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A B S T R A C T   

Clarifying the relationship between salt-affected soils and their adjacent river systems is critical to address the 
challenges posed by soil salinization on agricultural production. Among the various biophysical and land 
management factors linked to soil salinization, few studies have investigated the importance of the distance 
along the river. Based on the Hetao Irrigation District of the Yellow River Basin, we collected 5314 soil samples 
and analyzed 17 soil parameters to explore the relationship between salt-affected soils and their distance along 
the river. Soil salinization was reinforced by the distance along the river, as a trade-off between soil ion accu-
mulation and nutrient regulation. Soil total water-soluble salt content increased by 16.4 mg kg− 1 every kilo-
meter, likely due to ions leaching from the soils upstream and partially accumulating in the soils downstream, 
especially for Cl-, SO4

2-, and Na+. Greater input and less solubility of Ca2+ based soil amendments, phosphorus 
fertilizers, and organic materials on the less salt-affected soils upstream may explain the declines in soil Ca2+, 
available phosphorus, and soil organic matter with distance along the river. With every kilometer along the river, 
soil exchangeable sodium and cation exchange capacity increased by 8.89 × 10− 4 and 1.26 × 10− 2 cmol kg− 1, 
respectively, which led to an increase in soil exchangeable sodium percentage by 9.59 × 10− 5. The increase in 
soil exchangeable sodium along the river was mainly due to Na+ accumulation, while soil cation exchange ca-
pacity was regulated by soil organic matter and total nitrogen. Soil pH increased by 1.21 × 10− 3 per kilometer 
along the river, associated with the decrease of soil organic matter. Future saline soil amelioration and reutili-
zation initiatives at regional scales may be improved by accounting for the changes in soil physicochemical 
properties resulting from the distance along the river.   

1. Introduction 

Globally, soil salinization has been recognized as a pressing issue 
that threatens agricultural production, ecosystem health, and food se-
curity (Hopmans et al., 2021). Approximately one billion hectares of 
arid and semi-arid areas remain barren due to salinity or water scarcity, 
and nearly 20% of irrigated land is affected by secondary salinization 
(Sahab et al., 2021). China, for instance, has ~34 million hectares of 
saline soil, 36% of which can be potentially used for agricultural pro-
duction after amelioration (Wang et al., 2017). Soil salinization is not 

just a function of the properties of the soil itself, but also the 
water-related conditions of the surrounding land (Hayat et al., 2019). 
Hence salt-affected soils frequently occur in alluvial plains, intensively 
irrigated districts, and river valleys, such as the Indo-Gangetic Basin in 
India, the Indus Basin in Pakistan, and the Yellow River Basin in China. 
The level of soil salinity in these regions is closely related to the spatial 
distribution of their river systems (Shahid et al., 2018). Therefore, to 
promote amelioration of saline soils and their subsequent reutilization in 
salt-affected regions, the spatial relationships between local river sys-
tems and salt-affected soils must first be understood. 
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The distance along the river (DAR) is a crucial parameter for char-
acterizing the relationship between river systems and their adjacent 
soils. It is defined as the curve length from the entrance point of the river 
into the study area to the projection point of the specific sampling site, as 
illustrated in Fig. 1 for the Yellow River. It may also be an important 
factor influencing soil salinization throughout the stream network 
(Kaushal et al., 2017). Generally, the groundwater table becomes shal-
lower with increasing DAR, leading to an upward movement and 
accumulation of salt in surface soils (Mao et al., 2020). Indeed, 
human-dominated land and water use accelerates weathering and in-
creases anthropogenic salts and available and total nutrients (Jin et al., 
2021). And yet it is the physical processes, such as salt transport path-
ways, irrigation, and drainage practices, that modulate the relationship 
between DAR and soil salinization. A previous study demonstrated that 
the accumulation of ions and water-extractable organic matter in 
streams increase from upstream to downstream (Zhang et al., 2021), but 
whether it contributed greatly to soil salinization in the irrigated agri-
culutral district remains to be determined. 

