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Abstract: Nowadays, irrigation takes up about 35% of agricultural water consumption worldwide,
and irrigation induced secondary soil salinizationsalinization affects the crop production and sustain-
able development of arid irrigation areas globally. However, the regular pattern of salt accumulation
in the root zone during the cropping season and the contributions of its attribute factors are still un-
clear. Therefore, a 10-year monitoring was conducted in the Hetao Irrigation District to reveal the soil
salt accumulation during the cropping season and to relate it to influential factors, including potential
crop evapotranspiration, water input (field irrigation + precipitation) and water table depth. It was
found that under the climate conditions and water-saving irrigation measures of the investigated
10-year period, (1) the salt accumulated during the cropping season could be effectively leached by
autumn irrigation and the root zone soil could remain suitable for crop germination, (2) the cropping
season water deficit (potential crop evapotranspiration − field irrigation − precipitation) showed
strong correlation with the cropping season salt accumulation, and (3) maintaining the cropping
season average water table depth larger than a critical depth (roughly 3 m) might be the most eco-
nomical way to alleviate salt accumulation. Therefore, it is recommended to balance the salt leaching
and the water table depth controlling in the future water-saving irrigation management practices.

Keywords: saline-sodic soil; salt accumulation; crop evapotranspiration; water table depth;
irrigation; drainage

1. Introduction

Nearly half of the total available land on the earth (14 billion hectares) is in the arid and
semiarid regions (6.5 billion hectares), where evapotranspiration far exceeds precipitation
and soil salinization is prevalent [1]. In these areas, soil salinization, together with water
scarcity, hinders agricultural production and sustainable development. Currently, one-fifth
of the global croplands, one-third of the global irrigated croplands, and nearly one-seventh
of the arid and semiarid areas are salt-affected [2–4]. The area of the human-induced
secondarily salinized soil is increasing by one-tenth per year. At this rate, half of the global
croplands could be salinized by 2050, if no better agricultural water management practices
were taken [5].

The Ebro Basin in Spain, the Murray-Darling Basin in Australia, the Indus Basin in
Pakistan, and the Hetao Irrigation District in the Yellow River Basin in China are typical
salt-affected arid and semi-arid irrigation areas. By the origin of salt, those irrigation areas
can be categorized into three types: salt originating from the parent geological material,
from the shallow and saline groundwater, and from the irrigation water [6]. Each irrigation
area has its own water and salt migration pattern and has developed its own strategies to
deal with salinization. The salt accumulated in the Ebro Basin in Spain originally came
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from the irrigation water from the Ebro River and its tributaries. The traditional irrigation
districts (about 0.3 million hectares) were located on well-drained river terraces and were
absent from salinization. However, the new irrigation districts (about 0.5 million hectares)
constructed from the 1940s to 1980s in the broad areas outside river terraces have been
suffering from salinization due to insuffficient drainage [7,8]. The salt accumulated in the
Murray-Darling Basin in Australia originally came from the parental material. After the
deep-rooted native vegetation in the Murray-Darling Basin was cleared and replaced by
agriculture and urban land use, the hydrological balance maintained by salt lakes and
natural salt-tolerant vegetation was broken. What is worse is that after the development
of irrigated agriculture, the saline groundwater rose to near two-meter depth and the
salt showed up in the root zone. Salinity management strategies had been implemented
since 1988, and the salinity target of maintaining the water salinity (EC) at Morgan below
800 µS/cm for 95% of the time was finally met in 2010 [9]. The salt that accumulates
in the irrigated lands of the Indus Basin of Pakistan comes from the Indus River and its
tributaries (122 km3/year) and groundwater (62 km3/year) [10]. The shortage of fresh
surface water and the seepage and percolation of fresh surface irrigation water led to the
overexploit of fresh groundwater for irrigation. The exploitation of the fresh groundwater
resulted in the dropping of the fresh groundwater, the rising of the saline groundwater,
and the water-logging of farmlands. Annually, 49 million tons of salt accumulates in the
irrigated lands of the basin, equivalent to 3.5 tons of salt per hectare of irrigated land [11].
In 1980, up to 35% of the basin was suffering from salinization. After the implementation
of salinity management measures for three decades, one-fifth of the salt-affected area has
been reclaimed by 2007 [10].

Located in the upper Yellow River Basin, Hetao Irrigation District (HID) is the third-
largest irrigation district in China and the most important grain production area in Inner
Mongolia. As a typical arid irrigation area, HID has an annual precipitation of 155 mm, and
annual evapotranspiration of 2000 mm [12,13]. Therefore, the agriculture in HID relies on
the irrigation water diverted from the Yellow River, which has a salinity of 0.60 g/L, good
enough for drinking [6,14,15]. It was the long-term flood irrigation plus drainage systems
in disrepair that led to shallow water table depth (1–2 m) and salt accumulation in the
HID (2.5 million tons per year, specifically, 250 g/m2/year), mainly since the 1960s, after
a great irrigation area expansion [13,16,17]. The secondary soil salinization undermined
the food production in HID by impeding the germination and emergence of crops in the
spring [18]. Ever since the implementation of water-saving irrigation in 1998, the irrigation
water diverted from the Yellow River into the HID has been reduced gradually from
5.2 billion m3/year to the targeted 4.0 billion m3/year [13,19].

