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Water scarcity and poverty are among the most significant global challenges, especially in the world's arid re-
gions. Many countries have been trying to address these challenges. Facilitated by the construction of infrastruc-
ture (e.g., high-speed rails) and development of services industries (e.g., hotels and resorts), telecouplings
(human-nature interactions over distances, e.g., vegetable trade and tourism industry) are expected to alleviate
both water scarcity and poverty, and have been much supported by the central government of China. However,
the extent to which these telecouplings can save water and reduce poverty remains unclear and requires quan-
tification. Employing the simulated results from an integrated hydrological model, crop growthmodel, andmul-
tiple socioeconomic data from a large arid region of northwest China, the Heihe River Basin, we evaluated water
scarcity using a composite index that considered bothwater resources and poverty between 2000 and 2012, and
assessed the effects of the vegetable trade and tourism on water scarcity and income. Our results show that the
vegetable trade contributed 30% of the total water saving and brought an extra 33% of income to rural residents.
The tourism industry's contribution of saving water increased from 1% of its total water use in 2000 to 22% in
2012 through its ongoing expanding market. Our results also implicate that future water sustainability is deter-
mined by climate factors and by social factors, such as population, economy, policy, and technological develop-
ments. Our study provides insights into northwest China and can be used to develop arid regions around the
world to better manage natural resources and reduce poverty.
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1. Introduction

Water resources are critical for food security, economic develop-
ment, and ecosystem services (Oki and Kanae, 2006). Poverty and
water scarcity are global biggest challenges and among the United
Nations Sustainable Development Goals, which are particularly
serious for arid developing regions around the world (Reynolds
et al., 2007; Sietz et al., 2011; Xu et al., 2020). Recent efforts to
save water and reduce poverty through social-ecological approach
have been highlighted in the drylands (Adhikari, 2013; Li et al.,
2016). China has a vast area of dryland which covers almost half of
its territory (4,446,000 km2) and includes extremely arid drylands
(1,127,000 km2), arid drylands (1,341,000 km2), and semi-arid dry-
lands (1,978,000 km2) (LADA Project Team, 2010). To meet
population growth, the excessive abstraction of water resources
for irrigating water-intensive grain food has become an increasing
crisis in arid regions of northwest China (Dalin et al., 2014), and
has largely restricted economic development and worsened poverty
(Westmore, 2018). To bolster the economy and save water, both the
central and local governments in northwest China seek potential so-
lutions to develop water-efficient, and local-adapted industries such
as the food trade and the tourism industry.

Improved transportation systems and logistics provide opportuni-
ties for the development of telecouplings (human-nature interactions
over distances) (Kapsar et al., 2019; Liu et al., 2013), such as the food
trade and tourism between northwest China and other places, both in
its domestic provinces and other countries. The non-grain food trade
(e.g., fruit, vegetables, and processed food) and tourism have been en-
couraged and supported in northwest China as both industries are
regarded as being water and energy-efficient, and they generate a
high gross domestic product (GDP)with lowwater resources consump-
tion (Cai and Wang, 2010; Chao, 2014). However, to what extent can
the vegetable trade and tourism save water and alleviate poverty for
rural populations in arid regions of northwest China? This is not
known and needs to be quantified.
Fig. 1. Study area: the middle o
Quantifying the impact of the vegetable trade and tourismonwater-
saving and poverty reduction at a regional scale is challenging, because
both water-saving and poverty reduction are composite outcomes
resulting from multiple factors of socioeconomic and environmental
systems (Ferraro and Hanauer, 2014; Hedström and Ylikoski, 2010).
To address such challenges, we focus on two primary tasks: (i) to ana-
lyze the causal mechanism and separate the contribution of new indus-
try developments from confounding processes (e.g., climate change and
other human activities), and (ii) to understand the dynamic effect of the
transformation of industries (e.g., the non-steady state), as policy impli-
cations based on the steady state assumption may be misleading.