Clarifying the nature of this relationship will provide much needed 
scientific support for sustainable soil and water use, saline soil amelio-
ration, and soil health maintenance in salt-affected regions. Although 
several studies have focused on the drivers of primary and secondary 
salinities (Daliakopoulos et al., 2016; Hayat et al., 2019; Hopmans et al., 
2021), few have isolated the role of DAR in relation to soil salinization. 
Severe soil salinization is characterized by high values for total 
water-soluble salt content, pH, and exchangeable sodium percentage 
(ESP), which is determined by the ratio of exchangeable sodium to the 
cation exchange capacity (CEC) (Sahab et al., 2021). Both soil total 
water-soluble salt and pH are usually affected by the soil ions, where 
major cations of saline soil are sodium (Na+), potassium (K+), calcium 
(Ca2+), and magnesium (Mg2+), and major anions are chloride (Cl-), 
sulphate (SO4

2-), bicarbonate (HCO3
- ), and carbonate (CO3

2-) (Qadir et al., 
2000). In addition, soil exchangeable sodium and CEC are mainly 
influenced by soil ions and soil nutrients (Hopmans et al., 2021), and soil 
nutrients have been correlated with soil organic matter (SOM), total 
nitrogen (TN), alkaline hydrolyzed nitrogen, available phosphorus, and 
exchangeable potassium. 

Here, we have explored the relationship between DAR and the extent 

of soil salinization in the Hetao Irrigation District, China, by sampling 
and analyzing 5314 soil samples. The main objective of this work is to 
define the relationship between DAR and soil cations (Na+, K+, Ca2+, 
and Mg2+), anions (Cl-, SO4

2-, HCO3
- , and CO3

2-), nutrients (SOM, TN, 
alkaline hydrolyzed nitrogen, available phosphorus, and exchangeable 
potassium), and salinization indexes (total water-soluble salt, soil pH, 
exchangeable sodium, CEC, and ESP). We will determine whether DAR 
relates to soil salinization, and, if so, the nature and intensity of this 
relationship (i.e., direct or indirect). We hypothesize that soil saliniza-
tion is reinforced by DAR, directly and indirectly related to soil ions and 
nutrients. 

2. Materials and methods 

2.1. Study area 

The Hetao Irrigation District (40◦19́~41◦18 Ń, 106◦20́~109◦19́E) is 
located in the northern section of the Yellow River, the second longest 
river in China. It is an alluvial flood plain and represents a typical salt- 
affected region of the river system. The average elevation is 
1007–1050 m (Nie et al., 2021). It is tilted from southwest to northeast 
with a 0.2‰ slope, and bordered by the Langshan Mountain to the north 
and the Yellow River to the south (Fig. 1). It is one of the largest irri-
gation districts and most important agricultural production regions in 
China, with 5.7 × 105 ha of irrigated land and 1.12 × 106 ha of total 
area. The salt concentration of the irrigation water taken from the Yel-
low River is ~0.6 g L− 1 (Chang et al., 2019; Zhai et al., 2021), which was 
higher downstream than upstream. The average annual rainfall ranges 
from 130 to 200 mm, characterizing its arid to semi-arid continental 
climate (Li et al., 2020a). This region suffers from water shortages due to 
the large discrepancy between rainfall and evaporation (Zhang et al., 
2020b), and so irrigation primarily coming from the Yellow River is 
essential for crop production. In addition, soil salinization is another 
limiting factor for agricultural development in this region, with 45% of 
its arable land susceptible to soil salinization (Li et al., 2020b). The soils 
are formed by lake and alluvial sediments deposits, which led to finer 
soil textures following directional patterns. In other words, soil textures 
are sandy loam to silt loam in the southern and western parts, while they 

Fig. 1. Location of the Hetao Irrigation District study area and sampling sites. The distance along the river (DAR) is defined as the curve length from the entrance 
point of Yellow River into the study area to the projection point of the sampling site. 
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are silt to clay in the northern and eastern parts (Ren et al., 2016). More 
detailed information can be found in Guo et al. (2008). 

