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Abstract
The fruit yield of cucumber are associated with high input of nitrogen, which poses a risk of pollution to the environment. The EU-Rotate_N model

has  been  used  widely  for  its  high  performance  in  the  simulation  of  vegetable  growth,  water  and  nitrogen  dynamics.  However,  whether  the

underground  water  level  affects  the  performance  of  the  EU-Rotate_N  model  is  unclear.  In  this  study,  we  modified  the  groundwater  level

algorithms  to  the  original  model  and  named  the  modified  model  'the  HG  EU-Rotate_N  model'.  Experiments  over  two  years  on  greenhouse

cucumber with four different nitrogen (N) treatments (N1-N4) were conducted in Jiangsu Province, China, which has a high groundwater level

(areaHG). Both original and modified models were used to simulate cucumber growth, water movement and N fate. For the soil water content, the

measured values were significantly larger than the simulated values of the original model (valueO) and closer to those of the HG model (valueHG);

for the soil available nitrogen concentration (SNC), the measured values were significantly higher and lower than valueO in 0−10 cm and 10−30

cm  soil  layers,  respectively,  and  were  also  closer  to  those  of  the  valuesHG.  The  higher  SNC  in  the  0-10  cm  soil  layer  indicated  that  a  high

groundwater  level  might increase the upwards movement of  water  and nitrogen in the 0-30 cm soil  layer.  The root  mean square error,  Nash

Sutcliffe  Efficiency  and  difference  values  show  that  the  HG  model  was  more  applicable  for  areaHG than  the  original  model.  In  this  study,  the

nitrogen  dosage  of  the  N3  treatment  was  sufficient  to  meet  the  requirements  of  cucumber  growth,  indicating  that  the  fertilization

recommendation according to nitrogen nutrient balance was applicable in this area.
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 INTRODUCTION

Greenhouse vegetable cultivation is  an important  branch of
modern  intensive  agriculture,  which  increases  economic  pay-
offs and improves the utilization efficiency of natural resources.
In China, to meet the growing population, the cultivation areas
of  greenhouse  vegetables  increased  to  approximately  3.86
million  hectares  in  2014[1,2].  Cucumber  is  a  widely  cultivated
vegetable  worldwide,  and  its  production  has  reached  110.23
million  tons  worldwide[3].  During  the  growth  cycle  of  cucum-
ber, nitrogen is one of the main limiting nutrients to cucumber
yield  and  soil  nitrogen  availability  plays  a  key  role  in  the
determination  of  the  nitrogen  uptake  rate[4−8].  To  increase
cucumber yields,  nitrogenous fertilizer is  commonly applied in
a  manner  that  far  exceeds  the  requirements.  As  a  result  of
excess  fertilization,  coupled  with  frequent  irrigation,  nitrate
accumulates  in  both  deep  and  shallow  soil  which  leads  to
underground water pollution and soil alkalization[9−15]. In addi-
tion, cucumber, similar with most vegetable crops, has difficulty
taking  up  nitrate  from  the  deeper  soil  due  to  its  shallow  root
structure[16−19].

Irrigation  and  fertilizer  management  together  with  soil  pro-
perties  are  the  key  limiting  factors  controlling  nitrogen  loss  in
the soil–crop system[20−22]. With the increasing vegetable cultiva-
tion  period,  soil  properties  change  and  affect  the  uptake  and
leaching  of  nitrogen.  For  example,  coarse-texture  soils  always
have  greater  water  conductivity  and  lower  water  holding
capacities,  which  increase  the  occurrence  rates  of  nitrogen
leaching[23−25].  As  soil  property  improvement  requires  a  long
time  with  large  amounts  of  irrigation  and  fertilizer  manage-
ment,  such  as  drip  irrigation,  reasonable  irrigation  scheduling
and  fertigation,  have  become  commonly  used  approaches  to
increase nitrogen use efficiency (NUE) and water use efficiency
(WUE) in cucumber cultivation[26−29].  Several  studies show that
fertigation  not  only  reduces  nitrogen  leaching  and  gaseous  N
emissions  but  also  increases  NUE  and  WUE[10,28,30].  However,
the  amount  and  application  of  fertilization  and  irrigation
frequency in the fertigation system heavily  rely  on the current
practices  of  growers  due  to  the  lack  of  suitable  scientific
decision  making  systems  in  present-day  China.  It  has  been
reported  that  some  smart  irrigation  systems  have  arisen  to
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control the schedule of fertigation. As an important component
of  smart  irrigation  systems,  fertilization  schedules  based  on
sensors are not comprehensive enough to accurately meet the
water  and  nitrogen  requirements  of  crops[22,31,32].  Therefore,  it
is necessary to develop models to simulate the needs of water
and fertilizer for irrigated crop production.

In  order  to  devise  the  best  management  strategies,  several
mechanistic  models  have been developed to simulate vegeta-
ble growth,  water  movement and nitrogen dynamics,  e.g.,  the
Nitrate Leaching and Economic Analysis Package (NLEAP)[33−35],
STICS  (Simulateur  multidisciplinaire  pour  les  Cultures
Standards)[36,37],  the  Hydrus-2D  model[38],  CropSyst  (cropping
systems  simulator)[39,40],  the  EU-Rotate_N  model[20,40−42],  the
Denitrification-Decomposition  (DNDC)  model[43−48],  and
WHCNS_veg  model[14,15] and  SWMS_2D  (a  computer  program
for simulating water and solute movement in two-dimensional
variably  saturated  media)[49].  Among  those  models,  the  EU-
Rotate_N  model  successfully  simulates  soil  water,  nitrogen
dynamics  and  vegetable  growth  under  various  irrigation  and
fertilization  conditions,  and  is  widely  used  for  a  variety  of
vegetables[30,41,50,51]. To date, the EU-Rotate_N model has been
successfully applied in reducing N inputs and N losses with no
associated  vegetable  yield  reduction  in  China  and
Germany[20,29,30,41,42,50].  In  greenhouse  cucumbers  grown  in
northern China,  the EU-Rotate_N model successfully predicted
high  nitrogen  mineralization  rates  and  nitrate  leaching  losses
under different water and fertilizer management practices[30,50].

Jiangsu  province  is  in  the  middle  and  lower  reaches  of  the
Yangtze  River  where  higher  groundwater  levels  are  present.
Our  previous  work  showed  that  the  water  dynamics  and
fertilizer in soil in Jiangsu province are obviously different from
those  in  northern  China,  which  has  a  low  groundwater
level[21,22].  It  has  been  suggested  that  groundwater  level
contributes  to  crop  yield  and  water  requirements,  whereas  a
few  models  were  able  to  accurately  simulate  the  water  and
fertilizer  requirements  in  areas  with  high  groundwater  levels
(areaHG)[52−55].  On  the  other  hand,  accompanied  by  global
warming  and  rising  sea  levels,  areaHG has  gradually  increased
worldwide[56]. Therefore, a model is urgently needed that could
accurately  simulate  water  and  N  consumption  and  thus
minimize the water and fertilizer waste in areaHG.

