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Abstract
In the process of studying the effects of saline water irrigation on soil and crops,
monitoring soil salinity is relatively difficult, whereas monitoring the salinity of
irrigation water is simpler and more feasible; however, the salinity threshold for
irrigating crops with saline water at different growth stages is difficult to deter-
mine. Based on long-term saline water irrigation experiment data conducted
at the Hengshui Dryland Farming and Water-saving Experimental Station in
Hebei Province from 2007 to 2015 (the irrigation water was set at five salinity
levels: 1 g・L−1, 2 g・L−1, 4 g・L−1, 6 g・L−1, and 8 g・L−1; water was applied
three times during the winter wheat growing season), and using 1 g・L−1 irriga-
tion water as the fresh water control, this study investigated crop growth, yield,
and environmental change indicators such as relative emergence rate, relative
grain yield, and soil salinity under different treatments, and analyzed the salin-
ity threshold and its influencing factors for multi-year saline water irrigation
of ‘Shijiazhuang 8’winter wheat using the FAO piecewise function method.
The results showed that under 4 g・L−1 and 6 g・L−1 saline water irrigation,
the multi-year average wheat emergence rate was equivalent to 93.8% (P>0.05)
and 70.4% (P<0.05) of that under fresh water, respectively, and the multi-year
average yield was equivalent to 86.0% (P<0.05) and 65.3% (P<0.05) of that un-
der fresh water irrigation. When using saline water with salinity less than 4 g・
L−1 for irrigation, grain yield (with yield change less than 15%) and emergence
rate were not limiting factors affecting the salinity threshold for saline water
irrigation. The calculated salinity threshold for multi-year saline water irriga-
tion of winter wheat was 2.14–3.95 g・L−1, with an average value of 3.19 g・L−1

and a coefficient of variation of 21.1%. Considering both yield and soil salinity
accumulation risks, the salinity threshold for long-term saline water irrigation
of winter wheat in the low plain area of Hebei was determined to be 2.47 g・L−1.
The salinity threshold had a certain negative correlation with pre-sowing soil
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salinity in the 1 m soil profile (correlation coefficient -0.587) and a certain pos-
itive correlation with fresh water irrigation yield (correlation coefficient 0.516).
Soil salinity accumulation risk analysis results indicated that, according to pre-
dictions from an exponential equation fitted between irrigation water salinity
and average soil salinity, using 2.47 g・L−1 saline water for continuous 9-year
irrigation, the 0–20 cm tillage layer soil did not reach salinization level (pre-
dicted average soil salinity 0.98 g・kg−1), while the 1 m soil profile exhibited
mild salinization (predicted average salinity content 1.17 g・kg−1). Soil salinity
accumulated slightly but did not cause significant impact on winter wheat yield.
From this perspective, the risk of severe soil salinization caused by long-term
irrigation with 2.47 g・L−1 saline water is relatively small.
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Abstract
Monitoring soil salt content under saline water irrigation is relatively difficult,
whereas monitoring irrigation water salinity is simpler and more practical. How-
ever, determining the salinity threshold for irrigation water at different crop
growth stages remains challenging. Based on long-term saline water irrigation
experiments conducted from 2007 to 2015 at the Hengshui Dry-land Farming
Station in Hebei Province, this study investigated the effects of saline water
with five salinity levels (1 g・L−1, 2 g・L−1, 4 g・L−1, 6 g・L−1, and 8 g・L−1) on
winter wheat growth. With freshwater irrigation (1 g・L−1) as the control, we
examined relative seedling emergence rate, relative grain yield, and soil salinity
changes using the FAO piecewise linear model to analyze the salinity threshold
and its influencing factors for ‘Shijiazhuang 8’winter wheat under long-term
saline irrigation. Results showed that irrigation with 4 g・L−1 and 6 g・L−1