2.2. Soil sampling and measurement 

Soil samples were collected from 7.2 × 104 ha of arable land before 
irrigation in November and December 2017 using a grid sampling 
strategy (Fig. 1). First, the borders of 5399 sampling sites with an area of 

13.3 ± 3.3 ha per site were outlined. Next, a subsampling site of 3.3 ha 
was selected randomly from each sampling site. And finally, ten repre-
sentative soil subsamples were collected from the subsampling site to 
produce one composite sample (Fig. S1). All sampling positions were 
located using a global positioning system device. Overall, a total of 5399 
composite samples were collected from the 0–20 cm soil depth by an 
electric soil auger in the field, of which 5314 samples were ultimately 
measured and 85 samples rejected due to unclear labelling or poor 

Fig. 2. Relationships between water-extractable ions and the distance along the river (DAR). There are four types of cations, a) Na+, b) K+, c) Ca2+, and d) Mg2+, as 
well as four types of anions, e) Cl-, f) SO4

2-, g) HCO3
- , and h) CO3

2-. The solid and dashed lines indicate the linear regression lines and 95% confidence intervals 
(n = 5314), respectively. 
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preservation. Only active arable lands were sampled, and the regions 
that were not sampled were mostly barren due to salinity or water 
scarcity. In other words, similar land use type, cropping system, irriga-
tion regime, and so on, were ensured at a regional scale. 

A total of 17 soil parameters were analyzed. Four types of cations 
(Na+, K+, Ca2+, and Mg2+) were determined using an Atomic Absorption 
Spectrophotometer by inductively coupled plasma mass spectrometry 
(ICP-MS). Anions Cl-, HCO3

- , and CO3
2- were detected by titrimetric 

method, and SO4
2- was analyzed by the barium sulfate turbidity method 

(Bao, 2000). SOM and TN were measured by the K2Cr2O7 
oxidation-reduction titration and Kjeldahl digestion methods (Bao, 
2000), respectively. Alkaline hydrolyzed nitrogen was assayed using the 
alkaline hydrolysis diffusion method. Available phosphorus and 
exchangeable potassium were extracted with NaHCO3 (0.5 mol/L) and 
NH4OAc (1 mol/L), and determined using a Continuous Flow Analyzer 
(Skalar+Analytical, Breda, Netherlands) and flame photometry (BWB 
Technologies, Newbury, UK), respectively. The total water-soluble salt 
was measured using the residual drying method, and its threshold values 
for non, slightly, moderately, and highly saline soil are 2, 4, 6, and 
10 g kg− 1 in the Hetao Irrigation District, respectively (Table S1). The 
soil pH was assessed with a pH meter in a 1:2.5 soil-to-water suspension, 

with similar readings and following a linear relationship with the 1:5 
soil-to-water suspension international standard (Huang et al., 2021). 
The exchangeable sodium was extracted with 1 M NH4OAc (deionized 
water) and detected using an Atomic Absorption Spectrophotometer 
(AA-7000, Shimadzu Inc., Japan). The CEC was measured by the sodium 
acetate extraction method. The ESP was determined based on the ratio 
of exchangeable sodium (Exch-Na) to CEC, both expressed in (cmolc 
kg− 1) (Richards, 1954), according to Eq. 1:  

ESP (%) = Exch-Na / CEC × 100                                                      (1)  

2.3. Statistical analysis and structural equation modeling 

All datasets were tested for normality and homogeneity before 
analysis. A nonparametric test (Kruskal–Wallis) was used when either 
data normality (Shapiro–Wilk test), symmetry (coefficient of symmetry 
between − 1.96 and 1.96) or the equality of error variances (Levene’s 
test) was not confirmed per dataset. DAR was calculated using the 
ArcGIS 10.4 platform (Fig. 1). The total length of DAR considered in this 
study was 360.6 km, and a similar extent of variation was assumed 

Fig. 3. Relationships between soil fertility parameters and the distance along the river (DAR). There are two types of soil total nutrients, a) soil organic matter (SOM) 
and b) total nitrogen (TN), as well as three types of soil available nutrients, c) alkaline hydrolyzed nitrogen (AH-N), d) available phosphorus (Avail-P), and, e) 
exchangeable potassium (Exch-K). The solid and dashed lines indicate the linear regression lines and 95% confidence intervals (n = 5314), respectively. 
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lateral to the river based on the grid sampling approach and high 
quantity of soil samples taken. The relationships between DAR and soil 
parameters were tested by linear regressions (Figs. 2–4), and their 
Pearson’s correlation coefficients were calculated using SPSS version 
21.0 software (IBM SPSS Software Inc., Armonk, NY, USA). All re-
gressions and correlations were considered at an error probability of 
p < 0.05. Figures were plotted with SigmaPlot 14.0 software (Systat 
Software Inc., San Jose, CA, USA). 