Since then, research has been conducted for decades to investigate the impact of the
reduced irrigation water and the water-saving measures on the soil water and salt con-
tent dynamics, groundwater dynamics and irrigation water efficiency and productivity
in HID [12–14,19–23]. Wang et al. [12] predicted that in 2010 the water table depth would
be deepened by 0.61 m, and, consequently, the groundwater discharge to soil would be
reduced by 39.5% for both farmlands and uncultivated lands, and the evapotranspiration
from uncultivated lands would be reduced by 46.5%, compared to 1997 Xu et al. [13]
estimated that before the implementation of the water-saving irrigation measures, the
Jiefangzha Subdistrict (JFZSD), HID, had a water table depth (WTD) of 1–1.45 m during
the cropping season, and the phreatic evaporation (the contribution of groundwater to
evapotranspiration) accounted for 82% of the annual groundwater discharge. They further
predicted the water-saving potential of different water-saving measures and the corre-
sponding WTDs. Gao et al. [21] reported that after the implementation of the water-saving
measures in HID, the water table depths at up-, mid-, and down-stream had all deepened
gradually from 2007 to 2010. Based on field measurement in 2012, Sun [19] reported that
after the implementation of the water-saving irrigation for over one decade, the HID had a
field water use efficiency (of 100 cm planned wetting layer) of 0.76 and an irrigation water
use efficiency of 0.39. Of all the 5 subdistricts of HID, JFZSD had the largest field water
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use efficiency (of 100 cm planned wetting layer, 0.85) and the largest irrigation water use
efficiency (0.44). They estimated that the HID and the JFZSD had a further water-saving
potential of 256 and 56 million m3, respectively. Based on field measurements from 2006 to
2013, Liu et al. [21] estimated the phreatic evaporation during the cropping season in the
JFZSD, and worried that further decreasing the amount of irrigation water might exacerbate
soil salinization. Xue et al. [23,24] estimated that the regional irrigation water productivity
in the JFZSD had been improved by the water-saving measures from 0.86 kg/m3 from
1990 to 2000 to 0.96 kg/m3 between 2000 and 2009. They stated that, thanks to the phreatic
evaporation, saving irrigation water in a certain range could improve the regional irrigation
water productivity and sustain crop yield above a certain level. Chang [14] reported that
in the two decades after the implementation of the water-saving irrigation measures, the
annual irrigation water diverted from the Yellow River has been approaching 40 billion
m3, while the salinity of the irrigation water has been approaching 0.63 g/L. The reduced
irrigation water has led to an increase of WTD from 1.70 m to 1.95 m in the HID on average.
Particularly, in the second decade, the JFZSD on average accumulated salt of 57.12 t/year, of
which 40% in the 0–1 m soil layer and the rest in the soil layer >1 m and in the groundwater.
Specifically, the 0–1 m soil layer of the farmlands desalted 11.21%, whereas the 0–1 m soil
layer of the uncultivated lands accumulated salt by 235.62%, highlighting the important role
of the uncultivated lands in storing the salt laterally migrating from the farmlands (i.e., dry
drainage). Zhou [25] tested the feasibility of the deficit irrigation in the JFZSD, and, based
on one-year field measurements of spring wheat, they recommended that compared to the
full irrigation of 100% crop water demand, the deficit irrigation at 80% crop water demand
could save 20% irrigation water while only compromising 5–13% crop field. However,
no consensus has been reached on whether the saved irrigation water in the HID helps
drop the elevated water table depth and alleviating soil salinization and sodification, or the
saved irrigation water in the HID was the leaching fraction of the irrigation water and soil
salt cannot be effectively leached any more.

Climatic factors, integrated into the potential crop evapotranspiration (ETc), drive the
upward water movement and the associated salt migration [26]. Especially in the era of
climate change, agricultural water and soil management need to be adapted to the changing
climate conditions. The irrigation amount and schedule and drainage system conditions
are the dominant and manageable factors influencing soil salt leaching and accumulating
in the arid and semi-arid irrigation areas [27,28]. Increased salinity in the croplands can be
attributed to the irrigation shortage in summer, and well-scheduled sufficient irrigation in
autumn/winter/spring and summer can solve the problem [29]. Increasing the amount
of irrigation water could help salt leaching, and given the same amount of irrigation
water, intermittent irrigation is more effective than one-time irrigation [28]. With a well-
maintained drainage system, irrigation can help salt leaching; whereas, with a poorly-
maintained drainage system, some irrigation practices could lead to salt accumulation [30].

