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Understanding the implications of dietary consumption and food trade for water resources is 
essential for sustainable development in water-scarce regions. In this study, we quantified the dietary 
virtual water use (DVWU) and trade flows associated with food production and consumption across 
the upstream, midstream, and downstream regions of the Yellow River Basin (YRB), with explicit 
consideration of urban–rural dietary differences. We then evaluated how virtual water transfers 
in the food trade affect regional water stress. The results revealed that, in 2020, grain-based diets 
accounted for 28.32% more DVWU than animal-based diets in the YRB. Upstream residents had the 
highest per capita DVWU (312.3 m3), primarily due to higher intake of water-intensive foods and 
feed. Rural diets were dominated by grain-based virtual water (60.64%), whereas urban diets relied 
more on animal sources (53.43%). The food trade led to a net outflow of 60.7 BCM of virtual water 
from the YRB, primarily from the downstream area, resulting in a 53.64% overall increase in the water 
stress index (WSI) across the basin. Although upstream regions experienced a 24% decrease in WSI 
due to virtual water inflow, downstream areas experienced an 80% increase, highlighting the spatial 
mismatch between food production and water availability. This study provides evidence-based insights 
for integrated food–water management and water-efficient food system planning in response to 
increasing water stress in the YRB and other arid regions of China.
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The overuse of freshwater resources is increasingly being seen as a critical global risk that threatens both ecological 
stability and human development. Ensuring sustainable water management has become a core component of the 
international agenda, as emphasized by the United Nations’ Sustainable Development Goals (SDGs), particularly 
SDG 61. As the primary sector responsible for food production, the agricultural industry is the largest user 
of freshwater resources, accounting for approximately 70–85% of global water withdrawals. Animal-based 
food production generally requires substantially more water than plant-based food production because of the 
cumulative water requirements of feed crops, animal maintenance, and processing2,3. As economic development 
and living standards improve, dietary patterns shift toward higher meat and dairy consumption; thus, regional 
water demand increases, often exceeding sustainable limits, particularly in arid or semi-arid basins. Moreover, 
when food is produced in water-scarce regions and consumed elsewhere, the externalization of consumption 
can exacerbate local water depletion. Therefore, the relationship among dietary composition, food trade, and 
embedded water use must be understood for managing water stress in vulnerable regions.

The Yellow River Basin (YRB) is China’s second-largest river basin, spanning an area of 795,000 km2. It 
originates on the Qinghai–Tibet Plateau and flows through nine provinces before discharging into the Bohai Sea, 
forming a distinctive west–east gradient in terms of topography and climate4. The YRB is conventionally divided 
into three geographical regions: the Upstream Reach, from the source in the Bayan Har Mountains to Hekou 
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Town (located in Togtoh County, Inner Mongolia), is characterized by high elevation and a sparse population; 
the Midstream Reach, from Hekou Town to Taohuayu (near Zhengzhou, Henan Province), is dominated by the 
Loess Plateau, with fragile ecosystems and intensive agriculture; and the Downstream Reach, from Taohuayu to 
the Bohai Sea, is densely populated and economically developed5. This spatial structure results in pronounced 
variations in the precipitation, runoff, land use, and water demand. The YRB contains 17.7% of China’s water 
resources and less than 20% of the national per capita average6,7. Over the past five decades, total water use 
has increased from 17.8 to 39.3 BCM8, with agriculture remaining the dominant sector, accounting for 77% 
of withdrawals, 91% of which are for irrigation9. Currently, the YRB contributes 38%, 22%, and 30% of wheat, 
maize, and mutton and milk production, respectively. This imbalance between regional water availability and 
heavy agricultural burden has intensified water stress within the region.

In addition to growing water demand, the YRB has experienced significant climatic changes. From the 
1960s to the 2000s, most areas in the basin experienced declining precipitation. Consequently, annual natural 
runoff reached a record low of approximately 30.0 BCM in 2002 and has since fluctuated around an average 
of 57.5 BCM10. Owing to these climatic fluctuations, water availability has exhibited pronounced interannual 
variability, often coinciding with periods of peak agricultural demand. Population growth, urban expansion, 
and socioeconomic development are expected to increase industrial and domestic water demand by 50–80% 
over the next three decades11–13, posing new challenges to the region’s already scarce water resources. Within the 
national strategy for ecological protection and high-quality development in the YRB14, water stress continues 
to be regarded as the principal constraint and a key bottleneck in achieving sustainable human–environment 
interactions6,15.

Virtual water is the water embedded in goods and services16,17, and includes blue, green, and gray water. 
Green water is the water stored in the unsaturated soil layer and precipitation that is eventually transferred 
to canopy evapotranspiration18. Blue water comprises surface and groundwater. Gray water is the freshwater 
required for diluting pollutants in receiving water bodies19,20.

Virtual water offers a powerful lens for examining the intricate interplay among agricultural production, 
food consumption, and water stress21,22. The concept is especially useful for understanding how the food trade 
redistributes water use and scarcity across regions23–29. For instance, Xie24 analyzed the temporal dynamics of 
blue and green water scarcity driven by irrigated croplands in the YRB, and revealed that several areas in the 
Midstream Reach experienced both blue and green water scarcity, at least at a modest level, for a minimum of 3 
months each year, whereas some particularly affected regions, especially in the northern part of the Midstream 
Reach, faced significant and persistent blue water scarcity throughout the year due to intensive crop production. 
Regional disparity in grain production and consumption drives virtual water flows via the food trade, helping 
importing regions to save local water for other critical uses25–27. However, such trade may also shift the burden of 
resource use and environmental impacts from the regions where consumption occurs to those where production 
takes place3,20,30–33.