Redundancy analysis (RDA) was conducted to explore the potential 
soil parameters affecting soil salinization using CANOCO 5.0 (Micro-
computer Power, Ithaca, NY, USA) (Fig. 5). In order to test the hy-
pothesis that soil salinization was reinforced by DAR and associated with 
soil ions and nutrients, structural equation modeling (SEM) was per-
formed to evaluate the direct and indirect relationships of DAR on the 
soil salinization indexes with exchangeable sodium, CEC, ESP, total 
water-soluble salt, and pH (Fig. 6a and S2). Based on the results of the 
correlation analysis, RDA analysis, and prior theoretical knowledge, 
other hypotheses were made for the SEM as follows: (a) DAR had indi-
rect relationships on soil salinization through cations (Na+, K+, Ca2+, 
and Mg2+) and anions (Cl-, SO4

2-, HCO3
- , and CO3

2-), due to salt leaching 
and accumulation (Mao et al., 2020); (b) DAR had indirect relationships 

on soil salinization led by nutrient regulation, including total nutrients 
(SOM and TN) and available nutrients (alkaline hydrolyzed nitrogen, 
available phosphorus, and exchangeable potassium) (Hopmans et al., 
2021); (c) DAR had direct relationships on soil salinization, resulting 
from other factors linked to DAR, such as terrain, landform, soil for-
mation, climate conditions, and vegetation distribution (Daliakopoulos 
et al., 2016). Standardized total effect (STE), the sum of the direct and 
indirect effects of DAR on soil parameters, was calculated from the SEM 
(Fig. 6b). A direct effect does not pass through any intermediate vari-
ables whereas an indirect effect must pass through an intermediate 
variable. Bootstrapping was conducted to test the probability that path 
coefficients differed from zero, as a few of the variables were not nor-
mally distributed (Fan et al., 2016). The root-mean squared error of 
approximation (RMSEA) and goodness-of-fit index (GFI) were used to 
estimate model fit. All the SEM analyses were conducted with AMOS 
version 24.0 software (IBM SPSS Software Inc., Armonk, NY, USA). 

Fig. 4. Relationships between soil salinization indexes and the distance along the river (DAR). There are five types of soil salinization indexes, a) exchangeable 
sodium (Exch-Na), b) cation exchange capacity (CEC), c) exchangeable sodium percentage (ESP), d) total water-soluble salt (TWS salt), and e) pH. The solid and 
dashed lines indicate the linear regression lines and 95% confidence intervals (n = 5314), respectively. 
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3. Results 

3.1. Cation and anion relationships with DAR 

Positive correlations were identified between DAR and water- 
extractable ions, except for Ca2+ (p < 0.05, Fig. 2). With an increase 
in DAR by 1 km, linear regressions indicated that Cl-, Na+, SO4

2-, Mg2+, 
HCO3

- , CO3
2-, and K+ increased by 7.20, 5.61, 2.89, 0.24, 0.17, 0.15, and 

0.12 mg kg− 1, while Ca2+ decreased by 0.40 mg kg− 1. Notably, higher 
increments were detected for Cl-, Na+, and SO4

2-, being more than ten 
times that of Mg2+, HCO3

- , CO3
2-, and K+. 

3.2. Total and available nutrient relationships with DAR 

Opposing responses of SOM and TN to DAR were found (Fig. 3a and 
b). For every increase in DAR by 1 km, SOM decreased by 2.22 mg kg− 1, 
while TN increased by 1.56 mg kg− 1. No relationship was detected be-
tween DAR and alkaline hydrolyzed nitrogen (Fig. 3c). Available phos-
phorus decreased by 0.057 mg kg− 1, while exchangeable potassium 
increased by 0.266 mg kg− 1 with 1 km increase in DAR (Fig. 3d and e). 