In  this  study,  we developed the  high groundwater  (HG)  EU-
Rotate_N  model  by  altering  the  soil  water  module  in  the
original model. To test the modified model, we conducted field
experiments on cucumber with four different N treatments (N1-
N4),  and measured the soil  water  content  (SWC),  soil  available
nitrogen  concentration  (SNC)  in  different  soil  layers,  and  dry
matter  weight  and  fruit  yield  of  cucumber.  Results  show  that
the  values  simulated  by  the  HG  model  were  in  much  better
agreement  with  the  measured  values,  indicating  that  the  HG
EU-Rotate_N  model  was  more  applicable  to  the  water  and  N
fertilizer  management  and  helpful  to  develop  the  best  mana-
gement  practices  (BMPs)  growing  greenhouse  cucumber  in
areaHG.

 MATERIALS AND METHODS

 Plant materials and growth conditions
The  widely  cultivated  cucumber  (Cucumis  sativus L.)  cultivar

in Jiangsu Provine Jinchun 5 (North China ecotype) was used in
the experiments. The experiments were conducted in a green-
house on the vegetable base of Yangzhou University (32.29° N,
119.48°  E),  which  is  located  in  Yangzhou,  Jiangsu  Province
(China).  The climate of this region is classified as a typical sub-
tropical humid climate. In the test site, the annual atmospheric
nitrogen subsidence was 22.7 kg hm−2.  The annual average air
temperature  in  the  greenhouse  were  24.2  °C  and  23.6  °C  in
2018 and 2019, respectively (Supplemental Fig. S1).

 Experimental design
Four treatments with different nitrogen gradients (N1, N2, N3

and  N4)  were  conducted.  As  shown  in Fig.  1,  the  greenhouse,
with an area of 50 m × 6 m, was organized into four plots and
each  plot  had  a  specific  N  fertilizer  dosage  treatment.  To
prevent movement of nutrients, the plots were separated by 50
cm deep plastic plates. The wide and narrow row spacings were
80  cm  and  50  cm,  respectively.  The  cucumber  plants  were
spaced  at  30  cm  within  the  row.  The  experiments  were
repeated three times.

As shown in Table 1, the crops were grown in three seasons:
16  September  2018  to  9  December  2018  (autumn-winter
season,  2018AW),  24  March  2019  to  10  June  2019  (spring-
summer season, 2019SS), 27 August 2019 to 15 November 2019

 
Fig.  1    Design  diagram  of  the  greenhouse  cucumber  plot.  The  green  circles  show  the  cucumber  plants;  the  black  circles  show  the  soil
sampling sites. The units of numbers in the figure are centimeters (cm).
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(2019AW).  Samples  of  soil,  plant  and  soil  water  drainage  were
collected every 10 d after planting. Drip fertigation was used in
the  experiments  and  each  row  was  equipped  with  two
irrigation belts.  The irrigation was applied as shown in Table 1
according  to  soil  water  sensors  (remaining  60%−90%  of  soil
water of field capacity).

The  fertilizer  schedule  and  dosage  used  in  the  four  N
treatments are shown in Table 2. Nitrogen was supplied in the
form  of  urea.  Due  to  the  different  fertilizer  requirements  at
different stages of cucumber growth, the whole growth period
was divided into three stages. 20% N was applied for 0−20 day
(d)  after  transplanting;  40%  N  and  40%  potassium  (K)  were
applied for 20−60 d; and the remaining 40% N and 60% K were
applied  at  the  last  growth  stage[8].  Dairy  manure  was  applied
for  all  treatments  at  rates  40  m3 hm−2 (containing  29.19  kg
hm−2 N,  57.71  kg  hm−2 P2O5 and  80.42  kg  hm−2 K2O)  as  the
basal  fertilizer.  Based  on  local  fertilization  experience  and  our
previous tests, the use efficiency of soil N, phosphorus (P) and K
were set to 45%, 50% and 50%, respectively; the use efficiency
of  N,  P  and  K  in  organic  fertilizers  were  set  to  20%;  the  use
efficiency of N,  P and K in chemical  fertilizers were set to 50%,
30% and 60%, respectively[21,22].  According to nutrient content
in soil,  the nutrient demand of cucumber 3.4 kg N, 1.3 kg P2O5

and 4.5 kg K2O were needed for 1 ton cucumber yield[4] and the
principle  of  nutrient  balance,  the  recommended  nitrogen
fertilizer  dosage  per  hectare  was  calculated  and  shown  in
Supplemental  Table  S1.  N  390.8  kg  hm−2,  407.3  kg  hm−2 and
405.0  kg hm−2 were  taken as  the  reference for  2018 AW,  2019

SS  and  2019  AW  experiments,  respectively.  The  four  nitrogen
treatments (0.5, 0.75, 1, and 1.25 fold of reference) were named
as  N1,  N2,  N3  and  N4,  respectively.  For  one  treatment,  there
were  170  plant  used  for  dry  weight  measurements  in  one
replicate and we conducted three replicates.

 Collection and measurements of soil samples
The  soil  samples  were  collected  as  shown  in Supplemental

Fig.  S2.  Soil  samples from five sites  were mixed and separated
according the different soil depths (0−10 cm, 10−20 cm, 20−30
cm),  and  were  then  dried  to  measure  the  soil  water.  The  soil
particle  sizes  were  measured  using  laser  particle  size  distri-
bution instrument (Better size 2000, Baite).

The measurement of  SNC was conducted as follows[57]:  Two
grams dry soil was placed in the outer chamber of the diffusion
dish, 0.2 g ferrous sulfate powder was added and the diffusion
plate  was  gently  rotated  to  evenly  smooth  the  soil.  Two  mL
boric  acid-indicator  solution  was  added  in  the  diffusion
chamber  and  then  10.0  mL  sodium  hydroxide  solution  was
added in  the diffusion dish.  After  24 h  in  an incubator  at  40 ±
1  °C,  the  NH3 in  the  chamber  absorption  solution  was  titrated
with  a  standard  solution  of  sulfuric  acid.  The  results  were
calculated based on the equation:

ω(N) = (V−V0)× c×M×1000/m (1)

ω(N)  is  mass  fraction of  SNC (mg kg−1),  c  is  the concentration of
sulfuric acid standard solution (mol L−1), V is the volume of sulfuric
acid standard liquid of treatment (mL), V0 is the volume of sulfuric

Table 1.    Specific irrigation management used in the experiments.