saline water produced multi-year average emergence rates equivalent to 93.8%
(P>0.05) and 70.4% (P<0.05) of freshwater, respectively, while grain yields were
86.0% (P<0.05) and 65.3% (P<0.05) of freshwater levels. When using saline
water below 4 g・L−1, neither grain yield (with variation <15%) nor emergence
rate limited the salinity threshold. The calculated salinity threshold for long-
term winter wheat irrigation ranged from 2.14 to 3.95 g・L−1, averaging 3.19 g・
L−1 with a coefficient of variation of 21.1%. Considering both yield and soil salt
accumulation risks, the recommended salinity threshold for long-term winter
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wheat irrigation in Hebei Lowland Plain is 2.47 g・L−1. The threshold showed a
negative correlation with pre-sowing soil salt content in the 0–100 cm profile (r
= -0.587) and a positive correlation with freshwater-irrigated yield (r = 0.516).
Risk analysis indicated that continuous 9-year irrigation with 2.47 g・L−1 saline
water would result in 0–20 cm topsoil remaining non-salinized (predicted aver-
age soil salt 0.98 g・kg−1), while the 0–100 cm profile would experience mild
salinization (predicted average salt content 1.17 g・kg−1). Although slight salt
accumulation occurred, no significant yield reduction was observed, suggesting
low risk of severe soil salinization from long-term irrigation at this threshold.

Keywords Hebei Lowland Plain; Winter wheat; Saline water; Long-term irri-
gation; Salinity threshold

1. Materials and Methods
1.1 Experimental Site Description

The study was conducted at the Hengshui Dry-land Farming Station of Hebei
Academy of Agriculture and Forestry Sciences, where saline water irrigation
experiments began in October 2006. Located in the Hebei Lowland Plain, the
station features flat terrain at 21 m elevation with a groundwater table depth
of approximately 7 m. The region has a mean annual temperature of 12.8°C,
2,509.4 h of sunshine, a frost-free period of 188 days, and mean annual pre-
cipitation of 512.5 mm (with about 70% falling during June–August). Annual
evaporation reaches 1,785.4 mm. The soil is a clay loam desalinized soil. Initial
soil conditions in 2006 showed organic matter content of 12.8 g・kg−1, alkali-
hydrolyzable nitrogen of 65.5 mg・kg−1, available phosphorus of 17.6 mg・kg−1,
available potassium of 134 mg・kg−1, topsoil (0–20 cm) salt content of 0.437 g・
kg−1, and 0–100 cm profile salt content of 0.657 g・kg−1.

1.2 Experimental Design

The experiment employed continuous multi-year irrigation with saline water
at five salinity levels: 1 g・L−1 (control), 2 g・L−1, 4 g・L−1, 6 g・L−1, and
8 g・L−1. The randomized complete block design included three replications.
The cropping system was winter wheat–summer maize rotation. Winter wheat
cultivar ‘Shijiazhuang 8’, a dominant local variety, was planted in plots of 57
m2 (9.5 m × 6 m) with 50 cm isolation strips between plots.

Winter wheat typically received 2–3 irrigations during the growing season: pre-
sowing irrigation (omitted if 0–20 cm soil moisture exceeded 70% of field ca-
pacity), jointing-stage irrigation, and flowering-stage irrigation. Saline water of
different salinities was prepared by mixing freshwater with industrial salt (ion
composition shown in ). Each irrigation applied 60 mm of water measured by
flow meters. Pre-sowing tillage involved two rotary tillage operations at 12–
15 cm depth without maize straw incorporation. Conventional fertilization in-
cluded basal application of diammonium phosphate (525 kg・hm−2 containing
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46% P2O5 and 18% N) before wheat sowing, and topdressing with urea (375
kg・hm−2 containing 46% N) during the first spring irrigation. Wheat was sown
between October 12–23 at 195–225 kg・hm−2 and harvested between June 10–15
using 15 cm row spacing. Seasonal precipitation during wheat growth is shown
in .

1.3 Measurements and Methods

Relative seedling emergence rate: Three weeks after sowing, seedling
counts were taken at three points per plot (1 m double rows). Relative
emergence rate was calculated as:

Relative emergence rate (%) = 𝑁𝑡
𝑁𝐶𝐾

× 100 (1)

where 𝑁𝑡 is the seedling number for each treatment ($×10^{4}$ plants・hm−2)
and 𝑁𝐶𝐾 is the seedling number for freshwater control ($×10^{4}$ plants・
hm−2).