3.3. Soil salinization relationship with DAR 

With an increase in DAR by 1 km, exchangeable sodium and CEC 
increased by 8.89 × 10− 4 and 1.26 × 10− 2 cmol kg− 1, respectively 
(Fig. 4a and b). Therefore, the ratio of exchangeable sodium to CEC (i.e., 
ESP) increased by 9.59 × 10− 5 per km in DAR (Fig. 4c). Total soil water- 
soluble salt and soil pH increased by 16.4 mg kg− 1 and 1.21 × 10− 3 for 
every km in DAR, respectively (Fig. 4d and e). Overall, soil salinization 
was always evaluated by ESP, total soil water-soluble salt, and soil pH, it 
was reinforced with DAR. 

3.4. Direct and indirect relationships of DAR on soil salinization 

Redundancy analysis showed that Na+, SO4
2-, SOM, Ca2+, Mg2+, CO3

2-, 
and Cl- were the key driving factors for the soil salinization indexes 
(Fig. 5a). They contributed 74.1%, 8.6%, 5.9%, 4.3%, 1.9%, 1.8%, and 
1.4% of the variance in soil salinization indexes, i.e., exchangeable so-
dium, CEC, ESP, total water-soluble salt, and pH in this study (Fig. 5b, 
p < 0.05). 

Multiple direct and indirect associations were found between DAR 

and soil salinization indexes (Fig. 6a and S2). DAR was positively 
correlated with cations (Na+, K+, Ca2+, and Mg2+), anions (Cl-, SO4

2-, 
HCO3

- , and CO3
2-), and total nutrients (SOM and TN), while it was 

negatively associated with available nutrients (alkaline hydrolyzed ni-
trogen, available phosphorus, and exchangeable potassium) 
(p < 0.001). A high path coefficient was found from DAR to soil pH 
(coefficient = 0.34, p < 0.001). DAR mainly affected CEC (STE = 0.172), 
total water-soluble salt (STE = 0.139), and soil pH (STE = 0.166), rather 
than exchangeable sodium (STE = 0.037) and ESP (STE = − 0.010) 
(Fig. 6b). Overall, the SEM explained 14% of the differences in total 
water-soluble salt, 26% for CEC, 32% for pH, 35% for exchangeable 
sodium, and 85% for ESP (Fig. 6a). 

4. Discussion 

4.1. Cation and anion relationships with DAR 

The fact that the concentrations of most water-extractable ions 
showed an increasing trend with DAR could be the result of irrigation 
and drainage in the arable lands, with these ions being dissolved from 
soils upstream and subsequently transported along the river to be 
accumulated in soils downstream (Paudyal et al., 2016). Conversely, 
water-extractable Ca2+ is known to be converted into insoluble salts 
(such as CaCO3), and release soluble cations (such as Na+). Ca2+ based 
soil amendments, such as commercial calcium sulfate and flue gas 
desulfurization gypsum, have been regularly applied during saline land 
amelioration in this region (Wang et al., 2017). Notably, the lands up-
stream generally had lower salt contents than downstream, implying a 
positive feedback loop where land managers preferentially select these 
less-saline lands to ameliorate for cultivation over more-saline lands 
downstream (Li et al., 2020b). These processes could explain the de-
creases in soil Ca2+ content and the ratio of Ca2+ to Mg2+ (Fig S3), and 
the increase in soil Na+ content upstream to downstream. 

This region is notably distributed with sulfate-chloride and chloride- 
sulfate saline soils, as indicated by the much higher contents of Cl- (1.83 
± 3.68 g kg− 1, means ± standard deviations), SO4

2- (1.60 
± 2.70 g kg− 1), and Na+ (0.93 ± 2.17 g kg− 1) compared to the other 
ions (Fig. 2). The fact that the rates of increase for Cl-, Na+, and SO4

2- 

were more than ten times the rates of Mg2+, HCO3
- , CO3

2-, and K+ calls for 
special attention to be put on these three ions in soils with greater DAR 
(Zhou et al., 2021). 

