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  HIGHLIGHTS
● Soil water content quickly increased under the
single drip irrigation.

● The split drip irrigation could maintain soil
water content in root zone.

● The split drip irrigation improved soil salt
leaching.
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  GRAPHICAL ABSTRACT
 

  ABSTRACT
Mulched  drip  irrigation  with  appropriate  strategies  is  recommended  for
effectively reclaiming saline soils in the Hetao Irrigation District of China. This
study  investigated  soil  water-salt  dynamics  and  crop  growth  under  different
irrigation  strategies  through  soil  box  experiments,  scenario  simulation
experiments and field validation experiments, with particular focus on two drip
irrigation  strategies:  single  30-mm  irrigation  and  split  irrigation  (15  mm  on
Days 1 and 15). Hydrus-2D was used to simulate the distribution of water and
salt. The results demonstrated that soil water content (SWC) fluctuated under
mulched  drip  irrigation,  with  higher  amounts  near  the  drip  emitter.  The
highest SWCs with the single and split irrigations were 0.22 and 0.19 cm3·cm–3,
respectively.  The  split  irrigation  strategy  better  maintained  SWC  within  the
0−25 cm depth range. Simulation experiments further revealed that increasing
irrigation  amounts  to  40  or  50  mm  effectively  sustained  soil  water  content,
while  producing  salt  leaching  effects  largely  comparable  to  the  30-mm
irrigation. The lower soil salinity (0.53 g·kg–1) was recorded with split irrigation.
However,  no  significant  differences  in  salinity  were  observed  between  the
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tested mulched drip-irrigation strategies  within  the  0−15 cm soil  depth.  Field
validation  experiments  demonstrated  that  split  irrigation  resulted  in
significantly greater plant height, stem diameter and leaf area index compared
to  the  single  irrigation  at  about  30  days  after  sowing.  It  was  concluded  that
with a limited 30-mm irrigation, split drip irrigation effectively delays soil water
depletion,  performs  better  than  a  single  drip  irrigation  by  enhancing  overall
soil  water  content  and  promoting  desalination,  and  thereby  facilitating
improved crop growth.

© The Author(s) 2026. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

  

1    Introduction
 
Soil  salinization  is  a  significant  challenge  to  irrigated
agriculture in Hetao Irrigation District of China, where severe
water  scarcity  affects  a  substantial  portion  of  the  region[1].
Enhancing  irrigation  water  use  efficiency  is  critical  to  address
the  escalating  water  demands  in  this  area[2].  Thus,
implementing  effective  irrigation  techniques  is  essential  to
mitigate the adverse effects of both soil salinity and drought on
crop  growth.  Additionally,  the  water  and  salt  content  within
the root zone are key factors closely linked to the effectiveness
of irrigation methods.

Mulched  drip  irrigation  offers  a  viable  alternative  to  current
methods  by  optimizing water  and nutrient  use[3],  through the
application of water directly to the root zone and covering the
soil  with  plastic  film,  thereby  enhancing  irrigation
efficiency[4–6]. This technology has been widely adopted in arid
and  semiarid  regions  due  to  its  effectiveness  and  financial
feasibility,  leading  to  water  conservation  and  increased  crop
yields[7].  As  leaching  volume  increased,  salinity  around  the
wetted zone of the drip emitter decreased[8]. In the dry regions
of  northwest  China,  an  irrigation  of  20–30  mm  and  a  rate  of
2.6  L·h−1 are  recommended  for  effective  salt  leaching  in  silt
loam soils[9].  Mulched drip irrigation mainly affects  soil  water
and  salinity  in  the  top  30  cm  of  soil,  with  the  salt  tolerance
threshold of the roots varying across growth stages.  Soil  water
and  salinity  content  during  different  phases  impact  the
theoretical irrigation requirements[10,11]. For example, in Hetao
Irrigation  District,  maize  has  a  recommended  soil  salinity
threshold  of  0.3  g·kg−1 (salt  per  mass  of  soil)[12].  The  area  of
soil  desalination  under  mulch  expands  with  increasing
irrigation[13].  However,  a  standard  irrigation  of  30  mm  often
results  in  minor  salt  accumulation  and  reduced  water
availability 15 days after irrigation, a method that mostly used

in  this  area,  which  highlights  the  need  to  refine  irrigation
strategies.

Regardless  of  the  irrigation  method,  quantifying  the  temporal
dynamics  of  water  and  salt,  particularly  during  the  seedling
stage,  remains  challenging.  Monitoring  and  simulating  soil
water  and  salinity  are  crucial  for  optimizing  drip  irrigation,
especially  in  salt-affected  soils  in  arid  regions[14].  Standard
methods  for  detecting  soil  water  and  salt  content  are  often
discontinuous and insensitive, and field experiments are time-
consuming  and  costly[15].  Simulation  models  offer  an
alternative, provided they are tested and validated through field
experiments.  Studies have confirmed that models like Hydrus,
SWAP  and  SWAT  are  effective  tools  for  evaluating  irrigation
strategies  across  various  crops  and  conditions[16–18].  Hydrus-
2D,  in  particular,  is  widely  used  to  simulate  the  movement  of
water  and  salt  in  saline  soils,  accounting  for  boundary
conditions,  including film mulch,  buried wood fiber layer and
tillage method.  For example,  Hydrus-2D successfully  modeled
water  and  salt  dynamics  under  a  compound  control  system
using  film  mulch  and  a  buried  wood  fiber  layer  in  saline
soils[16].  It  was  also  applied  to  assess  soil  salt  dynamics  in  a
drip-irrigated  field  using  brackish  water  under  mulch  with
variable head boundary conditions[19].