Our case study uses the Heihe River Basin (HRB), the second largest
endorheic river basin in China. The HRB is chosen for three reasons.
First, it is an arid and underdeveloped region located in northwest
China, where over 75% of its population depend on agriculture and
have an average income that is far below the national average. Driven
by the increased demand for agricultural water use (mainly from the
middle stream of the HRB), the environment in the lower HRB's stream
has deteriorated, intensifying water conflict and economic develop-
ment. Second, to address the water crisis and reduce poverty, both the
central and local governments along the HRB have actively encouraged
the vegetable trade and tourism since 2002. The middle stream of the
HRB is one of the major “vegetable baskets” of China, and tourism has
become one of the dominant industries. Third, the economic gain from
vegetable exports has been clearly recorded in the statistical yearbook.

2. Methods

2.1. Study area

This study focused on the prefecture-level city of Zhangye in the
middle stream oasis of the HRB, where the main vegetable trade and
tourism industry is centered (see Fig. 1). The total area of Zhangye is
4 × 104 km2, and its arable land area is 2.8 × 103 km2 (approximately
7% of Zhangye). According to the statistical data of 2010, the grain
ases of Heihe River Basin.
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farming area in Zhangyewas about 1.8 × 103 km2, accounting for 65% of
the total arable lands; vegetable farming areas was about 286 km2, ac-
counting for 10.2% of the total arable land. The total population of
Zhangye is 1.3 million; approximately 67% of whom are full-time
farmers. Zhangye is well known for its high yields in vegetable produc-
tion among arid regions across Central Asia (Mavlyanova et al., 2014),
and has become a significant source of income for local farmers (for ex-
ample, the vegetable production increased sevenfold between 2000 and
2012) (GDYEB, 2000-2012). Irrigated water depends on the Heihe
River, and the gauging stations of Yingluoxia (YLX) and Zhengyixia
(ZYX) record the streamflow consumed by Zhangye.

Zhangye is one of the most famous tourist resorts along the Silk
Road, and is famous for its splendid cultural heritage and magnificent
natural landscapes. There are nine national 4A-level tourist attractions
(where 4A refers to top standard in products, services, and environ-
ments), and four 3A-level tourist attractions alongside other various
natural reserves and parks. The total area of these tourist attractions is
approximately 560 km2 (GFSP, 2014), which is the equivalent of a
two-fold in vegetable farming areas in Zhangye. The annual income
from the tourism industry increased ten-fold from 2000 to 2012, con-
tributing approximately 45% toward the local economy (GDYEB, 2000-
2012).

2.2. Water scarcity index (WSI)

We adopted a composite index—a water scarcity index (WSI)—to
evaluate the vegetable trade and tourism on both water-saving and
poverty alleviation. The WSI evaluates the availability of natural water
resources (e.g., precipitation, surface water, and groundwater), the
adaptability toward social water (i.e., water allocation among sectors
and people), and the affordability of structural water (i.e., the capacity
of people or sectors to obtain water) (Komnenic et al., 2009; Molle
andMollinga, 2003; Sullivan, 2002). The changes of affordability caused
by industry transformation can be used to evaluate the poverty
alleviation.

The availability, affordability and adaptability are indicators used for
quantifying water scarcity. Thus, the WSI here is a composite index
based on three indicators:

WSI ¼ ∑i¼1
N wiXiP
i¼1
N wi

ð1Þ

where Xi represents the indicator of availability, affordability, and
adaptability, and wi is the weight applied to that indicator. The pub-
lished literature and reports on water issues of Heihe River Basin ad-
dressed the significance of availability, affordability and adaptability,
however, the weight of these three factors have not been identified
(Cheng et al., 2014; Guo et al., 2009; Li et al., 2018a, 2018b; Wang
et al., 2018). Thus, it is assigned as 1 for the three indicators in this study
on the assumption that the availability, affordability and the adaptabil-
ity are equally weighted in Zhangye.