Date Amount (mm) Mode

2018AW 2018/09/12 41.57 Drip
2018/09/15 21.39 Drip
2018/09/20 27.68 Drip
2018/10/10 34.14 Drip
2018/10/18 32.29 Drip
2018/10/22 26.60 Drip
2018/10/30 35.28 Drip
2018/11/05 26.82 Drip
2018/11/15 42.70 Drip
2018/11/22 29.26 Drip

2019 SS 2019/03/24 49.24 Drip
2019/03/27 23.26 Drip
2019/04/12 38.24 Drip
2019/04/25 47.35 Drip
2019/05/05 44.86 Drip
2019/05/11 39.17 Drip
2019/05/16 58.62 Drip
2019/05/21 60.16 Drip
2019/05/30 55.27 Drip
2019/06/05 46.52 Drip
2019/06/11 41.83 Drip
2019/06/16 30.02 Drip

2019 AW 2019/08/27 37.67 Drip
2019/08/30 20.48 Drip
2019/09/05 28.25 Drip
2019/09/24 33.66 Drip
2019/10/02 32.58 Drip
2019/10/07 21.97 Drip
2019/10/17 32.68 Drip
2019/10/25 27.4 Drip
2019/10/30 31.16 Drip
2019/11/04 30.87 Drip

Table  2.    Applied  N  fertiliser  for  greenhouse  cucumber  in  the
experiments.

Date N1 N2 N3 N4

2018 AW (kg hm−2) 09/12 14.2 17.5 19.8 21.5
09/15 7.3 9.0 10.2 11.1
09/20 9.4 11.6 13.2 14.3
10/10 28.4 45.4 63.2 81.4
10/18 27.7 44.6 62.3 80.5
10/22 9.1 11.2 12.7 13.8
10/30 20.4 30.4 40.3 50.2
11/05 29.3 46.5 64.5 82.8
11/15 31.3 49.0 67.3 85.9
11/22 18.3 27.8 37.4 47.0

2019 SS (kg hm−2) 03/24 11.1 13.9 16.1 17.3
03/27 5.3 6.6 7.6 8.2
04/12 25.2 41.7 60.1 77.7
04/25 27.2 44.3 63.0 80.9
05/05 10.2 12.7 14.6 15.8
05/11 8.9 11.1 12.8 13.8
05/16 29.8 47.5 66.7 84.8
05/21 13.6 17.0 19.6 21.2
05/30 20.8 31.1 41.8 51.6
06/05 10.5 13.1 15.2 16.4
06/11 26.0 42.7 61.2 78.9
06/16 15.1 23.9 28.6 42.7

2019 AW (kg hm−2) 08/27 13.3 15.3 17.0 21.3
08/30 7.2 8.3 9.3 11.6
09/05 9.9 11.5 12.8 15.9
09/24 33.0 50.2 69.7 87.0
10/02 32.6 49.8 69.2 86.3
10/07 7.7 8.9 9.9 12.4
10/17 32.7 49.8 69.2 86.4
10/25 20.2 29.4 39.6 49.4
10/30 32.2 49.2 68.5 85.5
11/04 21.5 30.8 39.7 49.5
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acid standard liquid of the control (mL), M is 14 g/mol and m is soil
weight (g).

 Sampling of plants and the determination of plant
nutrient content

The stems, leaves and fruits were separated and collected to
measure the dry weight. Dry matter was measured by drying at
72 °C to a constant weight. Each treatment was repeated three
times.  Fruit  fresh  weight  was  measured  to  calculate  the  fruit
yields.

 Weather dataset collection
The weather  dataset  in  the greenhouse was  collected using

the  on-site  weather  station  (NHQXZ60l,  Nenghui).  The  mea-
sured  variables  included  air  temperature,  relative  humidity,
solar  radiation  and  wind  speed.  Data  were  recorded  every  10
min.

 Determination of groundwater level
The  water  level  sensor  (YKKT-1E,  Xinyi)  was  used  for  conti-

nuous  monitoring  of  the  groundwater  level.  Data  were
recorded every 30 min.

 Determination of nitrogen leaching
The  determination  of  nitrogen  leaching  was  conducted  as

described in our previous work[22]. Briefly, to collect the sample
of  nitrogen  leaching,  self-made  lysimeters  were  placed  in  the
30 cm soil layer. PVC net in combination with geotextile (fleece)
covered  the  surface  of  lysimeters  and  let  the  leakage  pass
through.  The  nitrogen  concentration  in  the  collected  leakage
was  measured  using  a  continuous  flow  analyzer  (Futura,
Alliance,  France).  The  nitrogen  leaching  was  calculated  based
on the following equation:

NL = (Vn× cn)SUM×AH/AL,

NL is  nitrogen  leaching  (kg  hm−2);  Vn is  the  volume  of
nitrogen leaching at a time; cn is the nitrogen concentration at
a time; (Vn × cn)SUM is  the sum of Vn × cn;  AH is  the area of one
hectare; AL is the surface area of lysimeters.

 Improvements of the EU-Rotate_N model
EU-Rotate_N  model  was  developed  to  simulate  water  and

nitrogen dynamics in the soil-crop system for crop rotations[41].
For  crop growth and nitrogen requirement,  the modules  used
in  the  EU-Rotate_N  model  were  validated  in  a  wide  range  of
crops.  However,  the  modules  for  soil  water  movement  were
recently designed and did not work well. Zhang et al. modified
the  algorithm  to  simulate  soil  water  movement  of  relatively
high  groundwater  table.  Here,  we  improved  the  EU-Rotate_N
model according this study[58].

 Model calibration and evaluation
We  compared  the  simulation  value  with  the  data  measured

in  the  field  experiment  to  evaluate  the  model.  The  following
three  statistical  methods  (Root  mean  square  error  (RMSE),
Nash–Sutcliffe modeling efficiency (NSE), Agreement index (d))
were  used  to  evaluate  the  model  performance  (Supplemental
Table S2):

RMSE =

√√ n∑
i=1

(Pi−Oi)2

n

NSE = 1−
∑n

i=1(Oi−Pi)2∑n
i=1(Oi−O)2

d = 1−
∑n

i=1(Oi−Pi)2∑n
i=1(|Pi−O|+ |Oi−O|)2

where n is the number of samples, Pi and Oi are the predicted and
observed values, and O is the mean of the observed data[59−61].