Relative biomass: At maturity, 3 m2 was harvested from each plot, air-dried,
and weighed to calculate biomass per unit area. Relative biomass was calculated
as:

Relative biomass (%) = 𝑀𝑡
𝑀𝐶𝐾

× 100 (2)

where 𝑀𝑡 is the biomass for each treatment (kg・hm−2) and 𝑀𝐶𝐾 is the biomass
for freshwater control (kg・hm−2).

Relative grain yield: At maturity, 3 m2 was harvested, threshed manually,
and air-dried to calculate grain yield. Relative grain yield was calculated as:

Relative grain yield (%) = 𝑌𝑡
𝑌𝐶𝐾

× 100 (3)

where 𝑌𝑡 is the grain yield for each treatment (kg・hm−2) and 𝑌𝐶𝐾 is the grain
yield for freshwater control (kg・hm−2).

Soil salinity: Soil samples were collected before sowing and after harvest at
20 cm intervals to 1 m depth. Three sampling points per plot were mixed, air-
dried, ground, and sieved. Soil salt content was measured using a DDS-11A
conductivity meter at a 1:5 soil-water ratio.

Threshold calculation: The FAO piecewise linear model was used to calculate
the salinity threshold of irrigation water based on annual relative yields under
different saline water treatments:
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𝑌𝑟 = {100 if 𝑥 ≤ 𝑥0
100 − 𝑏(𝑥 − 𝑥0) if 𝑥 > 𝑥0

where 𝑌𝑟 is relative yield, 𝑏 is the yield reduction rate per unit salinity beyond
the threshold, 𝑥0 is the salinity threshold of irrigation water, and 𝑥 is irrigation
water salinity (see [Figure 1: see original paper]).

Statistical analysis was performed using SX software, with Microsoft Excel used
for graphing and simulation.

2. Results and Analysis
2.1 Effects of Saline Water Irrigation on Winter Wheat Emergence

Crop seed germination and emergence are particularly sensitive to salt stress.
shows relative emergence rates of‘Shijiazhuang 8’winter wheat from 2007/2008
to 2014/2015. Emergence rate decreased significantly with increasing irrigation
water salinity. The 2 g・L−1 and 4 g・L−1 treatments achieved 99.8% and 93.8%
of freshwater emergence rates, respectively, without significant differences from
the control. The 6 g・L−1 treatment reduced emergence to 70.4% of freshwater,
significantly lower than both freshwater and 4 g・L−1 treatments. The 8 g・
L−1 treatment further reduced emergence to 35.5% of freshwater, significantly
different from the 6 g・L−1 treatment. These results indicate that irrigation water
salinity above 4 g・L−1 significantly inhibits emergence, while salinity below 4 g・
L−1 has minimal impact on‘Shijiazhuang 8’emergence. Notably, the 8 g・L−1

treatment showed an accelerating decline in emergence over time. During the
first four years (2007/2008–2010/2011), emergence remained relatively stable
at 49.6–69.8% of freshwater, but dropped sharply to 23.7% in the fifth year,
then fell below 20% in subsequent years, with some years showing virtually no
emergence.

2.2 Effects of Saline Water Irrigation on Winter Wheat Yield and
Threshold Values

presents relative yields across eight wheat growing seasons from 2007/2008 to
2014/2015. Grain yield decreased with increasing irrigation water salinity. The
2 g・L−1 treatment showed only 1.0% yield reduction compared to freshwater,
with no significant difference. The 4 g・L−1 treatment yielded 86.0% of freshwa-
ter (14.0% reduction), significantly different from both freshwater and 2 g・L−1

treatments. The 6 g・L−1 treatment yielded 65.3% of freshwater (34.7% reduc-
tion), significantly different from freshwater and 4 g・L−1 treatments. The 8 g・
L−1 treatment yielded only 29.3% of freshwater (70.7% reduction), significantly
different from freshwater and 6 g・L−1 treatments, with some years experiencing
total crop failure. Yield reduction relative to freshwater increased rapidly with
salinity: 1.0%, 14.0%, 34.7%, and 70.7% for 2, 4, 6, and 8 g・L−1 treatments,
respectively. Irrigation with saline water below 4 g・L−1 maintained yield loss

chinarxiv.org/items/chinaxiv-201711.00951 Machine Translation

https://chinarxiv.org/items/chinaxiv-201711.00951


within 15% of freshwater levels, while 6 g・L−1 irrigation still achieved 65% of
freshwater yield.