In irrigation areas with shallow WTD, spatial and temporal dynamics of soil salt are
closely related to the WTD [21,29]. WTD is the result of managing irrigation and drainage
systems. Leached saline water can readily recharge groundwater. The saline groundwater
could contribute up to 40% of the total evapotranspiration when the WTD was about
0.5 m [31]. With the same WTD, groundwater could contribute to 100% of wheat root
uptake and 80% of sunflower root uptake [32]. When the water table depth is more than
3 m, groundwater can hardly affect salt accumulation [33].

In recent years, car-borne electromagnetic conductivity meters have conveniently
obtained high spatial and temporal resolution soil salinity data, geostatistical methods have
interpolated the soil salinity at unknown points based on measured points, and remote
sensing methods have been used to obtain time-series images demonstrating the soil salt
dynamics [34]. However, in irrigation areas with a scattered distribution of different types
of croplands, i.e., the eight croplands adjacent to one cropland may grow different types of
crops, these novel methods may have their limitations. The spatial resolution of the remote
sensing images may not meet the requirement. The soil water content and soil texture may
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interfere with the apparent electrical conductivity (ECa) measured by the electromagnetic
conductivity meters. The geospatial methods need measured points to interpolate unknown
points. Thus, directly measured electrical conductivity (EC) of different soil layers is still
needed as known points to apply the geostatistical methods, calibrate the ECa values and
validate the soil salinity maps obtained from remote sensing images.

Therefore, a 10-year regional monitoring was conducted in the Jiefangzha Subdistrict
(JFZSD) of the Hetao Irrigation District (HID), (1) to uncover the regular pattern of soil salt
accumulation during the cropping season, (2) to find the relationships between the salt
accumulation and the potential crop evapotranspirtion (ETc), the water input (I + P) and
the water table depth (WTD), and to reveal the contribution of each of the three influencing
factors to the soil salt accumulation in the root zone during the cropping season, and
(3) to recommend corresponding agricultural water management practices in adaption to
the changing climate and the more and more strict water-saving irrigation regulations.

2. Materials and Methods
2.1. Study Area

The JFZSD (40◦34′–41◦14′ N, 106◦43′–107◦27′ E), the second-largest subdistrict in the
HID, was selected as the study area (Figure 1). The JFZSD is a plane of 2157 km2 of which
66% is cropland. It has a typical arid to semi-arid continental climate [20], with an annual
average temperature between 6–10 ◦C [35], annual average precipitation of about 155 mm
of which 70% occurs from June to September, annual average sunshine of 3100–3300 h, and
annual average evapotranspiration of about 2000 mm [23]. The upper JFZSD is covered
with silty loam, loam, and clay loam, and the middle and lower JFZSD is covered mainly
with clay loam [13]. In JFZSD, soil begins to freeze in mid-November and does not thaw
completely until late April or early May the next year.
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Figure 1. The location of the Jiefangzha Subdistrict (JFZSD) and the locations of the groundwater
monitoring wells and soil sampling sites.

Wheat, maize, sunflower and vegetables are typical crops in the study area, whose
roots mainly distributed at 0–40 cm depth [23]. The growing season of wheat, maize,
sunflower and vegetables are the late March to the early August, the late April to the late
September, the late May to the late September, and the early April to the late September,
respectively. Most of their growing seasons ranged between mid-April to mid-September;
therefore, the cropping season used in this study is defined as the period between mid-April
(before the first irrigation) to mid-September (before the autumn irrigation), the exact date
may vary from year to year.
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The JFZSD is divided into four sections by the controlling area of the main irrigation
canals: the Wulahe Canal, the Yangjiahe Canal, the Huangji Canal, and the Qinghui Canal
(Figure 1). The Qinghui section is a groundwater irrigated section, where deep fresh
groundwater with salinity of about 2 g/L is extracted for flood irrigation. Whereas, the
other three sections are flood irrigated with water diverted from the Yellow River (1.3 billion
m3/year, 0.6 g/L salinity) [21]. A total of 52 groundwater wells were drilled, randomly
distributed in the four sections (Figure 1). Near 22 of the groundwater wells, 22 soil
sampling sites were selected, covering the four main farmland types (wheat fields, maize
fields, sunflower fields and vegetable fields) in JFZSD and randomly distributed in the four
sections (Figure 1). In areas with very shallow water table depth, like our study area, the
drainage is from the shallow groundwater, thus the average salinity of the drainage water
is 2 g/L [36], almost the same as groundwater.

