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Abstract

This work is a trans-disciplinary undertaking aiming at innovative water
management in arid and semi-arid regions. Based on field studies on soil bac-
terial communities and irrigation water quality in an arid region of China
where wastewater has been used for agricultural production decade long, this
paper is intended to propose an integrative management scheme combining
wastewater reuse in agriculture, wise use of wetlands and fertilizer manage-
ment as an engine toward achieving sustainable development in arid and
semi-arid regions. This study was also designed to address a key but very
much neglected question about wastewater reuse in irrigation: does wastewa-
ter irrigation lead to reduction of chemical fertilizer use and increase of crop
yield? Through a questionnaire, it revealed that there was a misperception
among farmers about wastewater, which led to no-reduction or even increase in
fertilizer use with wastewater irrigation as compared with river water irrigation.
It also showed that crop yield was not increased with wastewater irrigation
under the current practice. Besides, it sheds some light on an underreported
health concern.
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1. Introduction

Arid lands may be simply defined as regions where evaporation exceeds precipi-
tation. Three arid zones can be delineated according to this definition: namely,

hyper-arid, arid and semi-arid. Of the total land area of the world, the hyper-
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arid zone covers 4.2 percent, the arid zone 14.6 percent, and the semiarid zone
12.2 percent. Therefore, almost one-third of the total area of the world is arid
land. In spite of water scarcity, there is a long history of agricultural develop-
ment in arid regions across the world. In China, arid and semi-arid regions oc-
cupy a vast land in north-western China accounting for one-quarter of the Chi-
nese territory in which agriculture has flourished under such a climate. For ex-
ample, in Xinjiang Uygur Autonomous Region, 3.93 x 10° ha of farmlands were
created from 1950 to 1998. In the dry Mingin county in the lower reaches of the
Shiyang River, cultivated land increased by an area of 27.5 X 10° ha between 1987
and 2001. The output of grain production in Gansu Province, where the annual
precipitation was less than 300 mm, increased by more than 40% during the pe-
riod of 2003-2012.

Meanwhile, arid and semi-arid regions are urbanizing at a fast pace. The rate
of urbanization in Africa soared from 15% in 1960 to 40% in 2010, and is pro-
jected to reach 60% in 2050. In Gansu Province, Shaanxi Province and Xinjiang
Autonomous Region, the average rate of urbanization increased from 24% to
38.8%, 32.2% to 50% and 34% to 47% during the period of 2000-2012, respec-
tively. Arid zones are now home to over 2 billion people, accounting for 35% of
the world’s population. Besides, more than 90% of dryland inhabitants are in the
developing world and 70% in rural areas. Approximately half of the poorest
people in the world live in arid and semi-arid regions. Because of low economic
growth, urban wastewater collection and treatment systems are often lagging be-
hind the rapid increase of urban population in arid and semi-arid regions. As a
result, large amount of urban wastewater is directly discharged into natural wa-
ter bodies without any treatment causing further increase of water scarcity by
water pollution.

To feed the world’s anticipated nine billion people by 2050, agriculture devel-
opment in arid and semi-arid regions must be continued due to the availability
of land, light, and heat resources in arid and semi-arid regions and low availabil-
ity of new productive land in wet regions.

Another serious concern emerged during the past several decades in agricul-
tural sector, especially in developing countries, is the overuse of chemical ferti-
lizers. Due to limited water availability and low soil fertility in arid and semi-arid
regions, crop responses to inputs as fertilizers are generally slow so that farmers
tend to apply more fertilizer to sustain crop yields. The notion of more fertilizer
consumption in arid and semi-arid regions can also be supported by studies in
the 1960s and 1970s, which indicated that irrigated crops overwhelmingly dom-
inated fertilizer consumption and agriculture in arid regions is largely irrigated
farming [1] [2]. It has also been well documented that fertilizer overuse may
contaminate groundwater and cause health problems [3].