In recent years, a growing body of research has utilized the concept of virtual water to examine how imbalances 
in household consumption and transformations in dietary patterns contribute to regional and global water 
stress34–36. For instance, Yan2 estimated the virtual water for food consumption in China from the perspectives 
of urban and rural dietary changes, and found that the per capita virtual water embedded in the diets of urban 
residents was higher than that of rural residents. Their study suggested that a shift to a balanced diet can reduce 
pressure on water resources. Consistent with this view, Vanham37,38 emphasized that shifts in dietary patterns, 
particularly toward more water-intensive foods, will be a major driver of future water stress.

As the YRB spans a vast and diverse geographical region, it exhibits considerable heterogeneity in resource 
endowments, dietary patterns, demographic characteristics, and agricultural structures across its upper, middle, 
and lower reaches. Previous studies investigated the impact of agricultural production on water resources in the 
YRB through a virtual water lens. These efforts primarily focused on assessing the water footprint of agricultural 
products5,23,39, flow of virtual water embedded in agricultural trade40–44, and resulting pressure on regional water 
resources45,46.

Although previous studies examined agricultural production and virtual water flows, relatively few addressed 
how consumption-side heterogeneity—particularly dietary differences between rural and urban populations—
shapes virtual water dynamics and regional water stress. This study contributes to the literature in two significant 
ways: (1) by incorporating consumption-side drivers, including dietary structure and rural–urban disparities, 
into the analysis of virtual water flows; and (2) by investigating the disparity between food production and 
consumption as a key mechanism driving intra-basin virtual water transfer and influencing spatial patterns of 
water stress. These perspectives remain underexplored in existing research and offer new insights into food–
water connections at sub-basin scales. To this end, we address the following research questions: (1) How do 
dietary differences across sub-regions of the YRB influence dietary virtual water use (DVWU)? (2) To what 
extent do rural–urban dietary disparities contribute to the spatial variation in DVWU? Finally, (3) how does the 
mismatch between regional food production and consumption drive the virtual water trade (VWT), and in turn, 
exacerbate or alleviate water stress across the basin? To answer these questions, we first estimated the virtual 
water content (VWC) of grain- and animal-based food products, then analyzed spatial and demographic patterns 
in DVWU, and finally evaluated the impacts of VWT—arising from production–consumption imbalances—on 
regional water stress. This study advances the understanding of food–water interactions at multiple spatial scales 
and provides a scientific foundation for the formulation of region-specific policies for sustainable food and water 
management.
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Methodologies and data
Estimation of VWC of food
VWC refers to the volume of water consumed in the production of a given commodity at its place of origin 
per unit mass, typically expressed in cubic meters per ton (m3/ton). VWC is measured via two prominent 
approaches: the environmentally extended input–output approach (EEIO)47,48 and the process-based method49. 
The EEIO approach is more appropriate when the objective is to capture broader supply-chain effects, such as 
embedded energy inputs and water use in upstream production processes (where Scope 2 and 3 impacts are 
likely to dominate), whereas the process-based approach offers higher spatial and sectoral resolution, rendering 
it more appropriate for analyzing dietary water footprints and intra-regional VWT within specific regions.

As our study focuses on direct agricultural production within the YRB —primarily involving Scope 1 water 
use impacts—we estimated crop-specific VWCs via the process-based approach. This approach relies on detailed 
crop water use and production data, enabling a more accurate assessment of regional and commodity-level 
heterogeneity in water consumption. It has been widely employed for examining agricultural water use in 
previous studies, particularly in studies seeking to quantify food-related VWC at fine spatial scales39,50,51.

VWC of crops
The specific calculation formula for VWC of crops is as follows50,51:

	 V W Ci,c = V W Cbl
i,c + V W Cgr

i,c � (1)
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where V W Ci,c indicates the VWC of crop c (including wheat, maize, rice, potato, and soybean) in region i 
(different provinces in the YRB; L/kg). V W Cbl

i,cand V W Cgr
i,c indicate the blue and green VWC of crop c in 

region i, respectively (L/kg); Ii,c and P eff i,c represent irrigation water and effective precipitation (portion 
of rainfall available for crop use after accounting for losses) during the growing season52 for crop c in region i, 
respectively (mm). Yi,c denotes grain yield per unit area (kg/ha). The factor 104 converts water depth (in mm) 
into water volume per unit area of land (in L/ha); “lgp” is the length of the crop growth period (in days). The 
VWC of wheat and rice in the YRB was calculated to estimate the virtual water consumed directly via residents’ 
diets. Additionally, the VWCs of maize, potato, and soybean were calculated, as these crops serve as ingredients 
for animal feed, allowing us to estimate the VWC of animal-based products.

VWC of animal-based food
The VWC of animal-based foods is generally high, as it includes not only the water used for feed crop production, 
but also additional water for animal maintenance and product processing. In this study, we focused exclusively 
on the virtual water associated with feed crop production, assuming that other components (e.g., drinking 
and service water) are largely returned to the water system. In addition, we did not account for gray water or 
polluted return flows (e.g., from agricultural systems), as it focused exclusively on quantifying the volumes of 
water used or retained within agricultural production processes, rather than addressing water quality issues or 
environmental pollution.

The VWC of animal-based food was determined based on the feed/meat ratio, composition of feed grains, 
and VWC of each feed grain component.
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where V W Ci,k, V W Cbl
i,k, and V W Cgr

i,krepresent the total VWC, blue VWC, and green VWC of animal-
based food k (including pork, beef and mutton, milk, eggs, and poultry) in region i (L/kg); Rati, k indicates 
feed–meat ratio of animal-based food k in region i (dimensionless) (Table T1 of the Supporting Information 
(SI)). According to Xin53, 70%, 10%, 15%, 30%, and 40% of the output from maize, rice, wheat, tuber crops, 
and soybeans, respectively, is used as feed grain. Consequently, the estimated fractions of different grain-based 
products ( Fc) in the feed were 64.06%, 7.23%, 6.21%, 3.1%, and 19.45% for maize, rice, wheat, potatoes, and 
soybeans, respectively.