2.2. Data Availability
2.2.1. Water Table Depth and Soil Properties

From 2007 to 2016, WTD were manually measured every 5 days at the 52 groundwater
observation wells (Figure 1). Soil cores were collected at croplands around 22 of the wells
(soil sampling sites, Figure 1) by 3 layers: 0–10 cm, 10–20 m, and 20–40 m. Then the electrical
conductivity of the 1:5 soil water extract (EC1:5, mS/cm) were measured and converted to total
soluble salt (TSS, g/kg) by a local standard curve [37]: TSS = 3.42EC1:5 − 0.21 (R2 = 0.996;
n =118). The percentages of sand, silt and clay of each soil sample were measured by
a Mastersizer 2000 (Malvern Instruments Ltd., Malvern, UK) and the soil texture was
determined using the soil texture triangle. The dry bulk density was measured by oven-
drying the intact soil core at 105 ◦C.

2.2.2. Field Irrigation, Precipitation and Potential Crop Evapotranspiration

Due to the lack of a specific amount of field irrigation water for the very fields where
the soil samples were taken, the cropping season field irrigation of the soil sampling sites
was estimated by uniformly allocating the field irrigation water amount over the irrigated
area of each section. The field irrigation water amount was estimated by multiplying the
amount of water diverted into the section by the irrigation efficiency coefficient of the canal
system, 0.49 as suggested by Liu et al. [21].

The meteorological data was collected from the nearest meteorological station, the Bayan-
nur Linhe Meteorological Station. The daily precipitation during the cropping season was
summed up to obtain the cropping season precipitation for each year which was the same for
all the sites. The daily ETo was estimated from the daily average, maximum and minimum
temperatures, daily average, maximum and minimum atmospherically pressures, daily average
relative humidity, daily average wind speed, and latitude and longitude of each soil sampling
site by the FAO-56 Penman Monteith equation [38]. The meteorological data were from the
same station, and the latitudes and longitudes of all the sites were very similar, thus the same
cropping season ETo was used for all the sites in each year.

The monthly variations of the most relevant meteorological factors—precipitation,
average, maximum and minimum temperature, wind speed, relative humidity, and the
reference evapotranspiration (ETo) from 2007 to 2016 are shown in Figure 2. Note that
in order to plot the meteorological factors in the same graph, the precipitation is ex-
pressed in millimeters (mm), while the reference evapotranspiration (ETo) is expressed
in centimeters (cm). Overall, during the cropping season, i.e., from April to September,
the average temperature, precipitation, and ETo were 19.29 ± 3.16 ◦C, 20.53 ± 5.19 mm,
164.44 ± 29.18 mm, respectively; while from October to March, they were −1.69 ± 6.54 ◦C,
2.94 ± 2.28 mm, 53.01 ± 25.34 mm, respectively. In general, the wind speed was stable with
an average of 2.15 m/s and relative humidity was 46%. The relative humidity decreased as
the temperature rose (from January to May), but during the cropping season, the relative
humidity remained high due to precipitation and irrigation.
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Figure 2. Seasonal pattern of precipitation, average, maximum and minimum temperature (Temp), wind
speed (WS), relative humidity (RH), and reference evapotranspiration (ETo) in the Jiefangzha Subdistrict.

The potential crop evapotranspiration (ETc) was obtained by multiplying the ETo by
the crop coefficient Kc suggested by FAO-56 [38]. Note that since there were four types
of main crops—wheat, maize, sunflower and vegetables, the Kc on each day during the
cropping season was the area-weighted average of the Kc of the four main crops:

Kc,d =
∑ Kc,d,r Ar

∑ Ar
(1)

where Kc,d is the crop coefficient on day d, Kc,r is the crop coefficient of crop r (r = wheat,
maize, sunflower or vegetables) on day d, and Ar is the cropping area of crop r in the
JFZSD. Note that for the days before the initial stage or after the end of the late season
stage of a crop, the Kc,d,r was assumed to be the Kc,d,r during the initial stage of that crop. In
different years, the cropping area of crop r in the JFZSD (Ar) was different, thus, the Kc,d
was different.

2.3. Data Analysis
2.3.1. Salt Accumulation and Water Table Depth

The total soluble salt in the 0–40 cm soil layer at a site, Salti,j,k (g/kg), was estimated
by taking the thickness weighted average of the total soluble salt in the 0–10 cm, 10–20 cm
and 20–40 cm soil layers at that site:

Salti,j,k = Salt0–40
i,j,k =

10Salt0–10
i,j,k + 10Salt10–20

i,j,k + 20Salt20–40
i,j,k

10 + 10 + 20
(2)

where i is the index for n = 22 soil sampling sites, j is the index for the year; and k is the
index for soil sampling time, 1–6 denotes the soil sampling before the first to the sixth
irrigation and 7 denotes the soil sampling before the autumn irrigation.

The salt accumulated in the cropping season in each year at each soil sampling site,
Salti,j, was the difference between the total soluble salt in the 0–40 cm soil layer at that site
before the autumn irrigation at that year, Salti,j,7, and the total soluble salt in the 0–40 cm
soil layer at that site before the first irrigation at that year, Salti,j,1:

Salti,j = Salti,j,7 − Salti,j,1 (3)
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Note that each of the problematic or missing Salti,js was substituted by
(Salti,j-1 + Salti,j-1)/2. The 10-year total accumulated salt in the cropping season at each soil
sampling site, Salti, was the summation of that in each year:

Salti =
2016

∑
j=2007

Salti, j (4)

The salt accumulated in the cropping season in each year in section c, Saltc,j, was the
average of that at all the sites within the section, Saltc,i,j.