In this study, the indicator of availability (R) can be represented as:

R ¼ Q−WU ð2Þ

where Q represents the maximum total water supply without causing
adverse effects on the environment, and the Q includes surface water
and groundwater, WU is the actual total water use for the middle HRB.

Since 67% of the population depends on agriculture for a living in
Zhangye, the indicator of affordability (P) is represented as the annual
per capita income for farmers:

P ¼ per capita income yuan=yearð Þ ð3Þ

Since the agricultural sector has consumed over 90% of the water
supply in the study area (Wang et al., 2009), the indicator of adaptability
(S) can be represented as the share (percentage) of total water use
(WU) for other industry and service sectors:

S ¼ 1−
WUAgriculture

WU
ð4Þ

where, WUAgriculture is the water consumption in the agricultural sector.
As the three indicators have different units, each indicatorwas trans-

formed to use standardized scores for easier comparison (Joint Research
Centre-European Commission JRCEC, 2008):

ScoreXi ¼
Xi− min Xð Þ

max Xð Þ− min Xð Þ ð5Þ

where Xi is value of indicator in year of i, andmin(X) andmax(X) are the
maximum and minimum values of all time series of indicator Xiduring
the study period of 2000 and 2012, respectively.

2.3. Quantification framework for WSI

To evaluate the effects of the vegetable trade and tourism on the
WSI, we treated them as an experimental factor to quantify theWSI dif-
ferences between the condition of developing the vegetable trade and
tourism (i.e., their real-world historical condition), and the condition
of not developing the vegetable trade and tourism (i.e., a scenario
used for comparison purposes only). The evaluation process included
three parts: (i) quantifying the real-world WSI based on collected his-
torical data andmodeling results whichwere used as the baseline refer-
ence; (ii) quantifying the amounts from the domestic and international
vegetable trade and the number of domestic and international tourists
and their incomes; and (iii) calculating the WSI of designed scenarios,
comparisonswith the baseline, and evaluating the effects of the vegeta-
ble trade and tourism on the WSI (see Fig. 2).

2.4. Water consumption estimation

2.4.1. Water resources estimation
We evaluated water resources using surface streamflow and

groundwater based on a well-calibrated integrated model (Tian et al.,
2015a; Yao et al., 2018)which incorporated five fundamental hydrolog-
ical components: atmosphere, soil zone, streams and lakes, unsaturated
zones, and groundwater systems. This integrated model was calibrated
based on streamflow records of 12 gauging stations and 47 monitoring
wells, and the independent remote sensing data of Evaporation (ET)
and Leaf Area Index (LAI) were used to compare with the simulated
ET and LAI (Tian et al., 2015a). The flux among the five hydrological
components and the available water resources were simulated based
on this well-calibrated model. The groundwater recharge was derived
from the simulated results of this model and acted as the groundwater
resources available in this study.

2.4.2. Estimation of water consumption by the vegetable trade
We collected data on Zhangye's total annual city-level agricultural

production and export income from published Statistical Bulletin
(GDYEB, 2000-2012). Specifically, we collected data on arable areas
and on the production ofmajor crops per ha (e.g., grain, vegetable, rape-
seed), the amount of export commodities by category from the Statisti-
cal Yearbook of Gansu Province (GDYEB, 2000-2012), and data on the
provincial-level annual price of agricultural products from the China
Yearbook of Agricultural Price Survey (NBSC, 2000-2012). Moreover,
we used the price and the total income of international trade to estimate
theflowof the vegetable trade inHRB internationally, estimated the do-
mestic trade volumes by calculating the total vegetable production as
subtracted from local consumption and the export amount, and col-
lected the annual city-level number of tourist and their income data
from Departure and Entry Office in Gansu Province.