The piecewise function model calculated annual salinity thresholds ranging from
2.14 to 3.95 g・L−1, with a mean of (3.19$±0.7)𝑔·𝐿{-1}.𝑇 ℎ𝑒𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑏𝑒𝑡𝑤𝑒𝑒𝑛𝑚𝑎𝑥𝑖𝑚𝑢𝑚𝑎𝑛𝑑𝑚𝑖𝑛𝑖𝑚𝑢𝑚𝑎𝑛𝑛𝑢𝑎𝑙𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑𝑠𝑤𝑎𝑠1.81𝑔 · 𝐿{-
1}, 𝑤𝑖𝑡ℎ𝑎𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑜𝑓𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛𝑜𝑓21.1{-1}, 𝑎𝑛𝑑87.5{-1}$ (). This suggests that
2.14 g・L−1 saline water irrigation would not significantly reduce yield compared
to freshwater in Hebei Lowland Plain, while 2.47 g・L−1 irrigation carries a
12.5% risk (one in eight years) of yield reduction. Further analysis using the
2014 threshold of 2.14 g・L−1 indicated that applying 2.47 g・L−1 saline water
(exceeding the threshold by 0.33 g・L−1) would reduce yield by only 3.9%
compared to freshwater. Therefore, 2.47 g・L−1 can be adopted as the salinity
threshold for ‘Shijiazhuang 8’winter wheat in Hebei Lowland Plain.

2.3 Factors Influencing Salinity Threshold for Winter Wheat Irriga-
tion

To identify factors causing inter-annual variation in the salinity threshold, we
analyzed correlations between the threshold and rainfall, freshwater-irrigated
control yield, and pre-sowing soil salinity in both 0–20 cm and 0–100 cm lay-
ers. Results showed that under irrigation conditions, the salinity threshold was
positively correlated with growing-season precipitation (r = 0.141, not signifi-
cant), negatively correlated with pre-sowing 0–20 cm topsoil salinity (r = -0.213,
not significant), and more strongly negatively correlated with pre-sowing 0–100
cm profile salinity (r = -0.587, not significant). The threshold also showed a
positive correlation with freshwater control yield (r = 0.516, not significant)
(). These relationships indicate that accumulated soil salts reduce wheat salt
tolerance, while environmental conditions favoring higher yields can enhance
salt tolerance. Pre-sowing soil salinity in the 1 m profile had greater influence
on the threshold than topsoil salinity, likely because pre-sowing irrigation effec-
tively leaches salts from the surface layer downward. Consequently, pre-sowing
0–20 cm salinity had less impact than the 0–100 cm profile. This also demon-
strates that salt accumulation in the soil profile from saline irrigation affects
salt tolerance thresholds and appropriate irrigation salinity levels.

2.4 Risk Analysis of Soil Salt Accumulation Under Long-Term
Threshold-Based Saline Irrigation

Saline irrigation causes soil salt accumulation, and the 1 m soil profile salinity
negatively affected the threshold. Therefore, soil salt accumulation risk must be
considered when applying threshold-based long-term saline irrigation. presents
average soil salt contents and inter-annual variation coefficients for different
saline water treatments from 2007–2015. Higher irrigation water salinity caused
greater soil salt accumulation with larger inter-annual variation, while lower
salinity irrigation resulted in smaller accumulation and variation. Multi-year
averages for 0–20 cm topsoil salt content were 0.66, 0.88, 1.39, 2.80, and 4.48
g・kg−1 for 1, 2, 4, 6, and 8 g・L−1 treatments, respectively, with variation
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coefficients of 30.8%, 42.1%, 55.8%, 64.1%, and 56.0%. Although all treatments
increased topsoil salinity, the 2 g・L−1 treatment maintained topsoil salt below
1 g・kg−1 (non-salinized according to classification standards). The 4 g・L−1

treatment resulted in 1–2 g・kg−1 topsoil salinity (mildly salinized), while 6
g・L−1 and higher treatments exceeded 2 g・kg−1 (salinized). Average 0–100
cm profile salt contents were 0.87, 1.08, 1.60, 2.35, and 3.37 g・kg−1, with
variation coefficients of 19.4%, 26.8%, 34.6%, 44.2%, and 40.9%, respectively.
According to salinization standards, 2 g・L−1 and 4 g・L−1 treatments caused
mild salinization (1–2 g・kg−1) in the 1 m profile.