Mulched  drip  irrigation  is  a  promising  method  for  efficient
water  delivery,  but  understanding  the  distribution  of  salt  and
water  in  the  root  zone  requires  specific  conditions,  such  as
limited  irrigation  once  or  twice  per  month  in  undisturbed,
homogenous  soil.  Also,  normal  flood  irrigation,  however,  is
inefficient,  leading  to  water  waste,  nutrient  leaching  and
groundwater  pollution[20].  Research  shows  that  precise  drip
irrigation  and single  irrigation  events  push  soil  salt  and water
to  the  edges  of  the  wetting  zone[21],  while  nutrients,
particularly nitrate, remain confined within the wetted soil[22].
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To  counter  this  effect,  a  targeted  irrigation  strategy  was
developed  to  reduce  vertical  water  movement  rate  based  on
controlled water application and specific conditions.

Generally,  30  mm  of  irrigation  water  is  applied  at  sowing  in
Hetao  Irrigation  District,  and  rapid  declines  in  soil  water  are
observed  following  drip  irrigation,  with  salt  accumulating  on
the surface within 15 days.  To address this,  using the Hydrus-
2D  model  and  soil  box  experiments,  scenario  simulation
experiments  and  field  validation  experiments,  with  particular
focus on two drip irrigation strategies: single 30-mm irrigation
and a split  irrigation (15 mm on Days 1 and 15),  we analyzed
soil  water-salt  dynamics  and  crop  growth  under  different
strategies.  The  primary  objectives  of  this  study  were  to
maintain  root  zone  soil  water  while  reducing  salt
accumulation,  and  to  predict  water  and  salt  movement  under
future  drip  irrigation  strategies  using  multiple  water  sources.
We  hypothesized  that  both  single  and  split  drip  irrigation
strategies  would  improve  salt  leaching  and  water  retention
capacity,  with  the  split  irrigation  strategy  expected  to  prolong
the  effective  duration  of  water  and  salt  regulation  in  the  root
zone while promoting crop growth.
 

2    Materials and methods
  

2.1    Sampling sites and sample analysis
The  salt-affected  soil  used  in  this  study  was  obtained  from
irrigated  farmland  in  Hetao  Irrigation  District  (40°49.4′  N,
106°54.7′ E). The samples were collected from the topsoil to 30
cm  deep.  This  area  is  characterized  by  a  high  evaporation-to-
precipitation ratio (> 15), limited precipitation (< 200 mm) and
shallow  saline  groundwater  (with  an  EC  of  ~5  dS·m−1 and  a
water table at ~1 m). The soil texture is silty clay loam.

Field capacity was measured using the ring method[23].  Cation
exchange  capacity  was  measured  using  the  ammonium
replacement  method.  Bulk  density  was  calculated  from  the
volume-mass  relationship  of  soil  samples  taken  with  a  soil

corer.  Soil  particle  size  distribution  was  determined  by  the
hydrometer  method,  soil  water  content  was  determined  using
the  gravimetric  method  and  soil  salt  content  was  measured
using  the  water  bath  drying  method.  Soil  water  and  salt
contents in the soil box were measured 1, 7, 15, 25 and 35 days
after  irrigation.  Soil  volumetric  water  content  was  calculated
from  the  measured  gravimetric  water  content  and
corresponding soil bulk density. Table 1 shows the soil textural
properties  of  the  field  within  a  plot  area  of  2  m  ×  2  m,  from
which soil samples were collected for box experiments.
 

2.2    Experimental design
 

2.2.1    Soil box experiments
The  effects  of  mulched  drip  irrigation  on  the  transport  and
redistribution  of  soil  water  and  salt  were  examined  using  soil
box  experiments.  The  box  was  packed  in  15  cm  layers  to  a
depth of 50 cm and had a width of 45 cm, with a bulk density of
1.4  g·cm–3.  Six  boxes  were  used,  divided  into  two  treatments
with  three  replicates  each.  Details  are  shown  in Fig. 1(a).  The
vertical  and  horizontal  axes  were  oriented  downward  and  to
the  right,  respectively.  The  coordinates  (X, Y)  given  in  cm
represent  the  position  relative  to  the  origin  (0,  0),  both
horizontally  and  vertically,  with  all  directions  considered
positive. Sixteen points were selected to evaluate soil water and
salt  redistribution  under  drip  irrigation  (Fig. 1(b)).
Corresponding  pores  were  used  for  soil  sampling  and  were
filled with similar soil after sampling.

A syringe needle served as the drip emitter, positioned beneath
the  plastic  mulch  at  coordinates  (cm)  of  (15,  0)  with  a  water
bottle  was  used  to  control  the  drip  discharge,  which  was  kept
constant  at  0.8  L·h−1.  The  soil  box  experiment  included  two
drip irrigation patterns: a single irrigation of 30 mm and a split
irrigation of 15 mm on Days 1 and 15. All the soil boxes were
kept  in  a  constant  temperature  laboratory  at  25  °C  at  the
Institute of Soil  Science, Chinese Academy of Sciences,  China.
The experiments lasted 35 days from 1 July to 4 August 2024. 

 

Table 1    Average soil properties from three soil samples (n = 3)

Field capacity (%) Cation exchange capacity
(cmol·kg–1)

Soil bulk density
(g·cm–3)

Soil particle-size distributions (%)
Soil texture

Sand Silt Clay

23.4 ± 0.3 15.8 ± 0.2 1.5 ± 0.1 21.4 60.3 18.3 Silty clay loam
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2.2.2    Field validation experiments
A field plot experiment was conducted to evaluate the effects of
two  drip  irrigation  methods.  Each  irrigation  treatment  was
arranged  in  a  randomized  complete  block  design  with  five
replicates.  The  experimental  plots  were  established  in  a  single
field, with each plot measuring 7 m × 5 m (35 m2), resulting in
a  total  of  10  plots.  Sunflower  cv.  Mengsha  531  was  used  and
fertilizers  were  diammonium  phosphate  and  urea,  both
sourced  from  local  agricultural  suppliers.  Sunflower  sowing
was  completed  on  4  June  2025,  and  by  the  end  of  the
observation  period  on  4  July,  the  plants  were  at  the  seedling
stage.  Irrigation  water  was  supplied  from  a  groundwater  well
which  closed  to  the  field,  with  quality  parameters  shown  in
Table 2.