Meanwhile, wastewater reuse in agriculture is gaining more importance and
more acceptances due to increasing water scarcity in water scarce regions of
both the developed and developing worlds. It was estimated that globally, 7 per
cent of the total irrigated land in the world are indeed irrigated by wastewater

[4]. It was also projected that 80 percent of wastewater in developing countries
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may be used for irrigation [5] and untreated wastewater is used to irrigate at
least 500,000 hectares in Latin America [6]. In China, wastewater reuse in agri-
culture has been practiced for over 50 years, and more than 3.3 million ha of the
arable land is currently irrigated with domestic or industrial wastewater. Given
that water scarcity and drought events are likely to be more severe and more
frequent in the future due to climate change and increasing population, the po-
tential role of wastewater reuse as an alternative source of water supply is now
well acknowledged and adopted as international and national strategies for
dealing with the increase of water stress across the planet. UN Sustainable De-
velopment Goal on Water (SDG 6) specifically targets a substantial increase in
recycling and safe reuse globally by 2030. In addition to serving as an alternative
water resource, wastewater reuse can provide significant environmental, social
and economic benefits by relieving pressure of wastewater discharge into natural
waterways, supplying poor farmers with needed nutrients for crops and needed
organic matter for soil.

There have been substantial researches on wastewater irrigation ranging from
public health risks [7], guidelines [8], effects on physicochemical properties of
soil [9], farmer’s willingness to use wastewater [10], treatment technology [11] to
nutrients availability [12]. These studies have greatly advanced our understand-
ing upon public health risk and environmental impacts of wastewater reuse.
However, the emphasis has so far been placed on regulation, standards, guide-
lines of effluent to reduce public health risk and change of physico-chemical
properties of the soil due to wastewater application. The responses of soil mi-
crobes to wastewater irrigation have been much neglected according to the study
of Becerra-Castro [13]. Besides, little attention has been paid to how wastewater
reuse in irrigation could be managed to contribute to the reduction of fertilizer.
Although wastewater may meet 75% of the fertilizer requirements [14], do far-
mers really reduce fertilizer use when using wastewater remains largely unex-
plored and how wastewater irrigation affects crop yield is also poorly unders-
tood. Previous studies [15] [16] indicated that domestic wastewater irrigation
could improve plant yields and soil fertility. These results, however, were ob-
tained from controlled experiments. The actual field performance of wastewater
irrigation in terms of crop yield remains unclarified.

In view of the aforementioned issues, the present study was designed to ad-
dress the problems of water shortage, urban wastewater disposal, wastewater
reuse in agriculture and over-fertilizer in one bucket. An initiative was taken
linking these issues together in an innovative way by wise management of wet-
lands. The purpose is to explore answers to the following research questions.

* How long-term wastewater irrigation may affect soil bacterial community?

* Does wastewater irrigation lead to reduction of chemical fertilizer use? If not,
why?

* Does wastewater irrigation increase crop yield?

* What are ways forward to improve the current situations with regard to water
shortage and wastewater reuse for irrigation?

Through probing into these questions, a framework is proposed for solving a
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number of problems simultaneously. Although it is a case study, the concept and

the framework can be considered as having a wide range of applicability.

2. Study Site and Methods
2.1. Site Description

The present study was conducted in Zhangye City, Gansu Province, China. The
city is located in the middle reaches of Heihe River, which is the second largest
inland river in China. The target region is characterized by a dry continental
climate, with mean annual precipitation less than 200 mm and annual potential
evaporation of 2000 mm or more. The renewable water resource per capita in
Zhangye City is 1250 m*/yr, just 5% of the world average. Despite of its water
scarcity, large-scale agriculture has been developed over the past decades. Due to
its natural conditions, the farming in this region is only possible via irrigation,
which led to an excessive consumption of water [17]. Under such a condition, a
technical solution for sustainable agriculture in the Zhangye basin is wastewater
reuse, which can provide not just another source of irrigation water but a source
of plant nutrients. According to our field survey, wastewater reuse for irrigation
has been put into practice for more than a decade in certain areas of the Zhangye
basin. The amount of wastewater generated in the urbanized areas of the Zhan-
gye City is 0.19 x 10’ m’ and about 30% of it is currently reused in agriculture.
This region is also characterized by its abundant wetlands with reeds Phrag-
mites as being dominant. Over the past several decades, the wetlands in this re-
gion have become seriously degraded due to agricultural development, popula-
tion growth, effluent discharge from households and industries, and overexploi-
tation of groundwater. In the 1990s, 1300 ha of wetland were reclaimed for
farming. The study by Wang and Ma [18] showed that the total area of wetlands
in this region decreased sharply during the period of 2007-2007 due mainly to
the implementation of surface water diversion to the lower reaches of the Heihe
River that reduced water availability in the middle reaches of the Heihe River.
Consequently, wetlands conservation competes with the demand for irrigation
water. In the past, most of the city’s wastewater was discharged into wetlands
without treatment degrading the wetlands to a serious extent. In recent years,
the local government prohibited the discharge of wastewater into wetlands ac-
cording to an interview with the Environmental Protection Bureau of the Zhan-
gye City. For wastewater reuse in agriculture, channels were constructed to trans-
port wastewater to farmlands. The present study was particularly focused on a
channel along the Donghuan Road which transports certain amount of urban
wastewater after simple treatment by septic tank to farmlands in the Sanzha
town. The agricultural production in the Sanzha town is composed of 112 far-
mer’s cooperatives and a number of farmer’s cooperatives in the area receive
urban wastewater from this wastewater channel and use it for irrigation. A por-
tion of the wastewater transporting channel in the downtown area is adjacent to