Estimation of DVWU and VWT
DVWU refers to the volume of virtual water embedded in crop- and animal-based foods consumed by 
residents. This reflects the indirect use of water resources associated with dietary intake, rather than total food 
production or trade. DVWU was calculated by multiplying the amount of each food type consumed per capita 
by its corresponding VWC, considering variations in dietary patterns between the urban and rural populations. 
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This approach enabled the assessment of water use specifically linked to human consumption behavior across 
different regions. In this study, DVWU was calculated separately for each food category and region based on 
VWC and dietary consumption quantities:

	
DV W U i =

∑
DV W U i,c +

∑
DV W U i,k � (7)

	 DV W U i,c = V W Ci,c × Qi,c� (8)

	 DV W U i,k = V W Ci,k × Qi,k � (9)

where DV W U i represents the DVWU of residents in region i (m3/person); DV W U i,c and DV W U i,k  
represent the DVWU of crop- and animal-based food types, respectively (m3/person); and Qi,cand Qi,k  are the 
quantities of crop- and animal-based food consumed by residents in region i, respectively (kg/person; Table 1).

VWT reflects the net inflow or outflow of virtual water associated with the difference between local food 
production and consumption. In this study, VWT was not derived from reported trade statistics, which are 
often incomplete or unavailable at the basin or sub-basin scale and may not align with YRB boundaries. Instead, 
VWT was estimated indirectly from the balance between local food production and consumption (assuming 
that all surplus is traded and no wastage occurs). This supply–demand approach enables us to consistently 
capture implied food flows and their implications for water use across regions, while avoiding the additional 
uncertainties and spatial inconsistencies associated with reported trade data. Furthermore, all VWT estimations 
were based on the VWC of the production region, even when insufficient local production is assumed to be 
compensated by inflows from outside the YRB. This ensures that the analysis directly reflects the influence of 
local production systems on regional water stress. The total VWT in region i is given by:

	 V W T i = (Oi,c − Qi,c × P opi) × V W Ci,c

	 + (Oi,k − Qi,k × P opi) × V W Ci,k� (10)

where ​V W T i denotes the VWT in region i (m3). A positive value indicates net virtual water outflow (i.e., 
the region is a net exporter of virtual water), while a negative value indicates net virtual water inflow (i.e., the 
region is a net importer); Oi,cand Oi,krepresent the output of grain-based food c and animal-based food k in 
region i, respectively (ton); P opi is the population in region i; Qi,c × P opi (or Qi,k × P opi) represents the 
total consumption of grain-based (or animal-based) products in region i. In practice, this value is calculated 
as the sum of per capita consumption by urban residents multiplied by the urban population and per capita 
consumption by rural residents multiplied by the rural population.

In addition to total VWT, green and blue components were separately estimated as green VWT ( V W T gr
i ) 

and blue VWT ( V W T bl
i ), respectively. These were calculated using the same formulation as Eq. (10), but with 

the corresponding VWC values substituted for V W Cgr
i,c ( V W Cgr

i,k) and V W Cbl
i,c ( V W Cbl

i,k), respectively. 
This decomposition allows for a more nuanced understanding of the water sources embedded in virtual water 
flows across regions.

Assessment of dietary impacts on water stress
The possible impact of VWT embedded in food on water stress was detected as20:

	
∆ WSIi = W SIcur

i − W SInt
i

W SInt
i

� (11)

	
W SIcur

i = W U i

T W Ai
� (12)

	
W SInt

i = W U i + V W T bl
i
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� (13)

Province Wheat Rice Pork Beef and Mutton Poultry Egg Milk

Shanxi 94.28/138.85 13.09/19.29 10.93/8.35 3.06/0.96 4.83/3.18 16.94/15.5 22.83/12.03

Inner
Mongolia 63.45/79.79 54.99/88.66 16.6/28.5 11.9/7.7 8.19/7.76 14.94/12.77 23.21/14.7

Shandong 94.75/136.38 14.1/11 13.5/10.9 2.7/1.3 8.5/7.9 20.6/19.5 22.5/11.1

Henan 87.42/107.53 18.46/28.01 11.96/8.8 3.88/1.4 7.2/7.83 18.98/17.96 18.18/8.36

Shaanxi 80.95/102.27 17.5/18.7 11.4/7.8 3.5/1.2 3.7/2 11.8/7.1 12.8/5.6

Gansu 93.15/95.85 20.25/12.15 12.4/11.4 50/2.35 6.7/5.81 11.5/7.28 20.07/6.9

Qinghai 49.89/78.03 33.23/42.21 8.3/7.9 13.4/16.1 4.7/2.7 6.9/3.5 22.9/10.5

Ningxia 49.1/85.4 32.7/46.2 6.4/5.1 9.4/9.4 7.4/9.7 8.9/5.5 18.1/7.9

Table 1.  Per capita consumption of key food categories in 2020 (urban/rural, kg/ person).
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where ∆ WSIi is the effect of food trade on water stress in region i, W SIcur
i  is the water stress index (WSI) 

under current conditions, and W SInt
i  is the WSI under hypothetical conditions without VWT embedded in 

food. W U i refers to water use (m3/yr) in region i and T W Ai represents the total available water resources in 
region i, including surface water and groundwater (m3). Only blue virtual water trade ( V W T bl

i ) was considered 
in estimating the impact of food trade on water stress, as data are available exclusively for blue water resources.