Fig. 2. Schematic summary of quantification framework.
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The total water consumption from agricultural products included
the water requirements for the growth of crops and the irrigation loss
(Eq. (6)). We used the CropWat model (Smith, 1991) to calculate the
water requirement per unit area for five agricultural crops of grain,
rapeseed, beetroot, vegetables and fruit (Eq. (7)), where the effective ir-
rigation coefficientwas set as 0.7 (Xu andXie, 2004).We then estimated
the virtual water use for agriculture based on the calculated virtual
water per weight and the estimated export amounts:

WRAgriculture ¼ WRCrop þWRIrrigation loss ð6Þ

where WRCrop is the water requirements for crop growth (m3/kg), and
WRIrrigation_loss is the loss from irrigation (m3/kg). Further, the WRCrop
was estimated as Eq. (7):

WRCrop ¼ a ET0 � Kc−Peð Þ
Y

ð7Þ

where, a is the unit conversion factor [unitless], ET0 is reference
evapotranspiration [mm/time] as calculated by the Penman-
Monteith equation, Kc is the crop coefficient, Pe is the effective rain-
fall calculated by the empirical formula based on the analysis of local
climatic records and the type of plant [mm/time], and Y is the yield
per unit area [kg hm−2 time−1]. The monthly climatic data was used
to calculate the ET0 and effective rainfall between 2000 and 2012.
2.4.3. Estimation of water consumption from tourism
The water consumption for tourism mainly included the tourists'

daily accommodation and diet (Hadjikakou et al., 2013), referring to
the Eq. (4). Water used for accommodation includes the shower, toilet,
drinking, and cooking: all of which are consumed directly. We assumed
the averaged water used per day per tourist was the same as the aver-
aged water used per day for local urban people (Chung et al., 2018).
Moreover, we assumed the averaged staying time of tourists was two
days, based on the report from Gansu Tourism Bureau (GFSP, 2014).
Therefore, we used the tap water use per capita of local urban areas
and the number of tourists to calculate the water consumption within
tourists' accommodation (Eq. (9)). The water use for diet covers all
water consumedwhen producing food in an indirect way. We assumed
the amount of food that tourists purchased per day was the same as the
average amount for local urban people(Chung et al., 2018). The virtual
water for producing grain and vegetables was referred from results cal-
culated using the CropWat model. The virtual water for producing live-
stock products was from published results (Chapagain and Hoekstra,
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2003; Chapagain and Hoekstra, 2008; Hoekstra and Chapagain, 2007).
Therefore, we used Eq. (6) to calculate the virtual water that tourists
consumed as part of their diets in the middle and lower HRB, respec-
tively.

TWTourism ¼ DWAccom modation þ VWDiet ð8Þ

whereDWAccommodation is the amount of water directly consumed for ac-
commodation [m3], and VWDiet is the amount of virtualwater consumed
for producing diets [m3], as follows:

DWaccom modation ¼ WUlocal urban � Ntourists � Dstay time ð9Þ

where WUlocal_urban is the tap water use per capita in local urban areas
[m3/day],Ntourists is the number of tourists, andDstay_time is the stay time.

VWdiet ¼ Ntourists � Dstay time �
X

Wfood ið Þ � VWfood ið Þ
� � ð10Þ

where,Wfood(i) is theweight of the food(i) that the tourists' purchase per
day [kg/day], and VWfood(i) is the virtual water consumed for producing
food(i) [m3/k].

