017. This detailed
approach provided more specific and concrete data support for managing water resources
in the Chinese livestock industry. By conducting an in-depth analysis of the changes in the
WEF of China’s specific regions, including comparisons between different provinces and
the impact of various farming scales, our paper provided more precise, practical recom-
mendations and guidance for managing the WF of the livestock industry in specific regions
of China.

3.4. Limitations

The study faces certain limitations that could impact the accuracy and comprehen-
siveness of our findings. Firstly, the diverse regional characteristics of China, including
varying climates, economies, and populations, pose a challenge in obtaining representative
data for each region, potentially leading to an overestimation of WFs for animal products.
Furthermore, our research focused on only five animal species, neglecting other commonly
consumed varieties like sheep and duck meat. Expanding the scope of animal products
examined could provide a more comprehensive understanding. Additionally, our emphasis
on the green WE, while crucial, highlights the necessity to investigate factors influencing
water use in the cultivation of feed crops. Future studies should consider delving into the
WE of feed crops to offer a more holistic perspective on the overall water impact associated
with animal product production.

4. Conclusions

In this study, the WFs of the animal breeding industry were estimated in 31 provinces
of China. A driving force analysis of the WF was also conducted by combining a Kaya
equation and the LMDI method. The main conclusions were drawn as follows.

The total WF of the animal breeding industry has risen due to the economic devel-
opment of developing countries. The national total WF of animal products increased
31.95%, from 1049.67 Gm? in 2000 to 1385.05 Gm? in 2017. The WF of pork constituted the
major portion of the total WF in most provinces, consequently being the primary factor
contributing to the overall WF increase.
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Economically developed regions had higher WFs than less developed regions. The
eastern regions of China are more economically developed than the western regions, and
the total WF of the animal breeding industry in the eastern regions is higher.

Increasing the funding for agricultural equipment, integrating more small farms,
improving production efficiency, and increasing the automation of farms may effectively
reduce the WF of animal products.

Author Contributions: Conceptualization, H.X. and W.Z.; methodology, H.X.; software, Y.X.; valida-
tion, H.X,, B.L.; formal analysis, H.X. and H.C.; investigation, W.Z.; resources, H.X. and Y.X; data
curation, H.X.; writing—original draft preparation, H.X.; writing—review and editing, H.X., Y.X. and
H.L.; visualization, H.X.; supervision, B.L.; project administration, W.Z.; funding acquisition, W.Z.
and H.C. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Key Research and Development Project [Grant
number: 2022YFD2300302, 2019YFD1100501], and the Project for R&D of Academy of Agricultural
Planning and Engineering, MARA (Project Grant number: QD202109, QNYC-2021-03).

Data Availability Statement: The authors affirm that all data necessary for confirming the conclu-
sions of the article are present within the article, figures, and tables.

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

References

1. Mekonnen, M.M.; Hoekstra, A.Y. A Global Assessment of the Water Footprint of Farm Animal Products. Ecosystems 2012, 15,
401-415. [CrossRef]

2. Mekonnen, M.M.; Neale, CM.U.; Ray, C.; Erickson, G.E.; Hoekstra, A.Y. Water productivity in meat and milk production in the
US from 1960 to 2016. Environ. Int. 2019, 132, 105084. [CrossRef] [PubMed]

3. Xie, D.; Zhuo, L.; Xie, P; Liu, Y.; Feng, B.; Wu, P. Spatiotemporal variations and developments of water footprints of pig feeding
and pork production in China (2004-2013). Agric. Ecosyst. Environ. 2020, 297, 106932. [CrossRef]

4. Hoekstra, A.Y. Virtual Water Trade. In Proceedings of the Internacional Expert Meeting on Virtual Water Trade, Delft, The
Netherlands, 12-13 December 2003.

5. Hoekstra, A.Y.,; Chapagain, A.K.; Aldaya, M.M.; Hoekstra, M.M.M. The Water Footprint Assessment Manual: Setting the Global
Standard; Routledge: London, UK, 2011.

6. Chapagain, A.K.; Hoekstra, A.Y. Virtual Water Flows between Nations in Relation to Trade in Livestock and Livestock Products;
UNESCO-IHE: Delft, The Netherlands, 2003.