 Groundwater level algorithms added in the HG EU-
Rotate_N model

To  promote  the  performance  of  the  EU-Rotate_N  model  in
the  area  with  high  groundwater,  we  measured  the  ground-
water and added this  value into the source code to adjust  the
soil  layer  of  saturated  water  content  used  in  the  EU-Rotate_N
model.  We  added  the  groundwater  level  algorithms  into  the
original model as below:

idate=Tyear-(Tyear/1000)*1000
        ilayer=1
    if (idate.le.124)then
        ilayer=11
  else if (idate.le.125)then
        ilayer=10
  else if (idate.le.126)then
        ilayer=2
  else if (idate.le.127)then
        ilayer=4
  else if (idate.le.128)then
        ilayer=7
  else if (idate.le.129)then
        ilayer=9
  else if (idate.le.131)then
        ilayer=10
  else if (idate.le.132)then
        ilayer=8
  else if (idate.le.136)then
        ilayer=10
  else if (idate.le.137)then
        ilayer=7
              else
        ilayer=10
            endif
      do i=ilayer,40
      do j=1,Nunit
    thtai(i,j)=SATi(i,j)
          end do
          end do

 RESULTS

 Model calibration and validation
Three  experiments  on  cucumber  were  conducted  in  2018

and  2019,  named  as  2018  AW,  2019  SS  and  2019  AW.  The
meteorological  data  in  the  greenhouse  were  collected  and
shown  in Supplemental  Fig.  S1.  The  groundwater  of  the
greenhouse  was  continuously  monitored  with  the  water  level
sensor  (Supplemental  Fig.  S3).  As  shown  in Fig.  2,  the
groundwater was kept at a high level, varing from 0.29 to 0.72
m. The measured values (soil  bulk density,  SWC, SNC and crop
data) from the N1 treatment in 2018AW were used to calibrate
the model.

The  soil  physical  properties  were  used  to  decide  soil
hydraulic parameter values (Table 3); the crop coefficient (K-ini,
K-mid,  K-end)  and the  lengths  of  the  initial  growth period,  the
development  period  and  the  late  growth  period  (L_ini,  L_dev,
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L_lat) were adjusted according to measured data from cucum-
ber  plants  in  the  common  greenhouse  in  Jiangsu  Province
(China)  (Table  4).  The  parameters  used  in  the  simulations  are
shown in the Table 4.

 Simulation of soil water dynamics
A comparison between the simulated and measured SWCs in

the three soil layers (0−10 cm, 10−20 cm, 20−30 cm) for four N
treatments in all the experiments is shown in Fig. 3. There were
significant  differences  in  the  SWCs  over  three  crops  especially
in  the  0−10  cm  soil  layer.  The  maximum  soil  water  content  in
0−10  cm  and  10−20  cm  soil  layers  under  different  nitrogen
treatments all appeared on the dates of irrigation (Fig. 3).

Among  the  three  soil  layers,  the  SWC  in  the  0−10  cm  soil
layer changed dramatically, followed by those in the 10−20 cm

soil  layer,  and the SWC in  the 20−30 cm soil  layer  (Fig.  3).  The
water content in three soil  layers in the 2018 AW, 2019 SS and
2019  AW  experiments  ranged  from  0.10−0.53  cm3 cm−3,
0.25−0.45  cm3 cm−3 and  0.30−0.40  cm3 cm−3,  respectively
(Fig.  3).  There  was  no  significant  difference  in  soil  water
dynamics between the four N treatments.

Compared  with  measured  values  of  SWC,  the  the  values  of
SWC  simulated  by  the  original  model  (SWCO)  were  apparently
lower,  and  the  values  of  SWC  simulated  by  the  HG  model
(SWCHG) were closer to the measured values (Fig. 3).

The  simulations  for  four  N  treatments  (N1-N4)  were  also
carried  out  with  both  models,  and  the  statistical  evaluation
indexes of SWC are presented in Table 5. For the SWC in three
soil  layers  of  four  treatments,  RMSE  values  of  the  HG  model
(RMSEHG)  ranged  from  0.36  to  0.50,  smaller  than  those  by  the
original  model  (RMSEO).  NSE  values  of  the  HG  model  (NSEHG)
ranged from 0.257 to 0.859 and d values of the HG model (dHG)
ranged from 0.818 to 0.967.  RMSE、NSE and d values were all
better than those by the original model (NSEO and dO) (Table 5).
This  indicated  that  the  HG  model  notably  increased  the
performance  in  simulating  soil  water  dynamics  of  greenhouse
cucumber in the present study (Table 5).

 Simulation of available nitrogen dynamics (available
ND) in the soil

To compare the measured and simulated available ND in soil,
we  analysed  the  available  ND  in  the  three  soil  layers  of  three
crops  (Fig.  4).  As  shown  in Fig.  4,  the  measured  SNC  (SNCM)
ranged  from  80  kg  hm−2 to  250  kg  hm−2 (Fig.  4).  Generally,  in
the  different  soil  layers,  the  highest  SNC  values  in  the  deeper
soil layer appeared after the in shallower soil  layer (Fig. 4).  The
SNC variations in the soil in the four N treatments were similar,
whereas the differences between the three growing seasons of
cucumber were more significant. SNCM and the simulated SNC
by the HG model (SNCHG)  were higher than the simulated SNC
by the original  model (SNCO)  in the 0−10 cm soil  layer (Fig.  4).
However, in the 10−20 cm and 20−30 cm soil layers, SNCM and
SNCHG were  lower  than  SNCO over  most  of  the  time  (Fig.  4).
Apparently,  SNC simulated by the HG model performed better
than  the  original  model  did,  especially  in  the  10−20  cm  and
20−30 cm soil  layers (Fig. 4).  During the whole growth periods
of greenhouse cucumber, the original model performed worse
in  the  middle  and  late  periods  than  it  did  in  the  initial  period
(Fig.  4).  The  difference  between  SNCO and  SNCHG was  more
marked  in  the  N4  treatments  (Fig.  4).  These  results  indicated
that SNCHG agreed better with SNCM.

 
Fig. 2    The groundwater level during the experiments of 2018 AW, 2019 SS and 2019 AW.

Table 3.    Soil physical and chemical properties for the soil profile at the
experimental site.

Soil layer
(cm)

Bulk
density
(g·cm−3)

Sand
(%) Clay (%) pH FC

(cm3·cm−3)
θs

(cm3·cm−3)

0−10 1.35 1.50 34.2 6.70 0.30 0.46
10−20 1.40 9.16 44.8 7.05 0.27 0.39
20−30 1.41 11.07 37.4 7.16 0.29 0.36

FC: Field water holding capacity; θs: Saturated water content.