a reed wetland and designed to bypass the wetland as shown in Figure 1.
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Figure 1. A channel transporting wastewater from downtown to farmlands.

2.2. Methods

Water quality measurements were conducted along the wastewater channel from
the downtown to the point where the wastewater flows into farmlands in July
2015, June 2016 and August 2016. Meanwhile, three fields cultivating maize but
using different types of irrigation water, namely river water, groundwater and
wastewater, were investigated for soil bacterial community. 8 soil samples were
taken from the surface layer of 10 cm at each site in July 2015. In addition, soil
pH, temperature and nitrate concentration of the surface layer and the water
quality of wastewater entering the fields were measured. The information for the
three sites is compiled in Table 1.

To investigate the composition of soil bacterial communities, DNA was ex-
tracted from soil with Norgen’s Soil DNA Isolation Kit and 16S rRNA gene se-
quencing approach with the V3-V4 regions being amplified was employed for
characterizing bacterial populations. For details of the soil survey, readers are
referred to [19]. Sequencing data were analyzed with standard Quantitative In-
sights Into Microbial Ecology (QIIME) software package.

In August 2016, a farmer-interview was conducted with a semi-structured
questionnaire in 10 farmer’s cooperatives where wastewater has been used for ir-
rigating maize for a decade. The sampling approach is a combination of homo-
geneous sampling in choosing farmer’s cooperatives and convenience sampling
in choosing farmers in each farmer’s cooperative. In each farmer’s cooperative, 2
to 6 households were interviewed. In this region, most of the farmers are en-
gaged in other income-generating activities in addition to their farming activi-
ties. Many houses were closed so that it was very difficult if not impossible to get
access to many farmers to keep the sample size large and uniform at all the loca-
tions. The questionnaire included questions to identify the interviewee’s age,
education level, type of irrigation water used, fertilizer use, crop yield and what
they are concerned most about wastewater irrigation. In total, 41 farmers were
interviewed. They are aged between 20 years and 60 years having the literacy
level varied from illiterate to middle school with the majority belonged to the il-
literate group. The names of farmer’s cooperatives surveyed and the number of

farmers interviewed are summarized in Table 2.
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Table 1. Soil sampling site and soil temperature, pH in July 2015.

Irrigation water type Latitude Longitude Soil Tem. (°C) Soil pH
River water 38°53'14.4" 100°20'05" 25 7.0
Wastewater 39°00'16.7" 100°30'44.4" 23 7.0

Groundwater 39°00'15.6" 100°30'41" 25 7.0

Table 2. Survey site and number of farmers interviewed in each site.