The plastic film mulching configuration consisted of wide rows
spaced of 90 cm and narrow rows of 40 cm, with plant spacing
ranging  from  45  to  50  cm.  Drip  irrigation  tapes  were  laid
concurrently  with  film  mulching,  and  base  fertilizers,
diammonium  phosphate  (375  kg·ha−1)  and  45%  potassium
sulfate (150 kg·ha−1) were applied. As this study focused on the
first  30  days  of  the  growth,  no  subsequent  topdressing  was

applied.  Also,  to  maintain  the  integrity  of  the  early-stage
irrigation treatments and the field experiment, no soil sampling
was  conducted  in  the  irrigated  plots.  The  evaluation  of  the
irrigation  methods  on  crop  growth  relied  primarily  on  plant
growth parameters, namely plant height, stem diameter and the
leaf area index.

Seeds  were  sown  when  the  temperature  of  the  top  5-cm  soil
layer  was  higher  than  14  °C.  Two  rows  of  sunflower  were
planted with a 30-cm spacing centered on 60 cm, with a narrow
(20  cm)  within-row  spacing  and  wider  (40  cm)  between-row
spacing.  Fertilization  was  applied  under  the  plastic  film  at  a
rate of 100 kg·ha−1 N. A plastic film mulch system was applied
to  60  cm  of  the  sunflower  rows.  The  layout  of  the  reference
with  only  film  mulch  treatment  was  failed  with  limited  yield,
because seed germination was depressed from the high soil salt
concentration during the early growth stage.
 

2.2.3    Scenario simulation experiments
Due  to  the  shortage  of  irrigation  water  in  Hetao  Irrigation
District,  the  30-mm  irrigation  used  was  selected  based  on

 

 
Fig. 1    Schematic diagram of the (a) soil column experiment, (b) observation points position, and (c) physical drawings of column experiment.

 

 

Table 2    Water quality for irrigation (mg·L–1)

Ca2+ Mg2+ K+ and Na+ HCO3– SO42– Cl– CO32– Total salt concentration

203 ± 54 121 ± 45 413 ± 192 509 ± 156 821 ± 362 396 ± 161 Not detected 2460 ± 729
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water-saving  irrigation  requirements  and  the  actual  irrigation
amount used from sowing to seedling emergence in production
practices.  Considering  the  potential  future  use  of  multiple
water sources,  scenario simulations were conducted to further
investigate the characteristics of water and salt dynamics under
increased irrigation volumes and split irrigation (Table 3).
 

2.3    Model description
Hydrus-2D  was  used  to  simulate  the  continuous  dynamics  of
soil water and salt changes, leveraging its advantages, including
non-interference,  lack  of  time  delay  and  the  ability  to  model
both horizontal and vertical variations of soil water and salt[24].
Water  flow  and  solute  transport  were  calculated  using  this
model  as  (more  details  are  provided  in  the  Supplementary
Material):
 

∂θ

∂t
=
∂

∂x

[
K (h)

∂h
∂x

]
+
∂

∂z

[
K (h)

∂h
∂z

]
+
∂K(h)
∂x
−S (1)

where, θ is the volumetric water content of the soil (cm3·cm−3),
t is  the  time  (d), x is  the  horizontal  axis  (cm), K(h)  is  the
hydraulic conductivity (cm·d−1), h is the pressure head (cm), z
is  the  vertical  coordinate  (cm)  with  positive  upwards  and S is
the  sink  term  accounting  for  water  uptake  by  plant  roots
(cm3·cm−3·d−1), which was set to 0 for this study.

The  general  form  of  equation  for  soil  salt  migration  in
unsaturated soils as:
 

∂ (θC)
∂t
=
∂

∂x

[
θD
∂C
∂x

]
+
∂

∂z

[
θD
∂C
∂z

]
+
∂

∂z
(qwC) (2)

where, C is  the  solute  concentration  in  soil  (g·cm−3), D is  the
dispersion  coefficient  (cm2·d−1)  and qw is  the  water  flux
(cm·d−1).

Soil  hydraulic  and  transport  parameters  are  shown  in Table 4
and Table 5,  respectively.  At  the  beginning  of  the  experiment,
soil  samples  were  collected  for  laboratory  measurements  of
residual  water  content,  saturated  hydraulic  conductivity  and
saturated water content, which were tested using a cutting ring
method[23].  The  parameters α, n and  l  were  determined
through  inverse  parameter  estimation  in  Hydrus-2D.
Parameter  inversion  was  primarily  performed  by  simulating
and  fitting  parameters  using  measured  hydraulic  parameters
and soil water-salt content data.
 

2.4    Initial and boundary conditions used in Hydrus-
2D
To  analyze  the  redistribution  of  soil  water  and  salt  in  the
horizontal and vertical directions (45 cm long and 50 cm deep),

 

Table 3    Irrigation amounts (mm) and timing used in the irrigation simulation experiment

Total irrigation Day 1 Day 7 Day 15

40 15 10 15

50 15 20 15

 
 

Table 4    Average soil properties the top 50 cm (n = 3)

θr (cm3·cm–3) θs (cm3·cm–3) α (cm–1) n Ks (cm·d–1) l

0.0466 0.380 0.0147 1.47 23.7 0.5

Note: θr, residual water content; θs, saturated water content; Alpha, reciprocal value of air-entry pressure; n, the smoothness of pore size distribution; Ks, saturated hydraulic
conductivity; l, the tortuosity parameter in the conductivity function.