7. Mekonnen, M.; Hoekstra, A.Y. The Green, Blue and Grey Water Footprint of Animals and Animal Products; Unesco-IHE Institute for
Water Education: Delft, The Netherlands, 2010.

8.  Gerbens-Leenes, PW.; Mekonnen, M.M.; Hoekstra, A.Y. The water footprint of poultry, pork and beef: A comparative study in
different countries and production systems. Water Resour. Ind. 2013, 1, 25-36. [CrossRef]

9. Bosire, C.K.; Ogutu, ]J.O.; Said, M.Y.; Krol, M.S.; Leeuw, ].D.; Hoekstra, A.Y. Trends and spatial variation in water and land
footprints of meat and milk production systems in Kenya. Agric. Ecosyst. Environ. 2015, 205, 36-47. [CrossRef]

10. Kim, I; Kim, K.-S. Estimation of water footprint for major agricultural and livestock products in Korea. Sustainability 2019,
11, 2980. [CrossRef]

11. Kannan, N.; Osei, E.; Gallego, O.; Saleh, A. Estimation of green water footprint of animal feed for beef cattle production in
Southern Great Plains. Water Resour. Ind. 2017, 17, 11-18. [CrossRef]

12.  Bosire, C.K,; Lannerstad, M.; Leeuw, ].D.; Krol, M.S.; Ogutu, J.O.; Ochungo, P.A.; Hoekstra, A.Y. Urban consumption of meat and
milk and its green and blue water footprints—Patterns in the 1980s and 2000s for Nairobi, Kenya. Sci Total Environ. 2017, 579,
786-796. [CrossRef]

13. Bosire, C. The Water and Land Footprints of Meat and Milk Production and Consumption in Kenya: Implications for Sustainability and
Food Security; University of Twente: Twente, The Netherlands, 2016. [CrossRef]

14. de Miguel, A.; Hoekstra, A.Y.; Garcia-Calvo, E. Sustainability of the water footprint of the Spanish pork industry. Ecol. Indic. 2015,
57,465-474. [CrossRef]

15. Bai, X.; Ren, X.J.; Khanna, N.Z.; Zhou, N.; Hu, M.T. Comprehensive water footprint assessment of the dairy industry chain based
on ISO 14046: A case study in China. Resour. Conserv. Recy. 2018, 132, 369-375. [CrossRef]

16. Bai, X.; Ren, X]J.; Khanna, N.Z.; Zhang, G.P; Zhou, N.; Bai, Y.; Hu, M.T. A comparative study of a full value-chain water footprint
assessment using two international standards at a large-scale hog farm in China. J. Clean. Prod. 2018, 176, 557-565. [CrossRef]

17.  FAOSTAT. FAOSTATFAOSTAT Online Database. Available online: https://www.fao.org/faostat/en/#data (accessed on
25 October 2023).

18.  Zhang, C.; Zhao, Y.; Shi, C.; Chiu, Y.-H. Can China achieve its water use peaking in 2030? A scenario analysis based on LMDI and

Monte Carlo method. J. Clean. Prod. 2021, 278, 123214. [CrossRef]


https://doi.org/10.1007/s10021-011-9517-8
https://doi.org/10.1016/j.envint.2019.105084
https://www.ncbi.nlm.nih.gov/pubmed/31415964
https://doi.org/10.1016/j.agee.2020.106932
https://doi.org/10.1016/j.wri.2013.03.001
https://doi.org/10.1016/j.agee.2015.02.015
https://doi.org/10.3390/su11102980
https://doi.org/10.1016/j.wri.2016.12.002
https://doi.org/10.1016/j.scitotenv.2016.11.027
https://doi.org/10.3990/1.9789036542463
https://doi.org/10.1016/j.ecolind.2015.05.023
https://doi.org/10.1016/j.resconrec.2017.07.021
https://doi.org/10.1016/j.jclepro.2017.11.248
https://www.fao.org/faostat/en/#data
https://doi.org/10.1016/j.jclepro.2020.123214