2.5. Scenario-based experiments design

We constructed scenario-based experiments under the condition
that vegetable trade and tourismwere not developing, and these exper-
iments were used as an untreated group to compare the realistic situa-
tion to evaluate the effects of the vegetable trade and tourism on water
Fig. 3. Schematic summar
scarcity (see Fig. 3). Eight scenario-based experimentswere categorized
into four classes. The realistic condition was used as the baseline that is
the naturally occurring result under the development of both the vege-
table trade and tourism.We defined the experiments in class I as the in-
come from the vegetable trade, which changed its planting scheme
from vegetables to grain (S1) and rapeseed (S2), to evaluate how
much water was saved. We assumed the share of total income from
the vegetable trade within the total agricultural GDP remained as the
year 2000.We thendefined class II as thewater consumption of the veg-
etable trade from its change in planting scheme fromvegetables to grain
(S3) and rapeseed (S4) to evaluate the increased rural income. We as-
sumed the share of the total water consumption of the vegetable trade
in the total agricultural water use remained as the year 2000 in the
class II. We defined S5 in the class III as the income from tourism,
which changed from developing its strategy from tourism industry to
the vegetable trade, to evaluate savingwater volumes as causedby tour-
ism, and the effects on rural per capita income.We assumed the share of
total income from tourism in the total local GDP remained as the year
2000 in the S5. S6 in class III was the income from the vegetable trade,
which changed its developing strategy to tourism. We assumed that
the share of the total income from the vegetable trade in the total agri-
cultural GDP remained as the year 2000 in the S6. In class IV, S7 was the
total water consumption from tourism, which changed its developing
strategy from tourism to the vegetable trade. We assumed that the
share of the total income from tourism in GDP remained as the year
2000, replaced water from tourism to plant vegetables, and evaluated
the change of water allocation and rural per capita income in the S7.
y of scenario design.
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In class IV, S8 was the total water consumption from the vegetable
trade, which changed its developing strategy from vegetable trade to
tourism. We assumed that the share of the total income from the vege-
table trade in agricultural GDP remained as the year 2000 in the S8. We
then used the replaced water to develop tourism, and evaluated the
change of water allocation and rural per capita income.

3. Results

3.1. WSI for baseline condition

Fig. 4 shows the trend of water resources and water use in Zhangye.
The rainfall and surface runoff in the gauge stations of YLX and ZYX
were observed from records, whereas the groundwater recharge was
the simulated results by the integrated hydrological model (Tian et al.,
2015b; Yao et al., 2018). All water resources experienced a rising
trend, and thus the total available water resources increased between
2000 and 2012. Meanwhile, agricultural water-use experienced a de-
clining trend, and the percentage of agricultural water-use in the total
water use decreased from 96% in 2000 to 94% in 2012. Water use for
other sectors (hereafter regarded as non-agricultural sectors) increased
slightly. The water use in non-agriculture sectors experienced an in-
creasing trend with a “hump” in the profile between 2004 and 2005
(which resulted from the increase in total water supply, but the saving
in agricultural water-use). The annual rural income per capita in the
study area (indicating the level of poverty and affordability of water re-
sources) increased from RMB 3000 in 2004 to RMB 7000 in 2006 (USD
1 = RMB7.808 in 2006).

Based on the evaluation of the water supply, water-use, and afford-
ability as shown in Fig. 4, the practical WSI was evaluated to show the
overall performance of water scarcity of the HRB between 2000 and
2012 (i.e., the baseline condition: see Fig. 5). The higher scores of WSI
are indicative of lower level of water scarcity. The increase of WSI indi-
cated that water scarcity was relieved, and vice versa. The increasing
WSI (from0.06 in 2000 to 0.662 in 2012) showed that thewater scarcity
had been relieved, and that water resource availability was the main
contributor (45% on average), followed by adaptability (36% on aver-
age). Affordability contributed less than 20% of the WSI. The results
Fig. 4. The trend of water resources, water use, water allocation, and rural income between 200
affected by climate change, including rainfall and surface runoff from gauge stations in YLX; th
condition and human activities. (For interpretation of the references to color in this figure lege
indicate that the increased water resources associated with the climate
warming trend (i.e., the increase in rainfall and surface runoff) greatly
help relieve the water crisis in the HRB, although its uncertainty
would fluctuate the WSI. The raised percentage of water-use for
non-agricultural sectors (S) indicated the change of water allocation
with the industry's transformation.