 
 

Table 5    Solute transport parameters

DisperL (cm) DisperT (cm) Frac ThImob DfiW (cm2·d–1) DifG (cm2·d–1)

4.2 0.3 1 0 0.018 0

Note: DisperL, the longitudinal dispersivity; DisperT, the transverse dispersivity; Frac, it is 1 when equilibrium transport is considered; ThImob, immobile water content; DfiW,
molecular diffusion coefficient in free water; and DfiG, molecular diffusion coefficient in soil air.
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without disturbing the soil, Hydrus-2D was applied. The initial
measured  values  for  soil  water  content  and  salt  concentration
were  0.05  cm3·cm−3 and  3.00  g·kg−1,  respectively.  A  time-
variable flux boundary condition was specified at the emitter to
represent drip irrigation, set to 5 cm for this study.
 

2.5    Statistical analysis
Data  analysis  was  performed  using  Microsoft  Excel  2016,  and
graphs  were  created  using  Origin  (Version  9.0;  Origin  Lab
Corporation,  MA,  USA).  The significance of  differences  (p ≤
0.05)  was  tested  using  SPSS  Statistics  27.0  (IBM  Corp.,
Armonk,  NY,  USA).  To  compare  the  simulation  results  with
the  measured values,  the  root  mean square  error  (RMSE) and
Nash-Sutcliffe modeling efficiency (NSE) were calculated as:
 

RMSE =
√

1
n

∑n

i=1
(S i −Mi)2 (3)

 

NSE = 1−
∑n

i=1
(Mi −S i)2

/∑n

i=1
(Mi −M)2 (4)

where, Si and Mi are  the  simulated  and  measured  values,
respectively, M is  the  mean  values  of  measured  and n is  the
number of data points.

The simulations were more accurate when the RMSE and NSE
are closer to 0 and 1, respectively.

 

3    Results
  

3.1    Soil water dynamics under two drip irrigation
strategies
 

3.1.1    Soil water dynamics with 30-mm limited drip irrigation
The dynamics of soil water within the top 50 cm of soil differed
between  the  two  strategies.  There  was  a  decreasing  trend  at
various  points,  strongly  influenced  by  the  irrigation  methods.
A significant  increase  in  soil  water  content  was  observed with
the  single  irrigation  (Fig. 2).  The  single  irrigation  resulted  in
the highest soil water content at P1 and P2, with values of 0.22
and 0.20 cm3·cm−3,  respectively  (Fig. 2(a)),  which were  higher
than those in the split irrigation, where P1 and P2 had values of
0.18  and  0.16  cm3·cm−3,  respectively.  However,  two  peaks  in
soil  water  content  were  observed  during  the  split  irrigation,
which  effectively  controlled  soil  water  decline  (Fig. 2(e)).  The

 

 
Fig. 2    Soil water content as a function of time for the various observation points (P) for the single drip irrigation (a–d), and split drip irrigation
(e–h), respectively. Measured values of water content are plotted as symbols and are shown for P1–P3 and P5–P7. (a, e) P1–P4; (b, f) P5–P8;
(c, g) P9–P12; (d, h) P13–P16.
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split irrigation also significantly improved soil water content at
P1  and  P2.  A  significant  difference  (p <  0.05)  was  observed
between  the  single  and  split  irrigation  strategies  during  the
second  irrigation  period  at  P1,  P2  and  P3.  There  was  a
considerable lag in response to drip irrigation, and the duration
of  the  lag  varied  across  different  positions.  With  the  single
irrigation,  the  minimum  and  maximum  lag  times  were  at  P7
and  P16,  with  2  and  20  days,  respectively  (Fig. 2(b,d).  In  the
case of  split  irrigation,  the minimum and maximum lag times
were  at  P3  and  P16,  with  2  and  24  days,  respectively
(Fig. 2(e,h)).
 

3.1.2    Soil water dynamics with 40- and 50-mm limited drip
irrigation
Increasing irrigation volume and adjusting irrigation frequency
can  effectively  enhance  and  maintain  soil  water.  Both  the  40-
and  50-mm  total  irrigation  amounts  significantly  and  rapidly
increased  soil  water  content.  After  the  first  irrigation,  the  soil
water  content  at  positions  P1  and  P2  reached  about
0.20  cm3·cm–3 (Fig. 3(a,e)).  Following  the  second  and  third
irrigations,  soil  water  content  at  these  positions  further
increased,  peaking  at  0.25  cm3·cm–3 (Fig. 3(a,e)).  At  other
positions,  similar  to  the  30-mm  irrigation  treatment,  a  lag

response  was  observed.  Positions  P3,  P5  and P6  responded to
all  three  irrigation  events  (Fig. 3(b,f)),  whereas  positions  P9,
P10 and P11 had only a single noticeable increase in soil water
(Fig. 3(c,g)). Additionally, at 35 cm deep, water infiltration was
still  evident  with  the  50-mm  irrigation,  whereas  the  40-mm
irrigation  resulted  in  no  infiltration,  similar  to  the  30-mm
irrigation  (Fig. 3(d,h)).  These  results  demonstrate  that
increasing  both  irrigation  volume  and  frequency  can  more
effectively enhance and sustain soil water content in the upper
soil layer.
 