Data
The VWC of crops ( V W C(i,c)) in this study was estimated based on the five-arc-minute gridded water footprint 
dataset published by Zhuo42. This dataset was generated using the AquaCrop model, which simulates soil water 
dynamics by tracking water inflow and outflow in the root zone. Specifically, it calculates daily blue and green 
water evapotranspiration, as well as crop yield during the crop growth period. For more detailed information 
on the datasets, please refer to Wang54 and Zhuo42. To reduce the influence of interannual rainfall variability 
on blue and green water estimates, the VWC was calculated as the average value for the period of 2000–2014. 
In this study, we combined food production and consumption data, as well as population data for 2020, with 
the long-term average dataset, as more recent basin-wide water-use data are not yet available. This approach 
provided consistency and ensured that the assessment results for 2020 were representative of typical hydrological 
conditions.

The feed–meat ratio reflects the amount of feed required to produce one unit of animal product k in region i, 
and serves as a key parameter in estimating the VWC of animal-based products. The feed–meat ratios considered 
in this study were sourced from peer-reviewed literature and account for regional variations across different 
types of animal-based products. Detailed values for each region and product category are provided in Table T1 
of the SI.

Table 1 presents the annual per capita consumption (kg/person) of key food categories, including staple 
foods (wheat and rice) and animal-based products (pork, beef, mutton, eggs, and milk) for both urban and rural 
populations. These data were primarily derived from the 2021 Statistical Yearbooks of the relevant provinces, 
such as the Shandong55, Inner Mongolia56, Shaanxi57, Shanxi58, Ningxia59, Gansu60, Henan61, and Ningxia59 
Statistical Yearbooks, as well as supplementary data from selected municipal statistical yearbooks. The 2021 
Statistical Yearbooks report records for 2020, which is the assessment year considered in this study. This 
information serves as a basis for estimating region-specific food consumption volumes, which, when combined 
with VWC, are used to calculate the DVWU associated with dietary patterns.

In addition to the data mentioned above, we also utilized population statistics for 2020 at the prefecture 
level across the YRB, including both urban and rural population figures. Data on the production of grain-
based (wheat, maize, and rice) and animal-based foods (pork, beef, mutton, eggs, and milk) were collected 
from each region, obtained from the 2021 statistical yearbooks of the respective provinces55–62. Additionally, 
information on water resource endowments and use was sourced from provincial water resource bulletins (Shui 
Ziyuan Gongbao) published by the corresponding provincial water authorities, including the Water Resources 
Department of Shandong Province62, Department of Water Resources of Inner Mongolia Autonomous Region63, 
Gansu Provincial Department of Water Resources64, Qinghai Water Conservancy Information Network65, 
Ningxia Water Conservancy66, Shaanxi Provincial Department of Water Resources67, and Shanxi Provincial 
Department of Water Resources68. These comprehensive datasets provide a foundation for estimating food 
supply, consumption, virtual water flows, and regional water stress levels.

Results
Virtual water embedded in food consumption by residents in the YRB
VWC of food in the YRB
To better understand the underlying drivers of regional differences in DVWU, this section examines the VWC of 
major food items in the YRB, including grain-based products, livestock feed, and animal products. The following 
subsections provide a detailed breakdown of VWC estimates by food category and region (Fig. 1). For improved 
readability in the descriptive text, we used simplified notations such as VWC, VWCbl (blue water), and VWCgr 
(green water), omitting the subscripts i, c, and k as defined in Eqs. (1)–(6). Instead, the corresponding region and 
food type are clearly stated in the narrative context.

	 i.	 VWC of grain-based products

	The VWCbl for maize, rice, and wheat were 272, 435, and 753 L/kg, comprising 26%, 48%, and 53% of the total 
VWC in the YRB, respectively. The VWCs of potatoes and soybeans, the key feed ingredients, were 317 and 
3,491 L/kg, respectively, with VWCbl contributing 5% and 23%, respectively.

	Regionally, the upstream basin presented crops with high VWCs. For example, maize in the upstream region had 
a VWC of 1,245 L/kg (31% VWCbl), compared with 765 L/kg (20% VWCbl) and 792 L/kg (19% VWCbl) in the 
midstream and downstream regions. Similarly, the VWC of wheat in the upstream region reached 1,584 L/kg 
(53% VWCbl), whereas those in the midstream and downstream regions were 1,377 L/kg (45% VWCbl) and 
1,028 L/kg (53% VWCbl), respectively.

	ii.	 VWC of feed products.

	Based on a standard feed composition as described in Sect. 2.1.2, the average VWC of the feed was calculated as 
1,514 L/kg. Regionally, feed VWC was the highest upstream (1,663 L/kg, 31% VWCbl), followed by midstream 
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(1,335 L/kg, 21%) and downstream (1,151 L/kg, 26%). These differences reflect the local crop production 
conditions and water availability.

	iii.	 VWC of animal-based products.

	The VWC of pork, beef and mutton, poultry, eggs, and milk in the YRB were 4,217, 3,245, 3,194, 2,864, and 
626 L/kg, respectively. On average, VWCbl and VWCgr accounted for 27% and 73% of the total VWC, respec-
tively.

The upstream basin consistently exhibited higher VWCs than the other regions. For example, VWCbl for pork in 
the upstream reached 1,381 L/kg, compared with 833 and 809 L/kg in the midstream and downstream regions. 
VWCgr also followed this trend, with that for pork in the upstream region being 3,092 L/kg, compared with 3,099 
(midstream) and 2,299 L/kg (downstream).