Table 4.    Parameters used in the HG EU-Rotate_N model.

Parameters Description Default
value

Optimized
value

PNINF Crop specific parameters of
critical N 1.35 1.20

B0 curve equation 3 3

RLUX Coefficient for luxury N
consumption 1.2 1.2

TB Base temperature (°C) 7 12

Ddlag Lag period before growth
begins (°C days) 100 100

Krz Vertical root penetration rate
(m d–1 °C –1 ) 0.001 0.001

K_ini Crop coefficient in initial stage 0.80 0.50

K_mid Crop coefficient in middle
stage 1.10 0.80

K_end Crop coefficient in end stage 1.10 1.10
H_max Maximum crop height (m) 0.2 2.1

L_ini Length of the initial growth
period (d) 20 20

L_dev Lengthof the development
period (d) 30 30

L_mid Length of the middle period (d) 70 70

L_lat Length of the late growth
period (d) 15 15

HI Harvest index 0.50 0.55

Simulation of cucumber yield by HG EU-Rotate_N model
 

Hua et al. Vegetable Research 2022, 2:16   Page 5 of 11



To further evaluate the performance of the HG model, three
statistical  methods (RMSE,  NSE and d)  were used.  As shown in
Table 6,  the RMSEHG and RMSEO ranged from 16.537 to 35.332
and 21.098 to 30.059, respectively.  In general,  the RMSEHG was
smaller  than  the  RMSEO and  closer  to  1.  The  NSEO and  NSEHG

ranged from 0.369 to 0.758, and 0.431−0.795, respectively. The
dO and dHG ranged from 0.854−0.945, and 0.863−0.956, respec-
tively  (Table  6).  Compared  with  the  original  model,  the  NSE,
and  d  values  of  the  HG  model  were  generally  closer  to  1
(Table 6). The RMSE, NSE and d values co-indicated that the HG
model performed better in the simulation of SNC and was more
suitable than the original model.

 Simulation of cucumber dry weight and fruit yield
The dry weights of the N2−N4 treatments of the three crops

were collected and compared separately. The linear regression
relationship  of  the  measured  values  and  simulated  values  is
shown in Fig. 5. Overall,  the measured dry weights were larger

than  the  simulated  values  (Fig.  5).  The  correlation  coefficients
from  linear  regressions  (R2)  for  simulated  and  measured  dry
matter  of  the  three  crops  were  0.9949,  0.9871  and  0.9876,
respectively,  and were significant at  P < 0.05 (0.007,  0.006 and
0.005)  (Fig.  5).  The  slopes  of  the  regressions  for  dry  matter  of
the three crops were 0.8847, 0.8664 and 0.8905 and were close
to 1 (Fig.  5).  These results  suggested that  the HG model  could
successfully simulate the dry weight of cucumber of the N2-N4
treatments in this region.

For cucumber fruit yields, we compared the measured values
and  simulated  values.  As  expected,  the  measured  fruit  yield
was  approximately  5%  larger  than  the  simulated  fruit  yield
(Fig.  6).  In the four N treatments,  the fruit  yields in the N3 and
N4 treatments were higher than those of the N1 and N2 treat-
ments  (Fig.  6).  Such  a  trend  was  shown  in  all  the  experients.
These results suggested that the nitrogen fertilizer used in the
N3  treatment  was  sufficient  for  cucumber  fruit  development,
and  the  N3  treatment  was  the  sub-optimal  among  the  four  N

 
Fig.  3    The comparison between simulated and measured values of  SWC in the 0–10 cm 10–20 cm and 20–30 cm soil  layers.  The red lines
show the simulating value of the HG model (HG); the blue lines show the simulating values of the original model (O); the green dots show the
measured values.

Table 5.    Model evaluation index of SWC.

Treatment Soil layer (cm)
RMSE NSE d

Original model HG model Original model HG model Original model HG model

N1 0−10 0.046 0.043 0.708 0.745 0.938 0.945
10−20 0.057 0.042 −0.001 0.436 0.807 0.876
20−30 0.062 0.050 −0.014 0.344 0.824 0.853

N2 0−10 0.042 0.037 0.805 0.847 0.954 0.964
10−20 0.061 0.042 −0.278 0.384 0.732 0.840
20−30 0.060 0.046 −0.042 0.384 0.835 0.866

N3 0−10 0.045 0.038 0.754 0.831 0.942 0.958
10−20 0.042 0.036 −0.006 0.274 0.786 0.834
20−30 0.046 0.039 −0.014 0.257 0.822 0.854

N4 0−10 0.042 0.034 0.786 0.859 0.952 0.967
10−20 0.048 0.039 −0.067 0.318 0.745 0.818
20−30 0.043 0.036 −0.022 0.278 0.829 0.860

 
Simulation of cucumber yield by HG EU-Rotate_N model
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treatments  under  this  condition  (Fig.  6).  This  result  was  con-
sistent  with  the  recommended  application  amount  according
to the principle  of  nutrient  balance.  To validate the HG model
on fruit yield, we used three statistical methods (RMSE, NSE and
d value). The RMSE values of the three crops were 4.156, 2.094
and 3.248; the NSE values were 0.569, 0.967 and 0.776; and the
d values  were  0.687,  0.992 and 0.957,  respectively.  As  the  NSE
and d values fit  the criteria  (NSE > 0.36，d > 0.7)  well,  the HG
EU-Rotate_N model  could successfully  calculate  the cucumber
yield in areaHG (Table 7).

 DISCUSSION

 Calibration and evaluation of the EU-Rotate_N model
to greenhouse cucumber

Previous  work  showed  that  the  EU-Rotate_N  model  simu-
lated  the  soil  available  nitrogen  concentration,  water  content

and crop yield of different crops well for different crops grown
in  the  greenhouse,  including  tomato,  cucumber  and  all  other
vegetables[20,29,41,42,62].  In those studies, most of them used the
default  species specific  calibration values provided in the crop
table of the model[20,29,38,41,42,50]. According to the conditions of
the  N3  tratments,  there  were  several  parameters  adjusted  in
this study. Among those parameters, the base temperature was
adjusted from 7 to 12 °C;  the H_max was adjusted from 0.2 to
2.1  m;  the  crop  coefficient  (K_ini,  K_mid,  K_end)  were  down-
regulated  (Table  4).  In  the  greenhouse  cucumber  grown  in
North  China,  the  base  temperature  was  kept  at  7  °C  and  the
H_max  was  adjusted  from  0.2  to  1.5  m[20,30].  The  different
cucumber  cultivar  and  planting  modes  in  this  study  might
contribute to the changes of  crop coefficient  and H_max[20,30].
Compared with those in the original model, the RMSE, NSE and
d values indicated that  the HG model  had better  performance
in simulating SWC and SNC in the 10-30 cm soil layers (Figs 3,4&

 
Fig.  4    The comparison between simulated and measured values  of  SNC in  the 0–10 cm 10–20 cm and 20–30 cm soil  layers.  The red lines
show the simulating value of the HG model (HG); the blue lines show the simulating values of the original model (O); the green dots show the
measured values.