3.2    Soil salt dynamics under two drip irrigation
strategies
 

3.2.1    Soil salt dynamics with 30-mm limited irrigation
With  the  single  irrigation,  soil  salt  concentration  significantly
declined  within  a  horizontal  radius  of  5  cm,  as  shown  by  P1
and  P2  (Fig. 4(a)).  This  downward  trend  mainly  occurred
during  the  first  2  days  after  irrigation  (Fig. 4(a)).  The  two
lowest soil salt concentrations, 0.50 and 0.57 g·kg–1 for P1 and
P2,  respectively,  were  recorded  on  Day  1  following  the  initial
irrigation. The declining trend mostly occurred over the first 2
days  (Fig. 4(a,b)).  A  slight  upward  trend  was  observed  due  to

 

 
Fig. 3    Soil  water content as a function of  time for the various observation points (P)  for irrigation amounts with 40-mm (a–d) and 50-mm
(e–h), respectively. (a, e) P1–P4; (b, f) P5–P8; (c, g) P9–P12; (d, h) P13–P16.
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mulch.  The  final  soil  salt  concentration  was  2.48  g·kg–1,
indicating  moderately  saline  soil,  and  a  steady  decline  in  P3
was  observed  starting  from  3  days  after  irrigation.  At  P5  and
P6,  which  were  at  the  same depth  (Y =  15  cm)  as  P3,  the  soil
salt  concentration  slightly  decreased,  reaching  final  values  of
2.45 and 2.28 g·kg–1 in P5 and P6, respectively. The downward
trend  also  occurred  2  days  after  irrigation,  but  the  rate  of
decline  was  smaller  than  that  of  P1  and  P2.  Data  analysis
revealed a  significant  difference  (p <  0.05)  between single  and
split  irrigation  in  the  0–15  day  period  for  P1,  P2,  P5  and  P6,
with no significant difference after 25 days.

The  volume  and  frequency  of  irrigation  were  key  factors
regulating  soil  salt  changes  with  split  irrigation  (Fig. 4(c,d)).
Two  periods  of  changes  in  soil  salt  concentrations  were
observed in  P1  and P2 at Y =  5  cm during  separate  irrigation
(Fig. 4(c)),  with  the  absolute  difference  during the  first  period

being  greater  than  that  of  the  second  (insets  in Fig. 4(c)).
During  the  first  period,  the  salt  concentrations  were  1.52  and
1.20  g·kg–1 in  P1  and  P2,  respectively,  whereas  during  the
second  period,  they  were  0.88  and  0.76  g·kg–1 in  P1  and  P2,
respectively.  From  the  second  irrigation  onwards,  the  soil  salt
concentration in P3 decreased, with the final salt concentration
reaching 2.57 g·kg–1.  In P5 and P6, which were comparable to
the  single  irrigation,  changes  occurred  during  the  second
irrigation  but  were  delayed  by  ~15  days.  The  lowest  soil  salt
concentrations  in  P5  and  P6  were  2.58  and  2.49  g·kg–1,
respectively, which were close to the value of P3.
 

3.2.2    Soil salt dynamics with 40- and 50-mm limited
irrigation
Every  irrigation  event  significantly  reduced  soil  salt
concentration  within  a  5  cm  horizontal  radius,  particularly  at
positions  P1,  P2,  P5  and  P6  (Fig. 5(a,b,e,f)).  Specifically,  soil

 

 
Fig. 4    Soil salt concentration as a function of time for the various observation points (P) for two drip irrigation strategies. Easured values of
water content are plotted as symbols and are shown for P1–P3 (a, c) and P5–P7 (b, d). (a) P1–P4 under single drip irrigation; (b) P5–P8 under
single drip irrigation; (c) P1–P4 under split drip irrigation; (d) P5–P8 under split drip irrigation.
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salt  concentration  at  P1  and  P2  decreased  to  1.80  g·kg–1 after
the  first  irrigation.  With  40-mm  total  irrigation,  it  further
declined  to  1.40  and  1.00  g·kg–1 after  the  second  and  third
irrigations, respectively, whereas with 50-mm total irrigation, it
decreased  to  1.20  and  0.90  g·kg–1 after  the  second  and  third
irrigations,  respectively  (Fig. 5(a,e)).  Within  the  top  15  cm
depth, the leaching effects on soil salinity at the same positions
were  generally  similar  between  the  40- and  50-mm  irrigation
amounts,  with no significant differences observed (Fig. 5(b,f)).
However,  some  variations  in  salt  leaching  were  noted  at
positions  P9,  P10,  and  P11  (Fig. 5(c,g)).  In  deeper  soil  layers
(35  cm),  there  was  essentially  no  reduction  in  soil  salt
concentration  (Fig. 5(d,h)).  Overall,  increasing  the  irrigation
volume  and  frequency  did  not  significantly  enhance  the  final
leaching effect on surface soil salinity. Instead, the main impact
of higher irrigation amounts and frequency was observed in the
leaching of salts in deeper soil layers.
 

3.3    Soil water and salt profile with 30-mm limited
irrigation
 

3.3.1    Soil water profile
Soil  water  content  rose  immediately  after  the  single  irrigation

on  Day  1,  with  horizontal  diffusion  extending  25  cm  and
vertical  diffusion  reaching  20  cm,  both  aligning  with  the
designed  depth  of  the  irrigation  water  (Fig. 6(a)).  The  water
infiltration  depth  reached  35  cm  by  Day  7  (Fig. 6(b)).  On
subsequent  days  (15,  25  and  35)  the  infiltration  depths  were
about 38, 40 and 45 cm, respectively (Fig. 6(c–e)). However, the
soil water content at all points remained below 0.10 cm3·cm–3.
Overall, the single irrigation achieved significant soil coverage,
with horizontal diffusion exceeding vertical diffusion.