At the provincial level (a detailed list of subregional administrative divisions is provided in Table T4, SI), 
Qinghai (upstream) exhibited the highest VWC for pork (VWCbl: 1,993 L/kg; VWCgr: 5,330 L/kg), indicating 
heavy reliance on green water. Inner Mongolia (upstream) and Shanxi (midstream) also exhibited high VWCbl 
for pork (1,500 and 995 L/kg, respectively). In comparison, Henan (midstream) and Shandong (downstream) 
exhibited lower and more balanced levels (838 and 780 L/kg, respectively). For dairy, Shanxi reported VWCbl 
and VWCgr of 133 and 485 L/kg, respectively, whereas Inner Mongolia recorded values of 231 and 310 L/kg, 
respectively. These results highlight the significant spatial variability in water requirements for animal-based 
production, emphasizing the need for region-specific water management strategies.

By comparing the magnitude and composition of VWCs across the upstream, midstream, and downstream 
regions, clear spatial patterns of dietary water use were observed. These spatial patterns were shaped by 
agricultural practices and environmental conditions, which jointly influenced dietary water use across the YRB.

DVWU of diets in the YRB
Here, we use the terms “grain-based DVWU” and “animal-based DVWU” to refer to DVWU associated with 
crop- and animal-based foods, respectively. These expressions correspond directly to the formal notations 
DVWUi, c and DVWUi, k defined in Eqs. (7)–(9).

Regarding the per capita DVWU, grain-based food accounted for the largest share across all subregions. 
Rural residents consistently exhibited higher grain-based DVWU than their urban counterparts (Fig. 2). The 

Fig. 1.  Virtual water content (VWC, L/kg) of different food products. Subplots (a) and (b) show the blue and 
green VWC (VWCbl and VWCgr) of food products by subregion (upstream, midstream, downstream, and 
basin-wide average), whereas subplots (c) and (d) present the corresponding values at the provincial level. 
Subregions are grouped according to their location within the YRB. Detailed data are available in Tables T2–
T3, and a list of subregional administrative divisions is provided in Table T4, SI.
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highest value was observed in rural residents of the upstream region (93.59 m3/person), followed by those in 
the midstream (80.68  m3/person) and downstream (74.16  m3/person) regions. Urban residents also showed 
a decreasing trend from upstream (68.04 m3/person) to downstream (55.31 m3/person). Among grain types, 
wheat dominated the grain-based DVWU, especially in the midstream region, where both urban and rural 
consumption were significantly higher (55.25 and 72.41 m3/person, respectively) than that of rice.

The animal-based DVWU of urban residents in the upstream, midstream, and downstream regions was 
higher than that of their rural counterparts, with per capita DVWU of 53.24, 30.25, and 30.55  m3/person, 
respectively, compared with 46.1, 18.79, and 25.34 m3/person for rural residents.

Overall, rural residents in the upstream and midstream regions had the highest total DVWU, primarily due 
to their higher consumption of grain-based food. Conversely, urban residents exhibited a high animal-based 
DVWU, likely because of their dietary preferences and greater affordability. The upstream region had the highest 
combined DVWU per capita.

The DVWU of grains, dominated by wheat and rice, for residents in the YRB was 28.23 BCM (Fig. 3). This 
consumption was nearly evenly split between green (13.7 BCM, or 48.55%) and blue (14.53 BCM, or 51.45%) 
virtual water. This is likely due to the dominant dietary habits in northern China, which heavily emphasize 
wheat-based foods. In fact, the virtual water consumption from wheat alone constitutes the majority (86.42%) of 
the total virtual water from grain consumption.

The animal-based DVWU in the YRB amounted to 22 BCM, with pork, eggs, beef and mutton, poultry, 
and milk contributing 36.12%, 29.32%, 14.59%, 13.19%, and 6.77%, respectively. Green and blue virtual water 
embedded in feed for producing animal-based food were 16.3 and 5.7 BCM, representing 74.07% and 25.03% 
of the total DVWU.

The residents in the YRB consumed a total of 50.22 BCM of virtual water in their diet, which comprised 30 
and 20.22 BCM of green and blue virtual water, respectively. In terms of overall DVWU, grain-based DVWU 
comprised 56.21%, whereas animal-based DVWU contributed approximately 43.79%. Furthermore, when 
considering the consumption of blue virtual water, grain-based foods accounted for 71.8%, whereas animal-
based foods constituted the remaining 28.2%.

  
The spatial distribution of DVWU across the upstream, midstream, and downstream regions of the YRB 

revealed substantial heterogeneity in both volume and composition, as shown in Fig. 4. The midstream region 
consistently recorded the highest values, with 14.49 BCM for green DVWU and 8.50 BCM for blue DVWU, 
contributing to a total DVWU of 23.00 BCM (46%). The upstream region followed, with 7.84 BCM for green 
DVWU and 6.26 BCM for blue DVWU, totaling 14.10 BCM, where the downstream region showed the lowest 
green (7.67 BCM) and blue (5.47 BCM) DVWU values, with a total of 13.13 BCM. These results highlight that 

Fig. 2.  Per capita dietary virtual water use (DVWU) (m3/ person) of urban and rural residents’ diets in 
upstream, midstream, and downstream regions of YRB, 2020.
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the midstream region of the basin, owing to its intensive agriculture and reliance on irrigation, exerts the most 
significant pressure on regional water resources.

Within this regional framework, wheat consistently emerged as the most water-intensive food type, 
contributing 12.11 (53%), 5.66 (40%), and 6.48 (49%) BCM in the midstream, upstream, and downstream 
regions, respectively. In contrast, animal-based foods exhibited distinct spatial patterns. The upstream region 
was characterized by high contributions from pork (2.29 BCM) and beef and mutton (2.03 BCM), reflecting its 
strong livestock orientation, whereas the downstream region was dominated by eggs (2.33 BCM) and poultry 
(1.02 BCM). The midstream region showed a more balanced distribution, with pork (3.68 BCM) and eggs (3.00 
BCM) as the leading contributors. These findings highlight that spatial heterogeneity in DVWU across the YRB 
arises from complex interplay between supply-side factors, such as cropping systems and livestock orientation, 
and demand-side drivers, including population distribution, urban–rural structure, and region-specific dietary 
preferences.