3.2. Water consumption evaluation for the vegetable trade and tourism

As the local government of Zhangye along the middle HRB has sup-
ported the industries beingwater-efficient since 2002 under the double
pressure of water stress and the developing economy, the vegetable
trade and tourism have both experienced great improvement. During
2000 and 2012, the vegetable trade experienced a fivefold increase in
its volumes and income, where its domestic part kept stable growth
while its international part experienced a spike between 2007 and
2010 (see Fig. 6). There was a dramatic decline from 2010 to 2012,
mainly because of the change in export tax rebate policy in 2012
(i.e., the taxation rate for dehydrated vegetables declined from 17% to
13%, while the refund duty declined from 15% to 5%). Between 2009
and 2013, domestic tourism increased significantly by both the tourist
number and income, and the international tourism also stably
increased.

Water consumption for agriculture experienced a rise in its trend
from 60 × 106 m3 to 105 × 106 m3 from 2000 to 2012 (see Fig. 7,
where water consumption in volume per income is the ratio between
total water consumption and total income, which indicates the water
efficiency for a given sector). For the period of 2004–2012, water effi-
ciency for the vegetable trade decreased by 66%, where the sudden
rise in volumes of water consumption in 2004 was mainly caused by
the increase in production and trade, yet at a lower price than in 2003.
Water consumption volumes for tourismgradually increased by92%be-
tween 2001 and 2009, but experienced a dramatic increase by 475% be-
tween 2009 and 2012.Meanwhile, water efficiency for tourismdeclined
by 53% from 2001 to 2009, and continued declining by 35% between
2009 and 2012. Such decline indicates that the growth rate of travel ex-
pense was more than that of the number of tourists between 2001 and
2009, yet it became the opposite between 2009 and 2012.
0 and 2012. The graphs with the blue shaded color represent the natural water resources
e graphs with yellow shaded color represents the water resources associated by climate
nd, the reader is referred to the web version of this article.)



Fig. 5. Evaluated availability (available water resources, referred to as R), affordability (capita income for farmers, referred to as P), adaptability (percentage of water use for non-
agricultural sectors, referred to as S), and water scarcity index (WSI) for the HRB between 2000 and 2012.
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3.3. Effects of the vegetable trade and tourism on water and income

Based on the evaluatedWSI for the real world's historical conditions
ofwater consumption for the vegetable trade and tourism, the scenarios
in the quantification framework separate the effects of vegetable trade
and tourism on water consumption and rural income, as shown on
Fig. 8. The WSI of S1 (if planting grain rather than vegetables) and S2
(if planting rapeseed rather than vegetables) represent the vegetable
trade as contributing 8% and 17%, respectively, of the improved WSI in
2012. The positive score ΔR (i.e., more water resources available) and
ΔS (i.e., bigger proportion of water use for other non-agricultural
Fig. 6. Evaluated availability (available water resources, referred to as R), affordability (capi
agricultural sectors, referred to as S), and water scarcity index (WSI) for the HRB between 200
sectors) in comparison between the baseline and both S1 and S2 indi-
cate that saved water through selling was reallocated to other sectors.
The results of the comparison between the baseline and both S3 and
S4 represent that the vegetable trade helps to increase 10% of its rural
income under water use constraints. S5 shows that developing the veg-
etable tradewithout tourism can increase rural income at the cost of im-
peding water-saving and the development of the non-agricultural
sector. S6 shows that developing tourism without the vegetable trade
can help to save water and benefit other sectors, but can cause income
losses for farmers. S7 shows that developing the vegetable trade with-
out tourism under water use constraints reduces the total income for
ta income for farmers, referred to as P), adaptability (percentage of water use for non-
0 and 2012.



Fig. 7. Estimation of water consumption and water efficiency for the vegetable trade (a) and tourism (b) effect of the vegetable trend tourism on water and income.

Fig. 8. Simulated WSI for eight scenarios. The WSI (black line) represents the baseline condition and the WSI (red line) represents the simulated scenario. The bar chart represents the
contribution of R, P, and S. ΔScores represent the difference between the baseline and scenarios, and ΔR, ΔP, and ΔS represent the contribution of each factor. The positive Δscores
represent the strategy of the baseline as better than the scenario, and the negative is the reverse case. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 9. Effects of the vegetable trade onwater-saving and increased income. The red lines in the scenarios represent the savedwater volumes (a) and increased income (b) as caused by the
vegetable trade, while the blue bars represent the change in total water use (a) and total rural income per capita of the baseline (b). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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both rural and urban residents. S8 shows that developing tourismwith-
out developing the vegetable trade under water use constraints can
contribute 30% of the improvedWSI in 2012, indicating that a transfor-
mation of the industry can alleviate water scarcity.