Fig. 5. a) Redundancy analysis (RDA) showing variations in soil salinization indexes relating to environmental factors, and b) the contributions of each environ-
mental factor to soil salinization indexes. The angles between soil salinization indexes and environmental factors reflect their correlations, and the acute or obtuse 
angles represent positive or negative correlations, respectively. The explained variations of the first and second axes are given in brackets. Abbreviations: SOM, soil 
organic matter; TN, total nitrogen; AH-N, alkaline hydrolyzed nitrogen; Avail-P, available phosphorus; Exch-K, exchangeable potassium; Exch-Na, exchangeable 
sodium; CEC, cation exchange capacity, ESP, exchangeable sodium percentage; TWS salt, total water-soluble salt. 
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4.2. Total and available nutrient relationships with DAR 

The accumulation of water-extractable organic matter is known to 
increase from upstream to downstream in river systems (Dong et al., 
2020; Stutter and Cains, 2017; Ye et al., 2019; Zhang et al., 2021), 
leading to this study’s hypothesis that the SOM content would increase 
in soils upstream to downstream. However, the response of SOM to DAR 
was more influenced by carbon inputs from organic materials (e.g., crop 
residues) than those from irrigation water. The retention of organic 
materials in the fields is indeed one of the main strategies for saline soil 
amelioration in this region, which directly increases SOM contents (Huo 

et al., 2017). As discussed before, land managers preferentially select 
these less-saline lands upstream to ameliorate for cultivation over 
more-saline lands downstream (Li et al., 2020b). Crop performance and 
distribution also contributed to the variation of SOM content with DAR. 
Crops grew better in upstream areas compared to downstream areas, 
partly due to a higher ratio of Ca2+ to Mg2+ (Karimov et al., 2009). This 
ratio decreased remarkably with DAR (Fig S3), and played a negative 
role in regulating crop growth. In addition, the percentage of wheat and 
maize planting area decreased, while that of sunflower and 
saline-tolerant forage increased with DAR, associated with soil salinity 
content in upstream and downstream areas (Gao et al., 2021). The 

Fig. 6. a) Structural equation model (SEM) for 
the direct and indirect relationships of the dis-
tance along the river (DAR) on soil salinization 
indexes, and b) Standardized total effects (STE) 
from the SEM, the sum of the direct and indirect 
effects of the distance along the river (DAR) on 
soil parameters. Red and blue arrows indicate 
positive and negative relationships, respec-
tively. Arrow width is proportional to the 
strength of the relationship. Numbers near the 
arrow lines are indicative of the correlations. 
The proportion of explained variance (R2) ap-
pears alongside soil salinization indexes in the 
model. Significance levels of each predictor are 
* p < 0.05, * * p < 0.01, and * ** p < 0.001. 
RMSEA, root-mean squared error of approxi-
mation; GFI, the goodness-of-fit index for the 
model. Abbreviations: SOM, soil organic mat-
ter; TN, total nitrogen; AH-N, alkaline hydro-
lyzed nitrogen; Avail-P, available phosphorus; 
Exch-K, exchangeable potassium; Exch-Na, 
exchangeable sodium; CEC, cation exchange 
capacity, ESP, exchangeable sodium percent-
age; TWS salt, total water-soluble salt.   
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residues of wheat and maize were partly returned to the soil, while the 
residues of sunflower and forage were usually removed from the farm-
land in this region. Therefore, SOM decreased with DAR, due to both 
increases in below- and aboveground organic material inputs in the land 
upstream than downstream. Conversely, TN increased with DAR due to 
higher chemical N fertilizer input in the downstream area. Lower pro-
ductivity in the downstream areas usually resulted in farmers applying 
more N fertilizer to boost crop growth. More N application but less crop 
absorption led to more N accumulation in the soils downstream than 
soils upstream (Zhang et al., 2016). Therefore, a relatively lower ratio of 
SOM to TN was detected in the soil downstream compared to upstream 
(Fig. 3a and b). Overall, these results would suggest that more organic 
material inputs and less chemical N fertilizer inputs are a possible 
recommendation for this region, especially for the soils downstream. 