Likely, the 10-year average cropping season WTD at each well was the average of that
in each year, WTDl = WTDl,j, where l is the index for m = 52 groundwater wells, j is the
index for the year. Note that the cropping season WTD in year j at well l was the average
WTD at well l from the date of soil sampling before the first irrigation in year j to the date
of soil sampling before the autumn irrigation in year j. The average cropping season WTD
in each year in section c was the average of cropping season WTD in that year at all the
groundwater wells within that section, WTDc,j = WTDc,l,j.

2.3.2. Spatial Distribution of the Water Table Depth

The spatial distribution of the average cropping season WTD in each year was obtained
by the inverse distance weighted (IDW) interpolation [39,40] using ArcGIS 10.4.1. The
IDW interpolation assumes that the attribute value (e.g., average WTD and average change
rate of WTD) of an unknown point o (ŷ(So)) is the weighted average of that of h (h = 12 in
this study) neighboring sampled points p (y(Sp)). The weights (λp) are inversely related to
the distances between the unknown point and the sampled points (dop). A distance-decay
parameter α (α = 2 in this study) adjusts the decreasing strength of the inverse-distance
weight with increasing distance [41,42].

ŷ(So) =
h

∑
p=1

λpy
(
Sp

)
, λp =

d−α
op

∑h
p d−α

op
,

h

∑
p

λp = 1 (5)

2.3.3. Factors Influencing Salt Accumulation

The relationships between the salt accumulated in the cropping season and the
three influencing factors—cropping season I + P, cropping season ETc, cropping season
WTD—at each soil sampling site in each year were analyzed, after eliminating the outliers,
for example, the groundwater irrigated sites.

Due to the complicated interrelationships between the salt accumulated in the cropping
season and the three influencing factors, grey relational analysis [43] was performed to rank
their contributions. Firstly, the four variables were normalized, so-called grey relational
generating [44]. The accumulated salt and ETc were the smaller the better; therefore, each
of them was normalized by subtracting from its maximum value and then divided by the
difference between its maximum and minimum values. Whereas, the I + P and WTD (in
the WTD range of the study area) were the larger the better, therefore, each of them was
normalized by subtracting its minimum value and then divided by the difference between
its maximum and minimum values. The normalized salt accumulation is now the reference
sequence Xo = (xo1, xo2, . . . , xoq, . . . , xoN) for q = 1, 2, . . . , N, and the normalized ETc, I + P
and WTD are the three comparability sequences XK = (xK1, xK2, . . . , xKq, . . . , xKN) for K = 1,
2, 3. Note that q = 1, 2, . . . , N denotes all the 22 soil sampling sites in the 10 years, excluding
outliers. Then, the grey relational coefficients between each comparability sequence and
the reference sequence [44] is calculated as:

γ
(

xoq, xKq
)
=

∆min + ζ∆max

∆Kq + ζ∆max
for K = 1, 2, 3; q = 1, 2, . . . , N (6)
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where ∆Kq =
∣∣xoq − xKq

∣∣, ∆min = Min
{

∆Kq
}

, ∆max = Max
{

∆Kq
}

, and ζ ∈ [0, 1] is the
distinguishing coefficient which is set to 0.5 here.

Assigning all the grey relational coefficients the same weight, the grey relational grade
between a comparability sequence and the reference sequence is the average of its grey
relational coefficients. The rank of the grey relational grade is the rank of similarities
between the comparability sequences and the reference sequence.

3. Results
3.1. Cropping Season Climatic Factors and Field Irrigation

The cropping season precipitation (P) and potential crop evapotranspiration (ETc) were
from the meteorological data, and, therefore, they are the same for all the four sections in the
same year; whereas, the field irrigation (I) and, consequently, the I + P and ETc − I − P was
different at different sections (Figure 3). During the 10-year investigation period, neither
the precipitation nor the ETc showed clear increasing or decreasing trend, which means
that this area did not become dryer or wetter. The field irrigation during the 10 years was
decreasing in Wulahe, Huangji and Qinghui, but it did not change significantly in Yangjiahe.
Wulahe received the largest amount of irrigation water, followed by Huangji; Yangjiahe
and Qinghui received similar amount of irrigation water, but one from the Yellow River
and the other from deep groundwater. Superimposed with precipitation, the resulting
total water input (I + P) was decreasing in all four sections, with a primary peak in 2008, a
secondary peak in 2012 and a tertiary peak in 2016. Given that the ETc peaked in 2011, 2014
and 2016, the water deficit (ETc − I − P), representing the potential driving force pulling
water and dissolved salt upward, was the lowest in 2008, the highest in 2011, 2014 and 2016
in all the sections.
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Figure 3. The cropping season precipitation (P), field irrigation (I) and potential crop evapotranspira-
tion (ETc) in the four sections in each year.