  

VWT derived from food supply–demand imbalance
Here, VWT is defined as the virtual water inflow or outflow of a region (YRB as a whole or its upstream, 
midstream, and downstream subregions), estimated from the balance between local food production and 
consumption Eq. (10). The analysis does not track the specific destinations of outflows or sources of inflows; 
instead, it focuses on the implications of these net flows for regional water stress.

In 2020, the YRB recorded a VWT outflow of 32.56 BCM through wheat (including 16.42 BCM for blue 
virtual water), and a VWT inflow of 2.89 BCM through rice (Fig. 5a, d). In total, grain trade (wheat and rice) 
resulted in a net VWT outflow of 29.68 BCM (including 14.95 BCM for blue VWT). For animal-based food, the 
total VWT outflow was 31.1 BCM, including 22.6 and 8.5 BCM for green and blue VWT, respectively (Fig. 5b, 
d). Among these, the VWT outflow associated with eggs accounted for 32.98% of the total, followed by pork at 
25.42%. Poultry meat, dairy products, and beef and mutton accounted for 14.42%, 14.21%, and 12.96% of the 
total VWT outflow, respectively.

  
Overall, the YRB reported a VWT outflow of 60.7 BCM from food trade (including grain-based and animal-

based products) in 2020 (Fig. 5c), with grain- and animal-based food trade accounting for 48.88% and 51.12%, 
respectively. The net blue VWT outflow was 23.4 BCM, primarily driven by grain-based food trade (63.85%). 
The net green VWT outflow was 37.3 BCM, which was mainly attributed to animal-based food trade (60.52%).

In the upstream basin, the surplus of beef, mutton, and dairy products resulted in a VWT outflow of 5.43 
BCM for virtual water. In contrast, other food products experienced a virtual water deficit, corresponding to a 
VWT inflow of 6.32 BCM (Fig. 5d). As a result, the upstream basin showed a net VWT inflow of 0.89 BCM. 

Fig. 3.  Dietary virtual water use (DVWU) of food in the YRB. The map shows total DVWU (BCM), with the 
share from animal-based products (ratio) indicated by circle size and color—larger, darker circles indicate a 
higher ratio. See Table T4 of the Supporting Information for city names. Map created using ArcGIS 10.8.169.
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For blue virtual water, the upstream basin demonstrated a net VWT inflow of 1.22 BCM, predominantly due to 
grain-based food shortage (81.82% of the total). Conversely, green virtual water exhibited a net VWT outflow of 
0.32 BCM, primarily driven by beef, mutton, and dairy products. In the midstream basin, excluding rice, other 
food products exhibited a surplus equivalent to a VWT outflow of 8.57 BCM, with wheat being the primary 
contributor, at 43.75%. Consequently, the region recorded a net VWT outflow of 7.04 BCM, comprising 5.01 and 
2.02 BCM for green and blue virtual water, respectively. In the downstream basin, food production significantly 
exceeded local demand, resulting in a VWT outflow of 54.57 BCM to other regions. Wheat was the primary 
contributor, accounting for 58.91%, followed by eggs (15.86%) and pork (11.97%). Of the 22.61 BCM for blue 
VWT outflow, wheat, eggs, and pork accounted for 74.17%, 7.52%, and 9.97%, respectively.

In summary, VWT outflows from the YRB were predominantly driven by surpluses of wheat, eggs, pork, and 
poultry in the downstream regions. Conversely, VWT inflows were primarily associated with deficits in wheat, 
rice, and poultry production in the upstream regions.

Impact of VWT on water stress in the YRB
The overall water stress level in the upstream basin was low (WSI = 0.18); however, significant spatial variation 
existed, with some areas experiencing high water stress (Fig. 6a). Regions with WSI > 1 were primarily located in 
the Inner Mongolia (Bayannur, Baotou, and Wuhai), Ningxia (Yinchuan, Wuzhong, Shizuishan, and Zhongwei), 
and Gansu (Baiyin and Lanzhou) Provinces. Among these, water stress in Yinchuan, Wuhai, Lanzhou, and 
Baotou was partially alleviated by the food trade. However, in other areas, virtual water outflows resulting from 
the food trade exacerbated water stress.

Fig. 4.  Composition and quantity of dietary virtual water use (DVWU) across the upstream, midstream, and 
downstream regions of the YRB in 2020. Subplots (a–c) show the proportions of green DVWU (DVWU_g); 
(d–f) represent blue DVWU (DVWU_b); and (g–i) depict total DVWU (DVWU_tot). Each pie chart 
illustrates the percentage contribution of seven major food types (wheat, rice, pork, beef and mutton, poultry, 
milk, and eggs) to regional DVWU. The largest segment in each chart is annotated with its absolute value 
(unit: BCM). The figures were created by the authors using ArcGIS 10.8.169 in combination with Microsoft 
PowerPoint 201070.
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In the midstream basin, the overall water stress was moderate, with a WSI of 0.37. A few areas, including 
Yuncheng and Zhengzhou, had a WSI greater than 1, indicating high water stress, whereas most areas had a WSI 
below 1, with the majority of cities reporting WSI values below 0.5. VWT alleviated water stress in some areas of 
the Shanxi (Taiyuan, Jincheng, and Lvliang) and Shaanxi (Xi’an, Yulin, Tongchuan, and Yan’an) Provinces within 
the YRB. However, this trade also increased water stress in other areas.