. Tiangiao Tiangiao Tiangiao Gaozhao Gaozhao
Cooperative name i i i . .
Unit 1 Unit 2 Unit 9 Unit 3 Unit 6
Number of interviewee 5 2 2 3 2
. Gaozhao Gaozhao Wayao Wayao Genming
Cooperative name i i : : .
Unit 8 Unit 9 Unit 3 Unit 4 Unit 7
Number of interviewee 6 2 2 7 2

3. Results and Discussions

3.1. Soil Bacterial and Water Quality

Figure 2 shows the OTUs (Operational Taxonomic Unit, clustered at a 97% si-
milarity) abundance levels and soil nitrate contents of the three sites measured
in June 2016. Species richness in the wastewater irrigated field is lower than the
river water irrigated field but close to the groundwater-fed field. Previous studies
[20] [21] showed that relative abundance and diversity of soil bacteria were re-
lated to pH since pH may strongly influence both abiotic and biotic factors of
soil. The present study presents a case in which the relative abundance and di-
versity of soil bacteria varied from site to site while having the same pH value. In
other words, the difference in soil bacteria abundance may be deemed as a result
of the difference in irrigation water.

Water quality testing showed that the concentration of ammonium NH,-N in
the wastewater entering into farmlands ranged between 18 to 22 mg/L and the
concentration of nitrate NO,-N varied from 12 to 19 mg/L in all measurements.
According to the study of [22], excessive nitrogen addition to soil may result in
lower soil bacterial diversity. The concentrations of NH,-N and NO;-N in the
river water for irrigation were measured to be in the range of 0.5 - 1 mg/L and 5
- 8 mg/L, respectively, during the surveys. Therefore, the relatively low level of
soil bacterial species richness in the wastewater irrigated field may be attributed
to excessive nitrogen addition by the wastewater.

On the other hand, the soil nitrate level in the wastewater irrigated field was
also lower than the river water irrigated field at the time when the cultivation in
2016 just started. To explain why the soil nitrate level in the wastewater irrigated
field was lower than the river water irrigated field, denitrifying bacteria was ex-
amined. Paracoccusdenitrificans was not detected but Pseudomonas was found
present in the three fields. The relative abundance is 0.43% for the wastewater
irrigated site and 0.1% for the river water irrigated site. This finding could be

supported by the study of Friedel [9], which demonstrated that soil denitrifying
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Figure 2. OTUs abundance levels and soil nitrate contents at different fields.

activity was stimulated with long-term wastewater irrigation as compared to
those under rain-fed agriculture. Therefore, it may be stated that the current
wastewater irrigation practice resulted in lower diversity overall but enhanced
certain bacterium such as Pseudomonas, which led to more reduction of nitrate
in the surface layer of soil as a result.

The field survey also found that although the wastewater channel is designed
to bypass the reed wetland, a certain amount of wastewater flowed through the
wetland. The water qualities of the water flowing in and flowing out the wetland
were measured during the survey and found that the ammonium concentration
of wastewater coming out the wetland was reduced approximately by 60%. A
previous study for the same reed wetland indicated that the removal rate of NH,
ranged between 40% to 80% [23]. These findings suggest that if wastewater is al-
lowed to enter into the wetland with sound planning, it may output wastewater

with desirable quality for irrigation.

3.2. Social Aspects

80% of all interviewed replied that the amount of fertilizer applied when using
wastewater for irrigation is not less than that previously used when using river
water. 20% replied that they even increased fertilizer use when wastewater was
used. The reason is that they have a misperception about wastewater. They took
the view that wastewater is of bad quality so that fertilizer use should not be re-
duced and may even need to apply more fertilizer to compensate.

As for crop yield, 95% replied no increase while 5% said the yields were de-
creased indeed. There is no overlap between those who increased their fertilizer
use and those who suffered from yield losses. This finding of no yield increase
with wastewater irrigation may be supported by a previous study [24], which in-
dicated that although reclaimed wastewater may produce better quality crops
with high yields, excessive nitrogen in wastewater can lead to excessive vegeta-
tive growth, uneven plant and fruit maturity, and reduced qualitative and quan-
titative aspects of yields. Therefore, applying more nutrients when using waste-

water than using river or groundwater for irrigation could have caused the ferti-
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lization exceed the optimal level and resulted in no further increase or even de-
cline in yield. For farmers, yield is a top concern. The no-reduction or even in-
creased use of fertilizer when using wastewater can be viewed as their defense
against yield decline when information and technical support are not available.
According to the present survey, 94% of farmers interviewed said that they have
never received any technical guidance on nutrients in wastewater. 6% received
guidance and training in fertilizer management offered by the local authority.
Besides, for those interviewed, 46% never had any formal education, 34% gradu-
ated from primary school, 14% graduated from middle school and only 6% at-
tended high school. It is just this 6% that received technical guidance and train-
ing about fertilizer use. Nevertheless, even this 6% having taken guidance and
training did not reduce their fertilizer use simply because they did not want risk
yield loss although they knew it could be reduced. This implies that the technical
guidance delivered to farmers was insufficient and did not convince farmers.
Therefore, the combination of concern about yield, high level of illiteracy, li-
mited and insufficient technical support from administration prevented farmers
from taking the benefits of nutrients availability from wastewater reuse.