3.2. Cropping Season Water Table Depth

The cropping season water table depth decreased in Wulahe due to the large amount
of irrigation, increased in Qinghui due to the extraction of groundwater for irrigation, and
did not change much in Yangjiahe and Huangji during the 10 years (Figures 4 and 5). Note
that the water table was the shallowest for all four sections in 2012 (Figures 4 and 5), which
was due to a 50-year storm event. The water table was the deepest in Qinghui (2.0–4.7 m),
the groundwater irrigated section. It was the shallowest in Wulahe (0.4–1.7 m in most areas)
(Figure 5). In most parts of Yangjiahe and Huangji, the water table was shallower than
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2.0 m; only along the northern boundary of these two sections and the southern boundary
of Huangji adjacent to Qinghui, the water table was deeper than 2.0 m.
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3.3. Cropping Season Salt Accumulation Pattern

At the two soil sampling sites in the southern Yangjiahe, the salt in the 0–10 cm
layer accumulated a total of 20.00–20.56 g/kg during the cropping season in the 10 years
(Figure 6). At the two soil sampling sites in the central Yangjiahe, the two sites in the
northern Huangji and the one site along the northern boundary of Qinghui the salt
in the 0–10 cm layer accumulated 10.00–20.00 g/kg during the cropping season in the
10 years. Generally, the salt did not accumulate as much in 10–20 and 20–40 cm as that in
0–10 cm, except for the three sites in the central Huangji. At the three exceptional sites,
the salt accumulated in the 10–20 cm or 20–40 cm layer accumulated more salt than in the
0–10 cm layer. This might be due to the relatively course and fine soil textures of the soil
layers, which will be discussed later. During the 10 years, only the site in the central Wulahe
desalted during the cropping season, mainly thanks to its desalinization in the 0–10 cm
layer. However, it was hard to find a correlation between salt accumulation with water
table depth (Figure 6).
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In the root zone (0–40 cm), in cropping seasons from 2007 to 2011, Wulahe and Qinghui
did not accumulate salt, especially, in 2009, there was significant desalinization (Figures 5
and 7a,b); however, in cropping seasons from 2012 to 2016, they both showed significant
salt accumulation, especially Qinghui. Wulahe accumulated the least amount of salt in
the cropping season during the 10-year period (2.66 g/kg), but the accumulated amount
slightly increased by the year. The reason for the slight increase might be that the largest
amount of irrigation water in Wulahe (Figure 3) led to its shallowest WTD (Figures 4 and 5),
as Wulahe was the only section that had decreasing WTD year after year (Figures 4 and 5).
Qinghui accumulated the second least amount of salt in the cropping season during the
10-year period (7.66 g/kg), but there was a significant increase in 2015 and 2016. The reason
for the second least amount of salt accumulation might be that Qinghui was a groundwater
irrigated section, i.e., the deep groundwater was pumped and flood irrigated. This led
to its deepest WTD and its increase of WTD by year (Figures 4 and 5), and resulted in
its hindered phreatic evaporation and suppressed upward salt migration; however, the
salinity of the pumped groundwater was larger than that of the Yellow River. Thus, in
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2015–2016, more groundwater was pumped and irrigated, leading to a dropped water table
and accumulated salt.
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From 2007 to 2010, Yangjiahe and Huangji accumulated salt in the cropping season
gradually, until an accelerated accumulation in both sections in 2011 (Figures 5 and 7a,b).
After 2011, Yangjiahe kept the accelerated salt accumulation; whereas, Huangji returned
back to the gradual salt accumulation. Yangjiahe accumulated the most amount of salt in
the cropping season during the 10-year period (17.03 g/kg), and the accumulated amount
was increasing by the year. The reason for the most accumulated amount of salt might be
that the cropping season water deficit (ETc − I − P) was the largest in Yangjiahe (Figure 3);
moreover, Yangjiahe had the second shallowest WTD (Figure 4), which led to more phreatic
evaporation and upward salt migration. Huangji accumulated the second most amount
of salt in the cropping season during the 10-year period (8.21 g/kg), and most of the salt
was accumulated in 2011 (Figures 5 and 7a,b). The reason for the abrupt salt accumulation
increase in 2011 might be that 2011 was the driest year during the 10-year period, with the
largest ETc and the least water input (I + P) (Figure 3).