Table 6.    Model evaluation index of SNC in greenhouse cucumber.

Treatment Soil layer (cm)
RMSE NSE d

Original model HG model Original model HG model Original model HG model

N1 0−10 21.098 16.537 0.666 0.795 0.919 0.956
10−20 30.059 28.552 0.369 0.431 0.859 0.865
20−30 26.173 23.516 0.535 0.625 0.896 0.915

N2 0−10 25.126 25.126 0.525 0.525 0.902 0.902
10−20 27.563 22.541 0.282 0.520 0.871 0.902
20−30 22.872 19.607 0.486 0.623 0.886 0.916

N3 0−10 27.903 27.903 0.631 0.631 0.914 0.914
10−20 26.187 21.916 0.495 0.646 0.916 0.929
20−30 24.775 19.558 0.540 0.713 0.874 0.924

N4 0−10 27.875 35.332 0.758 0.631 0.945 0.905
10−20 24.198 24.198 0.705 0.705 0.938 0.938
20−30 27.058 20.826 0.474 0.688 0.854 0.916

Simulation of cucumber yield by HG EU-Rotate_N model
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Tables  5,6).  The results  also  suggested the  modification of  the
model was essential for it  to be employed in the situation of a
high  groundwater  level.  Based  on  the  above  assessment,  it  is
reasonable  to  conclude  that  the  HG  EU-Rotate_N  model  was
more  suitable  to  predict  soil  water  and  N  dynamics,  and  thus
had  a  potential  to  be  used  to  devise  the  best  management
practices  (BMPs)  of  greenhouse  cucumber  plantation  in  the
areaHG.

 Effect of high groundwater on soil water content
The  EU-Rotate_N  model  performed  satisfactorily  in  the

simulation  of  SWC  in  the  0−60  cm  soil  layer  with  a  better
performance in the 30−60 cm soil layer[30,38,41]. There have been

reports  that  SWC  was  negatively  correlated  with  the  ground-
water  level  and  the  shallow  groundwater  contributed  to  root
transpiration[63−65].  In  our  study,  in  the  0−10  cm  soil  layer,  the
measured  SWC  performed  fairly  well  with  the  simulated  SWC,
suggesting  that  the  high  groundwater  had  a  minor  effect  on
water content in this soil layer in the areaHG (Fig. 3). In the 10-30
cm  soil  layer,  the  measured  values  and  SWCHG were  often
higher than SWCO (Fig. 3). Interestingly, this phenotype usually
occurred  in  the  middle  growth  period  of  cucumber  develop-
ment, and this might be the result of the higher water require-
ment of  cucumber  plant  in  the middle  growth period and the
higher groundwater could provide the more abundant SWC via
capillary action (Fig. 3).

 Effect of high groundwater on soil available nitrogen
concentration

In general, EU-Rotate_N model performed well in simulating
SNC under different growth conditions and the management of
water  and  fertilizer[20,28−30].  Previous  studies  indicated  that
groundwater  level  plays  a  critical  role  in  determining  the

a b c

 
Fig. 5    Comparison between simulated and measured values of plant dry weight of two crops. The dates were collected from (a) 2018 AW, (b)
2019  SS,  (c)  2019  AW  treatment  under  N2-N4  treatments.  The  blue  circles  indicated  the  N1  treatments;  the  blue  rhombus  indicated  the  N2
treatments;  the  red  square  indicated  the  N3  treatments;  the  green  triangle  indicated  the  N4  treatments.  The  black  line  indicated  the  linear
regression equation. The dotted lines show the 1:1 line.

 
Fig. 6    Comparison of simulated and measured values of cucumber yield in four N treatments.

Table 7.    Model evaluation for the greenhouse cucumber yield.

Treatment RMSE NSE d

2018 AW 4.156 0.769 0.687
2019 SS 2.094 0.967 0.992

2019 AW 3.248 0.776 0.957
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movement  of  soil  nitrogen  and  the  deeper  groundwater  level
increases the nitrate nitrogen leaching[66,67].  In the middle and
late growth periods of cucumber plant, the difference between
SNCM, SNCHG and SNCO were larger with the increase in dosage
of nitrogen application, especially in the N4 treatments (Fig. 4).
In  our  study,  SNCM and  SNCHG were  higher  than  SNCO in  the
0−10 cm soil layer, whereas, SNCM and SNCHG were lower than
SNCO in  the  10−20  cm  and  20−30  cm  soil  layers  (Fig.  4).  The
higher N requirement in the middle and late period of cucum-
ber  plant  might  be the reason for  this  phenotype.  Overall,  the
high groundwater level might increase the upward movement
of the soil nitrogen.

 Effect of high groundwater on yield
Previous  studies  showed  that  groundwater  contributed  the

yield  of  the  crops  planted  in  the  open  field,  e.g.,  maize,
sorghum and sunflower[52−54]. However, in this study, there was
no significant  difference in  terms of  the  cucumber  yield  simu-
lated by the original model and HG model, which indicated that
the  high  groundwater  might  play  a  insignificant  role  in  the
determination  of  cucumber  yield  in  the  greenhouse  in  this
study.

EU-Rotate_N  model  has  been  well  established  for  crops
grown  under  the  condition  of  deep  groundwater  level.  In  this
study, we first modified the model by altering the algorithm for
computing  soil  water  content,  and  then  applied  it  to  the
greenhouse cucumber with a high groundwater level. By com-
paring  the  water  content,  available  nitrogen  concentration  in
the  0−10,  10−20,  20−30  cm  soil  layers,  dry  weight,  yield  of
cucumber,  the  HG  model  performed  better  than  the  original
model.  Besides,  the  high  groundwater  level  increased  the
upward  movement  of  nitrogen.  Those  results  suggested  that
the presented HG model  is  a  valuable  tool  that  could be used
for  devising  good  farming  practices  of  greenhouse  cucumber
in areas with high groundwater level.

ACKNOWLEDGMENTS

This  research  was  supported  by  the  Special  Funds  for
Scientific  and  Technological  Innovation  of  Jiangsu  province,
China  (BE2022425),  Project  of  Jiangsu  Province  Science  and
Technology  (BE2017380),  the  National  Key  Research  and
Development  Program  (2018YFD1000800)  and  the  National
Natural Science Foundation of China (32072579, 31672160 and
30871721).