When asked what concerned them most about wastewater reuse, all pointed to
odor emitted from irrigation channels transporting wastewater. Every day, the
bad smell was worst around dinner time according to all interviewees. Along the
wastewater delivering channel, the water quality measurement at a location close
to where the wastewater was diverted into farmland showed that NH,-N con-
centration peaked at 19:00 and was as high as 22 ppm. This measurement con-
firmed the farmer’s complaint. In either WHO or EPA guidelines for safe waste-
water reuse, the odor control guideline has not been established and there is no

study so far on health effects of odor from wastewater reuse.

3.3. Integrative Solution Framework

In light of the problems identified and findings obtained from the field work, an
integrative solution is proposed as illustrated in Figure 3. Urban wastewater may
be discharged into wetlands after simple treatment, which can relieve the city
from the heavy financial burden of constructing sewer system and treatment
plant. By carefully planning the amount of wastewater entering the wetland and
the wastewater residence time in wetland, it may simultaneously meet the de-
mand for water by wetland and the requirement for better wastewater suited to
agricultural needs. The point is not to purify wastewater to highly clean water
but to reduce the nutrients level in wastewater to certain extent. Once the irriga-
tion water contains sufficient but not excessive nutrients, the use of chemical
fertilizers can be reduced, which may improve the quality of soil and groundwa-
ter water, and contribute to the reduction of CO, emission as well. Besides, such
an operation would not damage the wetland ecosystem since it does not require
excessive removal of nutrients by wetlands. For the case of the Zhangye city, the
amount of urban wastewater from households was 2.3 x 10’ m’ in 2014 accord-

ing to the statistical book of the city. The annual water demand for maintaining
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Figure 3. Framework for dealing with issues of water supply to farmlands, urban wastewa-
ter disposal and reduction of chemical fertilizer use all together through wise use of wet-
lands. Data in the figure is for the case study.

the ecosystem in the wetland conservation area of the Zhangye city was esti-
mated to be 1.3 x 10° m® and the current supply from groundwater is 1.3 x 10°
m’. The deficit is 1.9 x 10" m? which could be largely compensated by wastewa-
ter reuse. However, a key to make this solution workable is innovative use of
wetlands to optimize the water quality of wastewater suitable for irrigation and
without damaging the wetlands. Another key is to develop tailor-made educa-

tion and training programs of fertilizer application for the local communities.

4. Conclusions

This cross-disciplinary study revealed that the current practice of wastewater ir-
rigation in the study area did not lead to reduction of chemical fertilizer use,
which might be attributable to a combination of soil bacterial and social factors.
From soil science perspective, wastewater irrigation resulted in relatively lower
soil bacteria abundance while enhancing soil denitrifying bacteria. Consequent-
ly, the reduced nitrate contents in soil may have caused a misperception among
famers that wastewater is of bad quality, and more chemical fertilizer should be
used to compensate when wastewater is used for irrigation. From social perspec-
tive, such a misperception may be related to the high level of illiteracy of farmers
and low level of technical support from the local government. Furthermore, the
present survey found that the wastewater irrigation did not increase crop yield in
the study area, which might be attributed to over-fertilization due to excessive
fertilizer input when using wastewater for irrigation.

To overcome the problems the study area is faced with, the present study

proposes a solution framework of dealing with problems of water scarcity, urban
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wastewater and fertilizer overuse all together through wise use of wetlands.

This work serves as a call for more in-depth study to quantify crop yield re-
sponse to fertilizers when wastewater is used for irrigation. Besides, bad smell
emitted from open channel transporting wastewater was identified as a top

health concern for farmers living nearby.
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