The soil EC1:5 at the beginning and at the end of each cropping season are shown in
Figure 7c,d. Nearly all of the root zone soils were loams (Table 1). According to DPIRD [45],
a loam with EC1:5 < 0.20 mS/cm is non-saline soil, a loam with 0.20 mS/cm < EC1:5
< 0.40 mS/cm is slightly saline soil, a loam with 0.40 mS/cm < EC1:5 < 0.80 mS/cm is
moderately saline soil, and a loam with 0.80 mS/cm < EC1:5 < 1.60 mS/cm is highly saline
soil (Figure 7c,d). At the beginning of the cropping seasons, most soils were slightly saline,
some were non-saline and some were moderately saline (Figure 7c). Notably, from 2012 to
2014 the soils were mostly non-saline. Whereas, at the end of the cropping seasons, most
soils were slightly and moderately saline, few were non-saline, and some were even highly
saline (Figure 7d), especially in 2011, 2015 and 2016. In the HID, besides the first to the sixth
irrigations during the cropping season, there is an autumn irrigation after the cropping se-



Water 2022, 14, 1664 12 of 16

ason to leach salt. On average, the field autumn irrigation during the 10-year period in the
JFZSD was 179 ± 39 mm, about 66.6 % of the field irrigation during the cropping season
(269 ± 37 mm). Then, the reason why the slightly and moderately saline soil at the end of
one cropping season could restore to slightly saline at the beginning of the next cropping
season must be that the autumn irrigation leached the salt during the non-cropping season.

Table 1. The soil texture and dry bulk density (ρ) of the three soil layers at the 22 soil sampling sites.

No. Depth (cm) Soil Texture ρ (g/cm3) No. Depth (cm) Soil Texture ρ (g/cm3)

1
0–10 loam 1.53

12
0–10 loam 1.48

10–20 sandy loam 1.60 10–20 loam 1.52
20–40 sandy loam 1.46 20–40 loam 1.39

2
0–10 loam 1.50

13
0–10 clay loam 1.53

10–20 loam 1.48 10–20 loam 1.66
20–40 loam 1.50 20–40 silty loam 1.56

3
0–10 silty loam 1.32

14
0–10 loam 1.47

10–20 loam 1.45 10–20 clay loam 1.39
20–40 loam 1.34 20–40 loam 1.49

4
0–10 loam 1.52

15
0–10 loam 1.47

10–20 loam 1.51 10–20 silty clay loam 1.74
20–40 loam 1.43 20–40 loam 1.63

5
0–10 loam 1.40

16
0–10 clay loam 1.33

10–20 loam 1.51 10–20 clay loam 1.37
20–40 clay loam 1.52 20–40 clay loam 1.41

6
0–10 sandy loam 1.49

17
0–10 sandy loam 1.25

10–20 sandy loam 1.57 10–20 clay loam 1.32
20–40 sandy loam 1.46 20–40 sandy loam 1.40

7
0–10 loam 1.29

18
0–10 silty loam 1.59

10–20 loam 1.51 10–20 silty clay loam 1.63
20–40 sandy loam 1.39 20–40 loam 1.34

8
0–10 loam 1.29

19
0–10 loam 1.45

10–20 loam 1.34 10–20 sand 1.44
20–40 loam 1.30 20–40 sand 1.38

9
0–10 loam 1.44

20
0–10 loam 1.57

10–20 loam 1.66 10–20 loam 1.70
20–40 loam 1.65 20–40 loam 1.50

10
0–10 loam 1.40

21
0–10 clay loam 1.69

10–20 loam 1.41 10–20 clay loam 1.45
20–40 loam 1.38 20–40 clay loam 1.40

11
0–10 sandy loam 1.36

22
0–10 clay loam 1.20

10–20 sandy loam 1.38 10–20 clay loam 1.25
20–40 sandy loam 1.43 20–40 clay loam 1.40

The soil EC1:5 variation within a cropping season, taking the 2007 cropping season
as an example, is shown in Figure 8. The date of the measured data points corresponded
to the soil sampling date before the first to the sixth irrigation and the autumn irrigation,
respectively. For all the sections, salt accumulated after the first irrigation and was leached
by the sixth irrigation. The soil EC1:5 in Wulahe, Huangji, Yangjiahe and Qinghui section
peaked before the third, fourth, fifth and sixth irrigation, respectively. During the cropping
season, Yangjiahe and Huangji accumulated salt, Qinghui roughly remained at the same
level, and Wulahe leached salt. It seems that the sixth irrigation could effectively leach salt
in all the sections; and the second irrigation could effectively leach salt in all the sections,
except for Wulahe. In Wulahe, the third and fourth irrigations seemed to be the most
effective ones.
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3.4. Cropping Season Salt Accumulation Attribute Factors and Their Contributions