This study found no significant linear correlation between alkaline 
hydrolyzed N and DAR. Only surface soils (0–20 cm) were collected 
after crop harvest in this study. In other words, potential factors like soil 
sampling depth, sampling period, seepage losses, and study area may 
weaken or alter the relationship of DAR on soil alkaline hydrolyzed N 
content. The soils in this region were poor in available phosphorus (21.4 
± 19.7 mg kg− 1, means ± standard deviations) (Fig. 3d). Therefore, 
phosphorus fertilizer has been typically applied annually in this region 
(e.g., 124.5 kg P2O5 ha− 1 for maize) (Zhang et al., 2013). Phosphorus is 
easily fixed in soils through adsorption and chemical reaction (An et al., 
2013). As mentioned before, less-saline lands upstream were earlier 
cultivated than more-saline lands downstream, which led to more 
phosphorus accumulation in the lands upstream. These factors help 
explain why the available phosphorus content decreased with DAR. In 
contrast, the soil in this region is rich in exchangeable potassium (250 
± 154 mg kg− 1) (Fig. 3e), promoting dissolution from the soils up-
stream, transportation along the river, and accumulation in the soils 
downstream. These processes are intensified as a result of irrigation and 
drainage in the saline lands. Therefore, the exchangeable potassium 
content increased with DAR. These results would suggest the need for 
more phosphorus application and less potassium fertilizers in down-
stream areas. 

4.3. Soil salinization relationship with DAR 

The CEC was mainly associated with the total nutrients (including 
TN and SOM in this study) (Kang et al., 2021), supported by the 
comparatively higher path coefficients (Fig. 5a). Even though the CEC 
was closely related with SOM (Beldin et al., 2007; Oorts et al., 2003), the 
CEC was more associated with TN (Fig S2c). These results indicate that 
the CEC of the saline soil with low SOM content (11.4 ± 4.4 g kg− 1, 
means ± standard deviations) depended more on mineral surfaces 
(indexed with TN) than organic surfaces (indexed with SOM) (Zhang 
et al., 2020a), and the CEC increase with DAR is mainly associated with 
the increases in soil TN. Field practices aimed at increasing SOM and/or 
TN therefore have the potential to also increase soil CEC. This supports 
the hypothesis that N fertilization promotes plant growth under salt 
stress conditions through reducing ion accumulation (Pang et al., 2005), 
demonstrated here due to the simultaneous increase in soil CEC and TN. 
This also explains why such high amounts of N fertilizer are commonly 
applied in this region. 

The exchangeable sodium was mainly associated with cations, 
especially Na+ (Sidi et al., 2015), with high path coefficients between 
exchangeable sodium and cations / Na+ (Fig. 5a and S2a). Therefore, the 
increase of exchangeable sodium with DAR was likely due to Na+

accumulation from the soils upstream to downstream. This result also 
indicates that bad drainage systems may increase ESP for the soils 
downstream. The ratio of exchangeable sodium to CEC (i.e., ESP) was 
more determined by exchangeable sodium compared to CEC, confirmed 
by the higher path coefficient from exchangeable sodium to ESP than 
that from CEC to ESP (Fig. 5a). These results indicate that the increase of 
ESP with DAR was mainly caused by the greater contribution of Na+ to 

total cations in the soils downstream than that upstream. Field man-
agement strategies aiming to decreasing soil Na+ content, such as un-
derground pipe drainage (Zhou et al., 2021), therefore has the potential 
to decrease ESP in this region, especially with increasing DAR. 

Soil total water-soluble salt was mainly influenced by anions and 
cations (Fig. 5a), especially for Cl-, SO4

2-, and Na+ (Fig S2a and b), and 
most ions increased with DAR. Furthermore, saline land amelioration in 
this region usually combines with irrigation and drainage, which reduce 
the natural salt contents upstream and further encouraging preferential 
cultivation. Therefore, total water-soluble salt likely increased due to 
ions leaching from the soils upstream and accumulating in the soils 
downstream. A high path coefficient was found from DAR to soil pH, 
which was attributed to other factors associated with DAR influencing 
soil pH, such as terrain, landform, climate conditions, and vegetation 
distribution (Hopmans et al., 2021). Soil pH was negatively correlated 
with total nutrients (Fig. 5a). Specifically, soil pH was mainly affected by 
SOM (Fig S2c), indicating that field management practices for increasing 
SOM also have the potential to decrease soil pH. These results suggest 
that soil pH increased due to the decrease in SOM with DAR. Notably, 
soil pH was also positively associated with available nutrients (Fig. 5a), 
especially available phosphorus (Fig S2d). Some studies have demon-
strated that saline soil amelioration and utilization increased soil pH (Li 
et al., 2015; Sun et al., 2013, 2012), simultaneously with the increases of 
available nutrient contents due to fertilization and irrigation. Overall, 
DAR is an important factor for soil salinization as it determines the 
dynamics of several key soil parameters for sustainable agricultural 
production in salt-affected regions. 