The absolute value of saving water and increasing income from the
vegetable trade was evaluated by S1 and S1 as shown on Fig. 9. The
total water use of the study area represents a decreasing trend from
27.1 × 108 m3 in 2000 to 22 × 108 m3 in 2012. Compared with planting
grain as shown in S1, the vegetable trade helps to save water by
1.6 × 108 m3, accounting for 31% of the total water saved in 2012. Com-
pared with planting rapeseed as shown in S2, the vegetable trade helps
to save water by 3.1 × 108 m3, accounting for 60% of the total water
saved water in 2012. In Fig. 7(b), the total annual rural income per
capita increased from RMB2860 in 2000 to RMB7500 in 2012, while
the increasing income from vegetable trade was from RMB500 in
2000 to RMB1900 in 2012, accounting for 41% of the total increased in-
come in 2012. Moreover, the contribution of the vegetable trade on
rural income was stable.

The effects of developing both the vegetable trade and tourismwere
evaluated under the income from the replaced industries (see Fig. 10).
The effects of tourism on savingwater can also be seen in S5 in this Fig-
ure. The tourism industry can help reduce 1– 1.2 × 108 m3 of water be-
fore 2009, but this saving volumewas reduced to less than 0.2 × 108m3

after 2009. In terms of income, developing the vegetable trade without
tourism failed to increase rural income, and the rural per capita income
would have reduced by RMB500–600 per year before 2009, because of
the decline in the total income level. However, by enlarging the vegeta-
blemarket, the loss of income from tourismwould be offset. If only tour-
ism developed, an extra 0.3 × 108 m3 of water would have been saved
for 2012, and incomes would have increased by about RMB140 per
year for farmers.
The effects of only developing the vegetable trade and tourismunder
water use constraints on annual rural per capita incomewere evaluated
in Fig. 11. The annual rural incomewould have increased by amaximum
of RMB1347 in 2012 if only developing the vegetable trade, while the
annual rural income would have declined by RMB4200 in 2012 if only
developing tourism. This indicates that developing a non-agricultural
industry under water use constraints would greatly hurt local rural
incomes.
4. Discussion and conclusions

4.1. Effects of the vegetable trade and tourism on water saving and poverty

The vegetable trade and tourism industry, which are considered as
being able to save water and reduce poverty, have been supported by
both the central and local governments for arid regions in northwestern
China. However, the extent to which these schemes can relieve the
water crisis and increase income is rarely quantified. This systemic
quantification not only evaluates the state of water scarcity, but also
separates the causal effects of developing the vegetable trade and tour-
ism from the composite results. Due to climate change, the increased
rainfall and surface river runoff provide more water resources. Accord-
ing to the scenarios of the planting schemes, the vegetable trade con-
tributes at least 30% of water-saving volumes under the condition of
no loss of rural income; whereas it supports at least 33% of increased
rural income under the water use constraints. Although the tourism
industry failed to save water before 2009, its contribution toward
water-saving has been ongoing, and has increased from 1% to 22% by
its expanding market.