Fig. 6.  Water stress index (WSI) distribution and impact of virtual water trade (VWT) in the Yellow River 
Basin (YRB) in 2020. (a) Spatial distribution of baseline WSI under current food production and consumption 
conditions; (b) changes in WSI induced by VWT embedded in food flows. Positive values in panel (b) 
represent an increase in local water stress due to net virtual water outflows, whereas negative values indicate a 
reduction in water stress as a result of net virtual water inflows. The full list of administrative city names can be 
found in Table T4 of the SI. The figures were created by the authors using ArcGIS 10.8.169.

 

Fig. 5.  Virtual water trade (VWT) embedded in food trade for the Yellow River Basin (YRB) as a whole and 
for its upstream, midstream, and downstream sub-basins in 2020. (a) VWT embedded in grain-based food 
trade; (b) VWT embedded in animal-based food trade; (c) total VWT embedded in all food trade (grain- and 
animal-based products combined); (d) net VWT of the upstream, midstream, and downstream sub-basins, 
along with the contributions of different food categories. Positive values indicate net virtual water outflows, 
while negative values represent net inflows. Unit: BCM. A full list of administrative city names is provided 
in Table T4 in the SI. The figures were created by the authors using ArcGIS 10.8.169 in combination with 
Microsoft PowerPoint 201070.
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In the downstream region, the overall water stress was notably high, with a WSI of 0.67. This indicated a 
significant pressure on water resources. The majority of areas in this region had a WSI greater than 0.5, indicating 
moderate to severe water stress. In particular, nearly half of the region experienced WSI values exceeding 1, 
highlighting extreme water stress. These high-stress areas were predominantly located in Henan Province, 
including cities such as Xinxiang, Anyang, Puyang, and Hebi, as well as in Shandong Province, including cities 
such as Dongying, Binzhou, and Dezhou. These regions face substantial challenges in managing their water 
resources owing to high demand and limited availability, which exacerbate overall water stress.

  
The analysis of the VWT’s impacts on water stress within the YRB revealed a complex interplay of effects 

across different regions (Fig. 6b). In the upstream basin, cities such as Wuhai and Lanzhou exhibited significant 
reductions in water stress. In contrast, Bayanzhuoer and Haibeizangzu exhibited moderate increases, leading to 
an overall net decrease of 24% in water stress. In the midstream basin, substantial reductions in water stress were 
observed in cities such as Taiyuan, Lvliang, Xi’an, and Yan’an, whereas cities in the Henan and Shanxi Provinces, 
such as Yuncheng, Xuchang, Jiaozuo, Weinan, and Xianyang, exhibited increases in water stress due to virtual 
water output, resulting in an overall increase of 19.19%. Conversely, the downstream basin predominantly 
exhibited increased water stress, with notable increases in cities such as Puyang and Shanqiu, culminating in a 
significant net increase of 80% in water stress in this region.

When considering the entire basin, the data indicate that the VWT led to an overall increase in water stress 
of 53.64%, with the downstream region contributing the most to this trend. This suggests that, although the 
VWT can play a role in managing water resources, it may also exacerbate water stress if not carefully managed, 
particularly in downstream areas.

Discussion
Linking VWC and dietary patterns to water stress dynamics
The spatial distribution of VWC revealed a clear upstream–downstream gradient across the YRB. Grain-based 
products, especially wheat and maize, exhibited higher total VWC in the upstream region, whereas the midstream 
and downstream basins relied more heavily on blue water due to irrigation. Animal-based products also showed 
the highest water intensity upstream, primarily driven by green water embedded in feed. These patterns indicate 
that the upstream region faces a greater virtual water burden per unit of food produced, whereas the downstream 
region faces higher pressure on blue water resources.

From a water stress perspective, adjusting cropping structures based on VWCbl and VWCgr is crucial for 
enhancing regional water sustainability. According to our results, wheat exhibited consistently high VWCbl 
values—841, 616, and 544 L/kg in the upstream, midstream, and downstream regions, respectively—posing a 
considerable burden on irrigation water, particularly in water-scarce downstream areas. In contrast, crops such 
as potatoes and maize exhibited much lower blue water requirements and higher green water dependence. For 
example, potatoes exhibited minimal VWCbl (9–21 L/kg across the basin) and moderate VWCgr; thus, they are 
ideal for rainfed agriculture with low irrigation demand. Maize also exhibited favorable water-use profiles in the 
midstream and downstream regions, with VWCbl values as low as 156 and 147 L/kg, respectively. These findings 
suggest that partial substitution of irrigated wheat with potatoes or maize could substantially reduce blue water 
consumption without compromising food security. Similar strategies have been implemented in water-stressed 
areas of northern China. For example, in the severely overexploited groundwater funnel region of Heilonggang, 
located in the northern part of the Huang-Huai-Hai Plain, it is recommended to replace water-intensive winter 
wheat with spring maize, potatoes, and drought-tolerant coarse grains and legumes71. By shifting toward crops 
that rely primarily on green water, this approach significantly reduced blue water withdrawals, particularly that 
of groundwater used for irrigation.

Although animal-based foods generally have higher total VWC than grain-based foods, the effects of dietary 
substitution on water stress are spatially heterogeneous. In the upstream region, animal products such as pork 
and beef exhibit high VWC values (4,473 and 3,800 L/kg), but are largely supported by green water through feed 
production. Dietary shifts toward grain-based foods, such as wheat, which are typically produced in midstream 
and downstream regions, may decrease the total VWC but shift water demand toward blue water sources. Thus, 
dietary shifts that appear water-saving at the basin scale may exacerbate regional water stress if sourcing is not 
carefully considered. To avoid such trade-offs, substitutions could prioritize locally grown, green-water-reliant 
crops—such as potatoes and coarse grains—instead of increasing reliance on irrigated cereals from lower basin 
regions. This approach supports both water conservation and spatial equity in food–water planning.