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary  Information accompanies  this  paper  at
(https://www.maxapress.com/article/doi/10.48130/VR-2022-0016)

Dates

Received 5 May 2022; Accepted 13 October 2022; Published
online 29 November 2022

REFERENCES

Zhang F, Li S, Xiao D, Zhao J, Wang R, et al. 2015. Progress in pest
management  by  natural  enemies  in  greenhouse  vegetables  in
China. Scientia Agricultura Sinica 48:3463−76

1.

Zhang  H,  Huang  B,  Dong  L,  Hu  W,  Akhtar  MS,  et  al. 2017.
Accumulation, sources and health risks of trace metals in elevated
geochemical  background  soils  used  for  greenhouse  vegetable
production  in  southwestern  China. Ecotoxicology  and  Environ-
mental Safety 137:233−99

2.

FAOSTAT.  2020.  Crops  and  livestock  products.  Food  and  Agri-
culture  Organization  of  the  United  Nations. www.fao.org/faostat/
zh/#data/QCL/visualize

3.

Wei  Z,  Liang Y,  Inoue M,  Zhou M,  Huang M,  et  al. 2009.  Effects  of
different  water  and  fertilizer  supply  on  cucumber  soil  nutrient
content,  enzyme  activity,  and  microbial  diversity. Chinese  Journal
of Applied Ecology 20:1678−84

4.

Taulemesse  F,  Le  Gouis J, Gouache D,  Gibon Y,  Allard V. 2015.
Post-flowering nitrate uptake in wheat is controlled by N status at
flowering,  with  a  putative  major  role  of  root  nitrate  transporter
NRT2. PLoS One 10:e0120291

5.

Taulemesse  F,  Le  Gouis  J,  Gouache D,  Gibon Y,  Allard V. 2016.
Bread  wheat  (Triticum  aestivum L.)  grain  protein  concentration  is
related  to  early  post-flowering  nitrate  uptake  under  putative
control of plant satiety level. PLoS One 11:e0149668

6.

Chen  J,  Zhang  Y,  Tan  Y,  Zhang  M,  Zhu  L,  et  al. 2016.  Agronomic
nitrogen-use  efficiency  of  rice  can  be  increased  by  driving
OsNRT2.1  expression  with  the OsNAR2.1 promoter. Plant  Biotech-
nology Journal 14:1705−15

7.

Li Y, Xue X, Guo W, Wang L, Duan M, et al. 2019. Soil moisture and
nitrate-nitrogen dynamics  and economic yield in  the greenhouse
cultivation  of  tomato  and  cucumber  under  negative  pressure
irrigation in the North China Plain. Scientific Reports 9:4439

8.

Yu H,  Li  Z,  Gong Y,  Mack U,  Feger KH, et  al. 2006.  Water drainage
and nitrate leaching under traditional and improved management
of vegetable cropping systems in the North China Plain. Journal of
Plant Nutrition and Soil Science 169:47−51

9.

Thompson  RB,  Martínez-Gaitan  C,  Gallardo  M,  Giménez  C,
Fernández  MD. 2007.  Identification  of  irrigation  and  N  manage-
ment  practices  that  contribute  to  nitrate  leaching  loss  from  an
intensive vegetable production system by use of a comprehensive
survey. Agricultural Water Management 89:261−74

10.

Song X,  Zhao C,  Wang X,  Li  J. 2009.  Study of  nitrate leaching and
nitrogenfate  under  intensive  vegetable  production  pattern  in
northern China. Comptes Rendus Biologies 332:385−92

11.

Min  J,  Zhao  X,  Shi  W,  Xing  G,  Zhu  Z. 2011.  Nitrogen  balance  and
loss  in  a  greenhouse  vegetable  system  in  southeastern  China.
Pedosphere 21:464−72

12.

Li  B,  Bi  Z,  Xiong  Z. 2017.  Dynamic  responses  of  nitrous  oxide
emission  and  nitrogen  use  efficiency  to  nitrogen  and  biochar
amendment  in  an  intensified  vegetable  field  in  southeastern
China. GCB Bioenergy 9:400−13

13.

Liang H, Chen Q, Liang B, Hu K. 2020. Modeling the effects of long-
term  reduced  N  application  on  soil  N  losses  and  yield  in  a
greenhouse  tomato  production  system. Agricultural  Systems
185:102951

14.

Liang H, Lv H, Batchelor WD, Lian X, Wang Z, et al. 2020. Simulating
nitrate  and  DON  leaching  to  optimize  water  and  N  management
practices  for  greenhouse  vegetable  production  systems. Agricul-
tural Water Management 241:106377

15.

Thorup-Kristensen  K. 2001.  Root  growth  and  soil  nitrogen
depletion  by  onion,  lettuce,  early  cabbage  and  carrot. Acta
Horticuturae 563:201−6

16.

Bai L, Deng H, Zhang X, Yu X, Li Y. 2016. Gibberellin Is Involved in
Inhibition  of  Cucumber  Growth  and  Nitrogen  Uptake  at  Subop-
timal Root-Zone Temperatures. PLoS One 23:e0156188

17.

Yuan B,  Sun J,  Kang Y,  Nishiyama S. 2006.  Response of  cucumber
to  drip  irrigation  water  under  a  rainshelter. Agricultural  Water
Management 81:145−58

18.

Liang H, Hu K, Batchelor WD, Qin W, Li B. 2018. Developing a water
and  nitrogen  management  model  for  greenhouse  vegetable
production in China: sensitivity analysis and evaluation. Ecological
Modelling 367:24−33

19.