Water 2023, 15, 4264 13 0f 13

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Zhang, L.; Dong, H.; Geng, Y.; Francisco, M.-J. China’s provincial grey water footprint characteristic and driving forces. Sci. Total
Environ. 2019, 677, 427-435. [CrossRef] [PubMed]

Long, H.; Lin, B.; Ou, Y.; Chen, Q. Spatio-temporal analysis of driving factors of water resources consumption in China. Sci. Total
Environ. 2019, 690, 1321-1330. [CrossRef] [PubMed]

Li, Y.; Wang, S.; Chen, B. Driving force analysis of the consumption of water and energy in China based on LMDI method. Energy
Procedia 2019, 158, 4318-4322. [CrossRef]

Zhang, S.; Su, X; Singh, V.P.; Ayantobo, O.O.; Xie, J. Logarithmic Mean Divisia Index (LMDI) decomposition analysis of changes
in agricultural water use: A case study of the middle reaches of the Heihe River basin, China. Agric. Water Manag. 2018, 208,
422-430. [CrossRef]

Zhi, Y.; Hamilton, P.B.; Zhi, C. Analysis of virtual water consumption in China: Using factor decomposition analysis based on a
weighted average decomposition model. Water Environ. J. 2015, 29, 61-70. [CrossRef]

Zhao, C.; Chen, B. Driving Force Analysis of the Agricultural Water Footprint in China Based on the LMDI Method. Environ. Sci.
Technol. 2014, 48, 12723-12731. [CrossRef]

Jiang, C.H.; Zang, W.R.; Hu, L.L. Influencing factors analysis of carbon dioxide emissions of Liaoning power consumption based
on Kaya model. Adv. Mater. Res. 2013, 779, 1476-1481. [CrossRef]

Han, Q.; Sun, C.Z.; Zou, W. Grey water footprint efficiency measure and its driving pattern analysis on provincial scale in China
from 1998 to 2012. Resour. Sci. 2016, 38, 1179-1191.

Ang, B.W,; Liu, EL. A new energy decomposition method: Perfect in decomposition and consistent in aggregation. Energy 2001,
26, 537-548. [CrossRef]

Ang, BW.; Zhang, F.Q.; Choi, K.-H. Factorizing changes in energy and environmental indicators through decomposition. Energy
1998, 23, 489-495. [CrossRef]

Duan, P; Qin, L.; Wang, Y.; He, H. Spatial pattern characteristics of water footprint for maize production in Northeast China.
J. Sci. Food Agric. 2016, 96, 561-568. [CrossRef] [PubMed]

Mekonnen, M.M.; Hoekstra, A.Y. The Green, Blue and Grey Water Footprint of Crops and Derived Crops Products; UNESCO-IHE
Institute for Water Education: Delft, The Netherlands, 2010.

Hoekstra, A.Y.; Chapagain, A.K. Water footprints of nations: Water use by people as a function of their consumption pattern.
Integr. Assess. Water Resour. Glob. Change North-South Anal. 2007, 21, 35-48.

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


https://doi.org/10.1016/j.scitotenv.2019.04.318
https://www.ncbi.nlm.nih.gov/pubmed/31059885
https://doi.org/10.1016/j.scitotenv.2019.06.311
https://www.ncbi.nlm.nih.gov/pubmed/31470494
https://doi.org/10.1016/j.egypro.2019.01.790
https://doi.org/10.1016/j.agwat.2018.06.041
https://doi.org/10.1111/wej.12069
https://doi.org/10.1021/es503513z
https://doi.org/10.4028/www.scientific.net/AMR.779-780.1476
https://doi.org/10.1016/S0360-5442(01)00022-6
https://doi.org/10.1016/S0360-5442(98)00016-4
https://doi.org/10.1002/jsfa.7124
https://www.ncbi.nlm.nih.gov/pubmed/25654998

	Introduction 
	Materials and Methods 
	Animals and Animal Products 
	WF of Animal Products 
	Driving Force Analysis 
	Data 

	Results and Discussion 
	Provincial WF of Animal Products in China 
	Green, Blue and Gray WF of Animal Products 
	Changes in the Total WF in Different Regions of China 

	Driving Force Analysis 
	Comparative Analysis 
	Limitations 

	Conclusions 
	References