The relationships between the cropping season salt accumulation in the root zone
(0–40 cm) and the cropping season water input (I + P), ETc, water deficit (ETc − I − P) and
average WTD were found (Figure 9). Note that the data points obtained in the groundwater
irrigated Qinghui were excluded when plotting the boxplot involving WTD (Figure 9d). The
x-axes were categorized, considering both roughly similar spacing and a roughly similar
number of points (n) in each category. The trend line shows the relationship between the
mean of each x-axis interval and the median of the cropping season salt accumulation in
this group. It was expected that the cropping season salt accumulation can be hindered by
higher cropping season water input (I + P) and deeper WTD, and be accelerated by higher
ETc (Figure 9a,b,d); therefore, the relationship between water deficit (ETc − I− P), the force
driving phreatic evaporation, and salt accumulation was exceptionally strong (Figure 9c).
This means that given a steady climate, the water-saving irrigation management practices
from 2012 to 2016 could potentially increase salt accumulation during the cropping season.
The relationship between WTD and salt accumulation was weaker than the other three
relationships, but the relationship shows that if the WTD were larger than 3 m, the soil salt
might not accumulate, agreeing with Jin et al. [33].

The grey relational grade between the cropping season salt accumulation and the
cropping season ETc, I + P, and average WTD in each year at each soil sampling site was
0.644, 0.675 and 0.604, respectively. Thus, the contribution of the cropping season I + P was
the largest, followed by ETc and average WTD. This means that a deeper average WTD
could largely remediate the salt accumulation in the arid and semiarid region; whereas,
more field irrigation water could remediate even more.

The soil texture and dry bulk density (ρ) were tabulated for the three soil layers of each
site (Table 1). The numbers (No.) correspond to the soil sampling site numbers labelled in
Figure 1. Note that for all the soil layers, the clay (<0.002 mm) contents were less than 40%,
the silt (0.002–0.02 mm) contents were less than 60%, and the sand (0.02–2 mm) contents
varied from 10–90 %; therefore, the texture of all the soils fell in the sand, sandy loam, loam,
silty loam, silty clay loam and clay loam categories, and loam took up more than half. For
half of the sites, the soil texture of the three layers was the same, the air-entry values were
similar and capillary rise could be continuous. For a quarter of the sites, for example, the
20–40 cm of soil No. 5 and 10–20 cm of soil No. 14, there existed the case that one soil layer
was finer than its overlying soil layer. This means that the capillary rise and, therefore,
the evaporation and associated salt upward transport could be disrupted at the interface
of the two soil layers [46]. In this case, the fine layer might accumulate more salt than its
overlying layer, and the total salt accumulation in the root zone might be hindered.
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hindered by higher cropping season water input (I + P) and deeper WTD, and be acceler-
ated by higher ETc (Figure 9a,b,d); therefore, the relationship between water deficit (ETc − 
I − P), the force driving phreatic evaporation, and salt accumulation was exceptionally 
strong (Figure 9c). This means that given a steady climate, the water-saving irrigation 
management practices from 2012 to 2016 could potentially increase salt accumulation dur-
ing the cropping season. The relationship between WTD and salt accumulation was 
weaker than the other three relationships, but the relationship shows that if the WTD were 
larger than 3 m, the soil salt might not accumulate, agreeing with Jin et al. [33]. 

 
Figure 9. The relationship between the cropping season salt accumulation (g/kg) and the cropping
season water input (I + P, a), potential crop evapotranspiration (ETc, b), water deficit (ETc − I − P, c),
and average water table depth (WTD, d).

4. Discussion

It was found that (1) at the beginning of the cropping seasons, most soils were slightly
saline and (2) at the end of the cropping seasons, most soils were slightly to moderately
saline and some were even highly saline. This indicated that thanks to the autumn irrigation,
which was applied after each cropping season to leach salt, the salt accumulation during
the cropping season did not lead to continuous deterioration of the soil in this area, but
restored to a relative healthy condition in next spring for crop germination. However, if
the salt accumulated during the cropping season keeps the level of 2012 to 2016, and the
water-saving irrigation measures keeps the level during 2012 to 2016 or becomes even more
strict, whether the soil could sustainably remain suitable for germination and crop growth
is questionable.

Overall, the water-saving management practices during the 10-year period could
effectively leach the salt accumulated in the cropping season by autumn irrigation and
keep the soil sustainable for crop growth. Larger potential crop evapotranspiration would
lead to more salt accumulation; however, deeper water table depth could reverse the trend,
and more precipitation and field irrigation could reverse the trend even more effectively.
Therefore, given a steady climatic condition and the irrigation measures during 2012 to
2016, saving more water might mean accelerated soil salinization.

If the climate becomes drier for arid and semiarid areas as predicted by the climate
patterns, more water might need to be diverted from the Yellow River to keep the soil
healthy. Alternatively, better drainage systems to keep water table depth larger than a
critical depth might be the most economical way for the Hetao Irrigation District. The
critical water table depth is roughly 3 m in the Hetao Irrigation District, but may vary with
climate change, irrigation amount, the spatial distribution of different types of crops and
soil texture, and resulted salt leaching requirement of the specific cropland. Constructing
drainage systems to maintain water table under their own critical water table depths could
be helpful in other arid and semiarid irrigation areas suffering from shallow water table
depth and soil salinization.
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