4.4. Uncertainties and implications 

The increase of soil salinity content with DAR can be attributed to the 
progressively slower flow of the river system, the higher salt concen-
tration of the irrigation water, and the shallower groundwater table. 
Therefore, there will be less leaching and more upward movement and 
accumulation of salt in surface soils downstream than upstream (Mao 
et al., 2020). It is important to note that the studied soil is predominantly 
loess in the Hetao Irrigation District, where soil salts are more likely 
dissolved and run off during waterlogged conditions. Overall, the DAR is 
a fundamental parameter linked to soil salinization in the Yellow River 
basin (Fig. 7), but further research is needed to test whether this concept 
applies for other river systems. 

The increase of soil salinity with DAR may be overestimated due to 
more salt leaching in soil upstream areas than downstream areas. For 
example, saline lands upstream have longer utilization history than 
those downstream, and the salinity in the surface soils is decreased 
through salt leaching during saline soil utilization (Chang et al., 2019). 
In addition, the percentage of wheat and maize planting area decreases, 
and that of sunflower and forage area increases with DAR (Gao et al., 
2021). It has been reported that greater salt leaching is associated with 
more irrigation per unit of wheat and maize area, compared to sunflower 
and forage area (Li et al., 2020a). Therefore, the longer time period of 
saline soil utilization and more fresh water consumption per unit of area 
in upstream areas compared to downstream areas will likely cause an 
overestimation of the increase of soil salinity with DAR. Other un-
certainties may result from the soil sampling depth and sampling period 
in this study, as secondary salinization is often coupled with saline soil 
utilization in the irrigated regions, and salt accumulation in surface soils 
typically occurs after crop harvest in this region (Zhang et al., 2020b). 
Overall, the relationship between DAR and soil salinization is closely 
integrated to intrinsic soil characteristics and anthropogenic activities, 
such as soil fertility and salinity, crop performance and distribution, as 
well as field management. It is noteworthy that more studies on the 
relationship of soil salinity and DAR are needed, which considering 
various new aspects of saline soil utilization history, cropping systems, 
and soil sampling strategies (e.g., different depths). 
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5. Conclusion 

To the best of our knowledge, this is the first study to investigate the 
relationship between DAR and soil salinization in the Yellow River 
basin, which is one of the main irrigated agricultural regions in the 
world facing severe salt stress. DAR was positively correlated with soil 
Na+, K+, Mg2+, Cl-, SO4

2-, HCO3
- , and CO3

2-, TN, and exchangeable po-
tassium, but it was negatively associated with Ca2+, SOM, and available 
phosphorus. No significant relationship was detected between DAR and 
alkaline hydrolyzed nitrogen. The increase of exchangeable sodium with 
DAR was largely due to Na+ accumulation from upstream to down-
stream, while for the cation exchange capacity it was mainly a trade-off 
between TN and SOM. Therefore, soil exchangeable sodium, cation ex-
change capacity, and exchangeable sodium percentage were increased 
with DAR. Soil total water-soluble salt content increased with DAR, 
likely due to ions leaching from the soils upstream and partially accu-
mulating in soils downstream through irrigation and drainage, espe-
cially for Cl-, SO4

2-, and Na+. Soil pH increased with DAR, associated with 
the decrease in SOM. Overall, the degree of soil salinization increased 
with DAR. This work suggests that DAR is a fundamental parameter 
linked to soil salinization in the Yellow River basin, but whether this 
concept holds for other river systems remains uncertain and requires 
further investigation. 
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