To assess long-term environmental risk, we evaluated the relationship between
irrigation water salinity and soil salt content using regression analysis. shows
that both 0–20 cm and 0–100 cm soil salinity had strong linear relationships
with irrigation water salinity (R2 = 0.94 and 0.97, respectively). However, ex-
ponential models better described salt accumulation, with R2 values of 0.99 for
0–20 cm and 0.999 for 0–100 cm, improving upon linear models by 5.5 and 2.4
percentage points, respectively. Exponential models more accurately reflect the
characteristic of minimal salt accumulation at low salinities followed by rapid
exponential increase at higher salinities, rather than the constant proportional
increase assumed by linear models. Using the exponential model, the 2.47 g・
L−1 threshold corresponds to predicted average soil salt contents of 0.98 g・kg−1

in the 0–20 cm layer (non-salinized) and 1.17 g・kg−1 in the 0–100 cm profile
(mildly salinized). Analysis of long-term saline irrigation data indicates low risk
of soil salinization when applying the 2.47 g・L−1 threshold in Hebei Lowland
Plain. Therefore, this salinity level is suitable as a long-term irrigation threshold
for winter wheat in the region, considering both yield and soil salt accumulation.

This 9-year study with eight wheat seasons and five salinity gradients revealed
substantial inter-annual threshold variation (2.14–3.95 g・L−1, mean 3.19 g・
L−1, CV = 21.1%), a finding difficult to obtain from short-term studies. The
threshold determined through multi-year yield analysis was 3.19 g・L−1, while
risk analysis refined this to 2.47 g・L−1—23.5% higher than the current 2 g・L−1

standard for blended saline-fresh water irrigation. The FAO-reported wheat
irrigation threshold of 4 dS・cm−1 corresponds to approximately 2.56 g・L−1,
closely matching our value. Wu et al. (2008) identified 3 g・L−1 as the maximum
concentration for wheat irrigation in Nanpi, Hebei, similar to our multi-year
average threshold.

Key factors influencing inter-annual threshold variation were pre-sowing 1 m pro-
file soil salinity and freshwater control yield. The positive correlation between
threshold and control yield suggests that saline-irrigated wheat is more sensitive
to adverse environmental conditions than freshwater-irrigated wheat, and that
improved management practices can enhance salt tolerance. The stronger influ-
ence of 1 m profile salinity over topsoil salinity reflects effective salt leaching by
pre-sowing irrigation.

Theoretically, the salinity threshold represents the maximum irrigation water
salt content that does not significantly reduce yield compared to freshwater.
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Practical considerations include: (1) This threshold applies well to blended or
pure saline irrigation, but alternate saline-fresh irrigation during specific growth
stages may tolerate higher concentrations since crops show varying salt sensitiv-
ity across developmental stages, and freshwater leaching conditions may allow
higher thresholds; (2) Irrigation with water above this threshold may cause yield
reduction compared to freshwater but can still substantially increase yield over
rainfed conditions, as demonstrated by studies showing significant production
increases with >3 g・L−1 saline water compared to dryland farming.

While this long-term study revealed greater threshold variability than most pre-
vious short-term research, no significant factors explaining this fluctuation were
identified among those examined. Further research should investigate these
complex influences more thoroughly.

Conclusion
The multi-year salinity threshold for ‘Shijiazhuang 8’winter wheat in Hebei
Lowland Plain ranged from 2.14 to 3.95 g・L−1, averaging 3.19 g・L−1 with signif-
icant inter-annual variation (CV = 21.1%). The final recommended threshold,
considering both yield and soil salt accumulation, is 2.47 g・L−1.

Primary factors causing inter-annual threshold variation were pre-sowing 1 m
profile soil salinity (negative correlation, r = -0.587) and freshwater control yield
(positive correlation, r = 0.516).

Continuous 9-year irrigation with 2.47 g・L−1 saline water maintained 0–20 cm
topsoil below salinization levels (0.98 g・kg−1) while causing mild salinization in
the 1 m profile (1.17 g・kg−1). Despite slight salt accumulation, no significant
yield reduction occurred, indicating low risk of severe soil salinization.
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