Fig. 10. The effects of developing either the vegetable trade or tourism on water-saving, and the annual rural income per capita.
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4.2. Multiple sectors coordinated development

Our quantification further indicates that only developing the vegeta-
ble trade and only developing tourism can positively affect local income
Fig. 11. The effects of only developing the vegetable trade (Scenario 7) or only developing the
and can contribute toward water allocation changes. The vegetable
trade is the direct source of rural income, whereas tourism improves
the local GDP and is beneficial for the per capita income for both
urban and rural residents with more effective water use. However,
tourism industry (Scenario 8) on annual rural income per capita under water constraints.
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developing tourism without the vegetable trade would greatly hurt
rural income on an assumption that the fraction of the rural population
in the total local population is unchanged (i.e., the rural population ac-
counts for 67% of the local total population). It implicates that the fast
upgrading-industry would instead affect the income of laborers depen-
dent on the traditional industry with low technique-levels if the corre-
sponding labor structure of the socio-economic system remains
unchanged. Improved traditional agriculture and expanding tourism in-
dustry should be integrated to constitute a synergized development
mode. The tourism industry could share the risk of depleting water re-
sources and arable land with the vegetable trade, while the vegetable
trade could ensure the direct income of the farmers. Therefore, our anal-
ysis calls forwater scarcity issues to be discussed inmultiple dimensions
using local natural-human systems. Relieving water scarcity is not just
related to water-use and natural resources, but to the composite results
being enacted by the economy, policy, technological developments, and
local social structures. Social attributes that influence the water alloca-
tion structure determine the fate of water-saving in the future.

4.3. Policy implications

Research on trade-inducedwater emphasizes the threat of exporting
water-intensive products (e.g., particularly by exporting grain) on
water scarcity (Dalin et al., 2012; Dalin et al., 2017; Kumar and Singh,
2005). However, understanding how the non-grain trade and tourism
is beneficial to water sustainability for export regions and the extent
to which it could help save water and improve rural income is even
more important. In facing the water scarcity issues in the HRB, policy
makers should both consider improving agricultural water-use effi-
ciency in the current condition and adjust the reconfiguration among
sectors, for example, by encouraging and guiding farmers to improve
their working skills in the industrial or services sectors. Saving water
while alleviating poverty is the biggest challenge for drylands around
the world. Local water issues are influenced by global mechanisms
from climate change that dominates natural water availability, and by
the world's economy which drives water-use patterns (Cumming and
von Cramon-Taubadel, 2018; Vorosmarty et al., 2015). These should
be considered and incorporated in local water management. Our study
offers great potential for arid and undeveloped areas to save natural re-
sources and avoid poverty through a reasonable upgrade of the
industry.

This study provides a comprehensive study onwater scarcity and re-
ducing poverty for northwest China's developing drylands. First, the
variations of natural resources and water use were evaluated, and the
water allocation and poverty level were addressed accordingly. Second,
a composite index considering the factors of availability of water re-
sources, affordability for the rural population, and adaptability for
water allocation via a WSI, was used to evaluate the historical water
scarcity. Finally, the effects of the booming vegetable trade and tourism
industry were analyzed and accessed by a comparison between scenar-
ios and real historical conditions. Our major findings are as follows:

1. Water scarcity has been relieved in the study area. From 2000 to
2012, the increased rainfall and surface runoff upstream as a result
of climate change strengthened the availability of the total water re-
sources, and contributed toward 45% of relief for water scarcity.
Water use in the agricultural sector decreased, thus promoting
water use for other non-agricultural sectors, and increased adapt-
ability, which contributed toward 36% of relief for water scarcity. In-
creased rural income strengthened affordability, which contributed
toward 20% of water scarcity.

2. The evaluated domestic vegetable traded increase about ten-fold
from 2000 to 2012, and the international vegetable trade also in-
creased but was easily affected by international policies. The total
evaluated number of tourists and their incomes also increased ten-
fold. The water consumption for both the vegetable trade and
tourism were increasing but their water efficiency was improving
with an increase in income.

3. The vegetable trade contributed at least 30% of water in volume
under the condition of no loss in rural incomes, while it supported
at least 33% of increased rural income under the condition of water
use constraints. Although the tourism industry failed to save water
before 2009, its contribution to water-saving has continuously in-
creased from 1% to 22% with its expanding market.
Our study offers a new understanding and evidence for examining

water scarcity issues in drylands. This provides great implications for
policymakers and practitioners to design effective policies and water
management schemes to achieve water sustainability.
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