The horizontal and vertical diffusion distances were both about
25 cm (Fig. 6(f)), and 7 days after the first irrigation, they were
30  and  23  cm,  respectively  (Fig. 6(g)).  The  second  irrigation
increased soil water content within a range of 15 cm (Fig. 6(h)).
Also the second irrigation primarily affected soil water content
to a depth of 35 cm (Fig. 6(i,j)). Overall, split irrigation helped
maintain  surface  soil  water  content.  However,  the  water
diffusion  zone  was  smaller  than  with  the  single  irrigation,
despite  the  horizontal  and  vertical  diffusion  distances  being
similar.
 

3.3.2    Soil salt profile
The  surface  soil  salt  concentration  rapidly  decreased  after  the

 

 
Fig. 5    Soil  salt  concentration  as  a  function  of  time  for  the  various  observation  points  (P)  for  irrigation  amounts  with  40  mm  (a–d)  and
50 mm (e–h), respectively. (a) and (e), P1–P4; (b) and (f), P5–P8; (c) and (g), P9–P12; (d) and (h), P13–P16.
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single irrigation, and within the coordinate (cm) range of (0, 0)
to (30, 25), soil salt was redistributed. The closer the soil was to
the dripper, the lower the salt content (Fig. 7(a–e)). Soil salinity
gradually  increased  near  the  drip  emitter  after  irrigation
stopped  whereas  salt  concentrations  in  other  areas  remained
largely unchanged (Fig. 7(a–e)). The minimum value range was
typically within a 5 cm radius (Fig. 7(c–e)), and it progressively
formed a semicircle around the center of the drip emitter. The
desalting  rate  could  reach  50%  within  the  coordinate  (cm)
range of (0, 0) to (10, 20), with soil salt concentration dropping
to below 1.50 g·kg–1.

Split  irrigation  resulted  in  twice  the  amount  of  soil  salt
leaching, particularly within the coordinate (cm) range of (5, 0)
to  (15,  0),  P2–P1.  The  lowest  soil  salt  concentration,
0.46  g·kg–1,  was  observed  after  the  second  irrigation,  and  this
value  was  similar  to  that  in  the  single  irrigation.  The  soil  salt
distribution  was  altered  in  a  smaller  region  compared  to  the
single  irrigation  (Fig. 7(f,g)).  However,  the  soil  salt
concentration  near  the  drip  emitter  was  lower  than  in  the
single  irrigation,  and  the  salt  leaching  region  was  also  smaller
(Fig. 7(h–j)). 

3.4    Plant growth with 30-mm limited irrigation
Plant height,  stem diameter and leaf area index under the two
irrigation  strategies  indicated  that  split  irrigation  effectively
promoted  crop  growth  (Fig. 8).  After  irrigation,  the  single
irrigation  did  not  significantly  improve  plant  growth.  By  Day
30,  the  split  irrigation  resulted  in  significantly  greater  plant
height  and  leaf  area  index  compared  to  the  single  irrigation,
with  average  values  of  49.2  cm  and  1.7  compared  to  41.1  cm
and  1.2,  respectively  (Fig. 8(a,c)).  There  was,  however,  no
significant  difference  was  observed  in  stem  diameter
(Fig. 8(b)).
 

4    Discussion
  

4.1    Model evaluation
A fair level of agreement was found between the simulated and
measured  values  (Table  S1)  for  soil  water  (Fig. 2(a,b,e,f))  and
salt  (Fig. 4)  with  both  irrigation  strategies.  Overall,  the
simulations  were  consistent  for  both  soil  water  and  salt,  with
the Hydrus-2D model performing better for soil water than for
soil  salt  (Table  S1).  These  differences  may  stem  from  the  fact

 

 
Fig. 6    Soil  water  profile  distribution  under  two  drip  irrigation  strategies  after  different  days.  The  coordinates  (X,  Z)  in  cm  represent  the
position relative to the origin (0, 0) both horizontally and vertically, with all directions set to positive. Sixteen points (P1–P16) were placed for
soil sampling. (a–e) Single drip irrigation; (f–j) split drip irrigation; (a, f) Day 1; (b, g) Day 7; (c, h) Day 15; (d, i) Day 25; (e, j) Day 35.
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that the initial distribution of soil water was more uniform than
that  of  soil  salt[25].  The  RMSE  and  NSE  values  at  different
points,  based  on  the  measured  and  simulated  data.  The
Hydrus-2D  model  effectively  simulated  the  dynamics  of  soil
water  and  salt,  with  RMSE  ranging  from  0.012  to  0.026  and
NSE  from –1.174  to  0.895  for  soil  water  content,  and  RMSE
from 0.012 to 0.026 and NSE from –1.174 to 0.895 for soil salt
concentration  with  both  single  and  split  irrigation  (Table  S1).

Numerous  previous  studies  have  confirmed  the  excellent
capabilities  of  the  Hydrus-2D  model  in  explaining  the
dynamics  of  soil  water  and  salt  under  various  initial  and
boundary  conditions[8,15,19].  Similarly,  several  investigations
have  validated  the  applicability  of  Hydrus  model  in  Hetao
Irrigation District,  particularly regarding changes in soil  water
and salt content [26–28]. In the present study, soil water content
varied  consistently  with  irrigation  schedules  and  frequency

 

 
Fig. 7    Soil salt profile distribution under two drip irrigation strategies after different days. The coordinates (X, Z) given in cm represent the
position relative to the origin (0, 0) both horizontally and vertically, with all directions set to positive. Sixteen points (P1–P16) were placed for
soil sampling. (a–e) Single drip irrigation; (f–j) split drip irrigation; (a, f) Day 1; (b, g) Day 7; (c, h) Day 15; (d, i) Day 25; (e, j) Day 35.