Moreover, promoting regionally adapted dietary patterns—such as Mediterranean-like diets with increased 
legume, vegetable, and coarse grain consumption—can further reduce DVWU while improving overall 
nutrition. Simultaneously, addressing production inefficiencies—particularly by improving crop yields and 
reducing irrigation losses—is critical for enhancing water productivity. In this way, the same quantity of food 
can be produced with lower water input, thereby alleviating water stress across the basin.

Rethinking VWT for sustainable food–water management
In the current VWT configuration of the YRB, pronounced spatial disparities reflect an implicit functional 
division among subregions. Although the upstream region exhibited relatively low aggregate water stress (WSI 
= 0.18), its biophysical and agronomic constraints—characterized by low temperatures, limited precipitation, 
fragile soils, and fragmented arable land—limit its capacity to sustain large-scale cultivation of blue-water-
intensive crops, such as wheat72,73. A further dietary shift toward grain-based staples in this region would 
likely necessitate increased virtual imports of cereals from the midstream and downstream areas, inadvertently 
intensifying blue water extraction in zones already experiencing severe scarcity (downstream WSI = 0.67; nearly 
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half of the region with WSI > 1). This spatial mismatch between consumption patterns and production suitability 
underscores the need to align VWT pathways with regional water constraints.

Conversely, the upstream region exhibited comparative advantages in supplying animal-based products. In 
2020, surplus beef, mutton, and dairy production from this region generated a VWT outflow of 5.43 BCM, with 
approximately 62% derived from green water sources, predominantly through feed crops that rely on green water 
(e.g., rain-fed maize and soybeans), rather than irrigation-intensive feed inputs. Strategic support for expanding 
such rainfed livestock systems in the upstream region—where green water resources are more abundant and 
underutilized—could offset the production burden currently placed on water-stressed downstream regions. 
By decreasing the need for local blue-water-intensive animal farming in the lower basin, this upstream-to-
downstream VWT flow would enhance the overall water-use efficiency while preserving regional food supply.

This resource-matched and water-footprint-sensitive reconfiguration of interregional trade presents a 
promising pathway toward integrated water–food–economic planning. Future basin-level strategies should 
reinforce agricultural transitions centered on green-water-dominant systems and promote institutional 
mechanisms for interregional coordination of VWT. Such a framework can facilitate more equitable and 
hydrologically rational redistribution of water-intensive production, contributing to the simultaneous goals of 
ecological sustainability, food security, and balanced regional development in the YRB.

Limitations and suggestions for further research
This study provides a static assessment of the impact of current dietary patterns on DVWU, VWT, and VWS 
across the YRB. However, several limitations should be acknowledged, which also indicate opportunities for 
future research.

First, the VWC values were derived from long-term averages (2000–2014) to minimize interannual rainfall 
variability and enhance cross-regional comparability. Although this approach ensures spatial robustness, it 
may not fully reflect recent advances in irrigation efficiency or climate-induced changes. Nevertheless, our key 
findings remain valid, as VWT and VWS patterns are primarily driven by structural mismatches between local 
food production and consumption. Future studies could incorporate more temporally dynamic VWC estimates, 
such as those from EPIC, PEPIC, or satellite-based evapotranspiration estimates, to better reflect evolving water-
use conditions.

Second, this study focuses on dietary patterns in 2020, without evaluating alternative dietary scenarios. 
Future work should consider counterfactual assessments based on nutritional guidelines or sustainability-
oriented diets—such as WHO recommendations, China’s National Food and Nutrition Development Guidelines 
(2025–2030), or the Mediterranean diet—to inform policy on water-smart and health-promoting diets.

Third, we did not examine the long-term dynamics of dietary transitions. As China has experienced 
significant shifts from grain-based to more animal-based diets over the past few decades, it is essential to assess 
how such changes have historically influenced DVWU, VWT, and WSI over time.

Addressing these limitations will contribute to more adaptive, integrated strategies for managing food and 
water systems under complex socioeconomic and environmental challenges.

Conclusions
This study provided a comprehensive analysis of VWC, DVWU, and VWT linked to food production, 
consumption, and trade across the YRB, highlighting the implications of dietary patterns and regional disparities 
on water stress.

Food consumption in the YRB exerts considerable pressure on local water resources, with significant spatial 
and demographic disparities. Grain-based foods, which are predominantly reliant on blue water, consumed 28% 
more DVWU than animal-based foods, which are largely supported by green water. Wheat alone accounted 
for the majority of grain-related DVWU. Among animal-based products, pork and eggs were the principal 
contributors. Per capita DVWU was highest in upstream regions (312  m3), primarily due to feed-intensive, 
animal-based diets. Urban and rural dietary patterns also diverged significantly, reflecting different pressures 
on water resources.

In 2020, the YRB recorded a total food-related VWT of 60.7 BCM. This trade redistributed water stress 
across the basin—relieving pressure upstream (− 24%) but exacerbating it midstream (+ 19%) and downstream 
(+ 80%), resulting in a 53.64% net increase in basin-wide stress compared with a no-trade scenario.

These findings underscore the importance of incorporating virtual water dynamics into regional water 
and food strategies. Addressing spatial mismatches between dietary demand and water availability—through 
crop substitution, livestock system redesign, and more regionally appropriate food trade—will be critical for 
promoting sustainable water use in the YRB and similar arid agricultural basins.

Data availability
All data generated or analyzed during this study are included in this article.
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