 

 

 
Fig. 8    Plant height (a), stem diameter (b), and leaf area index (c) under the two irrigation strategies.
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(Figs. 2–4),  and  the  film  mulch  system  helped  reduce  soil
evaporation.  Also,  environmental  factors  can  significantly
contribute  to  discrepancies  between  measured  and  simulated
values[29],  which  may  explain  the  differences  between  our
results and those of other studies. In the present study, the soil
box  material  and  the  boundary  conditions  of  the  inner  wall
contributed  to  less  than  optimal  simulation.  Nevertheless,
Hydrus-2D  is  generally  a  suitable  model  for  simulating  soil
water  and  salt  dynamics  in  a  mulched  drip  irrigation
system[30].
 

4.2    Comparison of the two irrigation strategies
The  soil  water  content  at  observation  nodes  near  the  bottom
was lower than 0.09 cm3·cm–3 (Fig. 2), indicating that the single
irrigation (30 mm) was primarily confined to a semicircle with
a  radius  of  25  cm.  This  distribution  could  improve  seed
germination  and  meet  the  water  requirements  of
seedlings[31,32].  During  the  first  15  days,  most  of  the  split
irrigation  water  (15  +  15  mm)  was  concentrated  within  a
smaller  semicircle  (radius  <  25  cm),  which  indicates  that  the
split irrigation has the potential to maintain irrigation water at
the sowing zone without exacerbating soil  salinization, its role
aligns  with  previous  studies  on  flood  irrigation  or  winter
irrigation[21,33].  The  scenario  simulation  experiments  showed
that  increasing  the  irrigation  amount  and  frequency  did  not
effectively enhance the deep infiltration depth, which remained
confined  to  a  semicircular  area  with  a  radius  of  25  cm,
however,  it  did  increase  the  shallow  soil  water  content  and
helped  maintain  its  stability  (Fig. 3).  From  this  perspective,
with water-saving irrigation strategies, a 30-mm irrigation can
meet the needs of seed germination and seedling development.
Practical  application  also  confirmed  that,  in  the  first  15  days,
there  was  no  significant  difference  in  plant  growth  between
single and split irrigation. However, by Day 30, split irrigation
significantly improved plant height and leaf area index but not
stem diameter (Fig. 8). 30 Days later, there were no significant
differences between the single irrigation and the split irrigation,
because  soil  water  retention depends  primarily  on the  applied
irrigation  amount[34].  Also,  split  irrigation  maintained  surface
soil  water  more  effectively  than  the  single  irrigation  (Fig. 6).
The  split  irrigation  facilitated  two  infiltration  events,
enhancing  soil  water  content,  and  revealed  that  irrigation
frequency  determined  irrigation  efficiency[35],  increasing  the
irrigation  frequency  while  raising  the  irrigation  volume
maintained this effect (Fig. 3). The frequency of irrigation also
affects  the wetted radius and volume[36],  which are  influenced

by irrigation interval, amount and rate[37]. Both single and split
irrigation  showed  a  significant  infiltration  delay,  with  the  lag
effect  in  deeper  soil  layers  more  pronounced  with  the  split
irrigation  (Fig. 2),  due  to  the  limited  quantity  applied  during
the  irrigation  events[38].  However,  this  study  found  that  the
delay persisted even when the irrigation volume was increased
by  10  and  20  mm.  Therefore,  the  lag  time  correlates  with  the
total  irrigation  volume  and  frequency:  the  greater  the  total
volume and the higher the frequency,  the shorter  the lag time
(Fig. 3).  The single irrigation immediately increased soil  water
content in the root zone (Fig. 2), and the wetting front reached
a  depth  of  35  cm,  exceeding  the  expected  depth  of  30  cm,
which  was  followed  by  a  soil  water  content  decline
(Fig. 6(a–e)),  for  the  water  potential  difference  between  the
wetted  area  and  the  surrounding  dry  soil[39].  In  contrast,  the
split  irrigation  helped  reduce  this  water  potential  difference
within a certain area by allowing for split infiltration processes
(Fig. 6(f–j)).  The  amount  of  irrigation  and  emitter  location
directly  influenced  the  region  where  soil  water  content  varied
the  most[40],  that  is,  with  coordinate  (cm)  range  (X, Y)  <  (25,
15)  in  the  present  study.  In  the  field  experiment,  the  main
factors  contributing  to  the  decline  in  soil  water  content  were
soil  evaporation  and  crop  water  absorption[41,42].  Mulch  and
infiltration  can  also  contribute  to  changes  in  soil  water
content[43]. Previous studies have demonstrated that soil water
migration  and  distribution  were  crucial  for  determining
irrigation amounts and management[44]. With two stages, split
irrigation  can  efficiently  reduce  the  infiltration  rate  in  the
vertical direction, extend the period of high soil  water content
within  the  coordinate  (cm)  range  of  (X, Y)  <  (15,  25),  and
maintain this water content over both infiltration processes by
reducing the water potential difference in this zone. In general,
limited  irrigation,  applied  once  or  twice  a  month  in  soil  box
experiments,  such  as  the  single  irrigation  of  30  mm  or  split
irrigation  of  the  same  total  amount  (15  mm  on  Days  1  and
15  mm),  can  improve  water  use  efficiency.  Increasing  the
irrigation volume and frequency did  not  yield  positive  effects.
Against  the  backdrop  of  water-saving  irrigation  in  Hetao
Irrigation  District,  split  drip  irrigation  with  a  limited  30-mm
total amount can effectively meet soil water requirements after
sowing. Studies have also confirmed that drip irrigation within
the  root  zone  promotes  seed  germination  and  crop  root
growth[45], with this effect demonstrating a significant positive
impact after the second irrigation event.

Soil salinity changes as a result of water infiltration[46], but the
dynamics  are  primarily  influenced  by  drip  irrigation  (e.g.,
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amount, position, frequency, etc.)[47]. In the present study, the
position of  the drip emitter  within 15 cm of  the surface had a
significant  impact  on  salinity  (Fig. 4).  A  noticeable  drop  in
salinity  was  observed  in  the  middle  root  zone  (Fig. 7).  The
amount of irrigation has been found to determine the extent of
soil  salt  leaching[48],  however,  in  the  present  study  the  salt
leaching  effects  with  three  irrigation  volumes,  30,  40  and
50 mm, were not significant (Fig. 4 and Fig. 5). Considering the
context  of  water-saving  practices  in  Hetao  Irrigation  District
and  the  practical  requirements  for  salt  control,  increasing
irrigation  volume  and  frequency  is  not  a  particularly  favored
option[49].  With  a  total  irrigation  volume  of  30  mm,  both  the
single  and  split  irrigation  effectively  reduced  the  soil  salt
concentration  in  the  root  zone.  The  study  also  demonstrated
that  soil  salts  would  leach  to  a  certain  extent  with  a  split
irrigation. Irrigation frequency contributed to the efficiency of
soil salt leaching due to the dual water infiltration processes[50],
similarly,  increasing  the  irrigation  volume  and  frequency  also
gave comparable effects (Fig. 5). Also, soil texture significantly
influences  soil  water  infiltration  and  salt  leaching  processes.
Generally, sandy soils have superior water infiltration capacity
and salt leaching efficiency compared to fine-textured soils[51].
Additionally,  agricultural  practices  such  as  deep  plowing  and
buried  wood  fiber  layer  can  effectively  improve  both  water
infiltration and salt leaching conditions[52,53]. Compared to the
single  irrigation,  split  irrigation  resulted  in  two  stages  of  soil
salt leaching and a decreased final soil salt concentration within
the 0–25 cm soil depth. Additionally, homogenous soil texture
can  improve  salt  leaching  efficiency[54].  In  the  present  study,
there  was  a  desalination  zone  with  both  split  and  the  single
irrigation,  centered  around  the  drip  emitter.  This  zone  can
gradually  spread  horizontally  and  vertically[55],  with
desalination rates of 18.5%–22.9% in the present study.

After  the  first  irrigation,  the  desalination  ratios  for  the  single
irrigation  and  split  irrigation  were  82.0%  and  45.3%,
respectively  (Table  S2).  These  ratios  fall  within  the  salinity
range  suitable  for  seed  germination[12],  but  there  was  no
significant  difference  in  the  final  desalination  ratios  between
the two methods, with the single irrigation and split irrigation
at 86.3% and 84.7%, respectively (Table S2). The analysis of the
data did not indicate that split irrigation significantly enhanced
salt  reduction efficiency,  as  the effectiveness  of  salt  leaching is
mostly  determined  by  the  total  irrigation  amount  applied[48].
However,  after  the  second  irrigation,  soil  water  content  was
higher  with  the  split  irrigation  than  the  single  irrigation,
especially  in  the  coordinate  (cm)  range  (5,  0)  to  (15,  0).

Additionally, salt will move to the edges of the wetting zone for
with  irrigation  and  water  applied  at  specific  spatial
locations[56].  Appropriate  drip  irrigation  can  maintain  low
salinity conditions in the root zone, which is conducive to seed
germination  and  supports  healthy  seedling  development[57].
This  is  also  supported  by  a  study  showing  that  long-term
frequent  drip  irrigation  contributed  to  an  85.2%  reduction  in
soil salinity in the top 40 cm of soil[58]. However, in the present
study, the split irrigation strategy did not improve salt leaching
within 0–15 cm around the drip emitter compared to the single
irrigation.  However,  the  salt  reduction  zone  created  by  both
methods can promote seed germination and crop root growth,
based on the required water in the 0–30 cm soil depth and the
frequently used irrigation amount during sowing.
 

5    Conclusions
 
In  this  study,  the  Hydrus-2D  model  demonstrated  superior
performance  in  simulating  soil  water  compared  to  soil  salt.  A
single drip irrigation immediately increased soil  water content
in  the  root  zone,  but  this  then  declined  due  to  the  water
potential  difference between the wetting area and the dry soil.
With  both  the  single  and  split  irrigation,  soil  water  content
increased  more  rapidly  horizontally  than  vertically.  However,
the  vertical  infiltration  depth  was  less  in  the  split  irrigation
than  in  the  single  irrigation,  leading  to  improved  water  use
efficiency  and  maintaining  a  higher  soil  water  content  for  a
longer  duration  within  the  coordinate  (cm)  range  of  (X, Y)  <
(15, 25). Salt leaching correlated with the amount of irrigation,
with  two  distinct  processes  of  soil  salt  leaching  observed  with
split  irrigation.  The  final  soil  water  content  in  the  zone
bounded by the coordinates (cm) of (5, 0) to (15, 0) was lower
compared  to  the  single  irrigation  method.  Additionally,  soil
salinity  led  to  the  formation  of  a  desalination  zone  centered
around  the  drip  emitter.  The  split  irrigation  tested  has  the
potential  to  increase  soil  water  content  and  enhance  salt
leaching  near  the  drip  emitter.  This  approach  helps  maintain
soil  water  and  salt  contents  within  acceptable  range,  with  no
noticeable difference in its overall effect compared to the single
irrigation,  while  also  promoting  crop  growth.  Increasing  the
irrigation  amount  to  40  or  50  mm,  and  its  frequency  can
effectively  maintain  soil  water,  but  there  was  no  significant
difference  in  salt  leaching  effectiveness  between  the  strategies
evaluated in this  study.  We also suggest  that  integrating other
agronomic  practices,  such  as  deep  plowing,  could  help  in
achieving  more  effective  regulation  of  soil  water  and  salt
dynamics.
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