Simulation of cucumber yield by HG EU-Rotate_N model
 

Hua et al. Vegetable Research 2022, 2:16   Page 9 of 11

https://www.maxapress.com/article/doi/10.48130/VR-2022-0016
https://doi.org/10.3864/j.issn.0578-1752.2015.17.013
https://doi.org/10.1016/j.ecoenv.2016.12.010
https://doi.org/10.1016/j.ecoenv.2016.12.010
https://doi.org/10.1016/j.ecoenv.2016.12.010
https://www.fao.org/faostat/zh/#data/QCL/visualize
https://www.fao.org/faostat/zh/#data/QCL/visualize
https://doi.org/10.1371/journal.pone.0120291
https://doi.org/10.1371/journal.pone.0149668
https://doi.org/10.1111/pbi.12531
https://doi.org/10.1111/pbi.12531
https://doi.org/10.1111/pbi.12531
https://doi.org/10.1038/s41598-019-38695-4
https://doi.org/10.1002/jpln.200520546
https://doi.org/10.1002/jpln.200520546
https://doi.org/10.1016/j.agwat.2007.01.013
https://doi.org/10.1016/j.crvi.2008.11.005
https://doi.org/10.1016/S1002-0160(11)60148-3
https://doi.org/10.1111/gcbb.12356
https://doi.org/10.1016/j.agsy.2020.102951
https://doi.org/10.1016/j.agwat.2020.106377
https://doi.org/10.1016/j.agwat.2020.106377
https://doi.org/10.1016/j.agwat.2020.106377
https://doi.org/10.17660/actahortic.2001.563.25
https://doi.org/10.17660/actahortic.2001.563.25
https://doi.org/10.1371/journal.pone.0156188
https://doi.org/10.1016/j.agwat.2005.03.002
https://doi.org/10.1016/j.agwat.2005.03.002
https://doi.org/10.1016/j.ecolmodel.2017.10.016
https://doi.org/10.1016/j.ecolmodel.2017.10.016
https://www.maxapress.com/article/doi/10.48130/VR-2022-0016
https://doi.org/10.3864/j.issn.0578-1752.2015.17.013
https://doi.org/10.1016/j.ecoenv.2016.12.010
https://doi.org/10.1016/j.ecoenv.2016.12.010
https://doi.org/10.1016/j.ecoenv.2016.12.010
https://www.fao.org/faostat/zh/#data/QCL/visualize
https://www.fao.org/faostat/zh/#data/QCL/visualize
https://doi.org/10.1371/journal.pone.0120291
https://doi.org/10.1371/journal.pone.0149668
https://doi.org/10.1111/pbi.12531
https://doi.org/10.1111/pbi.12531
https://doi.org/10.1111/pbi.12531
https://doi.org/10.1038/s41598-019-38695-4
https://doi.org/10.1002/jpln.200520546
https://doi.org/10.1002/jpln.200520546
https://doi.org/10.1016/j.agwat.2007.01.013
https://doi.org/10.1016/j.crvi.2008.11.005
https://doi.org/10.1016/S1002-0160(11)60148-3
https://doi.org/10.1111/gcbb.12356
https://doi.org/10.1016/j.agsy.2020.102951
https://doi.org/10.1016/j.agwat.2020.106377
https://doi.org/10.1016/j.agwat.2020.106377
https://doi.org/10.1016/j.agwat.2020.106377
https://doi.org/10.17660/actahortic.2001.563.25
https://doi.org/10.17660/actahortic.2001.563.25
https://doi.org/10.1371/journal.pone.0156188
https://doi.org/10.1016/j.agwat.2005.03.002
https://doi.org/10.1016/j.agwat.2005.03.002
https://doi.org/10.1016/j.ecolmodel.2017.10.016
https://doi.org/10.1016/j.ecolmodel.2017.10.016


Sun  Y,  Zhang  J,  Wang  H,  Wang  L,  Li  H. 2019.  Identifying  optimal
water  and  nitrogen  inputs  for  high  efficiency  and  low
environment  impacts  of  a  greenhouse  summer  cucumber  with  a
model method. Agricultural Water Management 212:23−34

20.

Zhang  J,  Cao  Z,  Dai  H,  Zhang  Z,  Miao  M. 2020.  Yield,  nitrogen
uptake and nitrogen leaching of sensor-based fertigation-cultured
tomato  in  a  shallow  groundwater  region:  effect  of  shallow
groundwater  on  tomato  irrigation. Journal  of  Agricultural  Science
12:10

21.

Wang  A,  Gallardo  M,  Zhao  W,  Zhang  Z,  Miao  M. 2019.  Yield,
nitrogen  uptake  and  nitrogen  leaching  of  tunnel  greenhouse
grown  cucumber  in  a  shallow  groundwater  region. Agricultural
Water Management 217:73−80

22.

Rajput  TBS,  Patel  N. 2006.  Water  and  nitrate  movement  in  drip-
irrigated  onion  under  fertigation  and  irrigation  treatments.
Agricultural Water Management 79:293−311

23.

Zotarelli  L,  Dukes MD, Scholberg JMS, Muñoz-Carpena R,  Icerman
J. 2009. Tomato nitrogen accumulation and fertilizer use efficiency
on  a  sandy  soil,  as  affected  by  nitrogen  rate  and  irrigation
scheduling. Agricultural Water Management 96:1247−58

24.

Hu  K,  Li  Y,  Chen  W,  Chen  D,  Wei  Y,  et al. 2010.  Modeling  nitrate
leaching  and  optimizing  water  and  nitrogen  management  under
irrigated  maize  in  desert  oases  in  Northwestern  China. Journal  of
Environment Quality 39:667−77

25.

Singandhupe  RB,  Rao  GGSN,  Patil  NG,  Brahmanand  PS. 2003.
Fertigation  studies  and  irrigation  scheduling  in  drip  irrigation
system  in  tomato  crop  (Lycopersicon  esculentum L.). European
Journal of Agronomy 19:327−40

26.

Antony  E,  Singandhupe  RB. 2004.  Impact  of  drip  and  surface
irrigation on growth, yield and WUE of capsicum (Capsicum annum
L.). Agricultural Water Management 65:121−32

27.

Soto F, Gallardo M, Giménez C, Peña-Fleitas T, Thompson RB. 2014.
Simulation of tomato growth, water and N dynamics using the EU-
Rotate_N  model  in  Mediterranean  greenhouses  with  drip  irriga-
tion and fertigation. Agricultural Water Management 132:46−59

28.

Suárez-Rey EM,  Gallardo M,  Romero-Gámez M,  Giménez C,  Rueda
FJ. 2019.  Sensitivity  and  uncertainty  analysis  in  agro-hydrological
modelling  of  drip  fertigated  lettuce  crops  under  Mediterranean
conditions. Computers and Electronics in Agriculture 162:630−50

29.

Sun Y,  Hu K,  Zhang K,  Jiang L,  Xu Y. 2012.  Simulation of  nitrogen
fate  for  greenhouse  cucumber  grown  under  different  water  and
fertilizer  management  using  the  EU-Rotate_N  model. Agricultural
Water Management 112:21−32

30.

Dukes  MD,  Shedd  M,  Cardenas-Lailhacar  B.  2009.  Smart  irrigation
controllers:  how  do  soil  moisture  sensor  (SMS)  irrigation
controllers  work?  USA:  University  of  Florida,  IFAS  Extension.  pp.
1−5. https://edis.ifas.ufl.edu/publication/AE437

31.

Talaviya T,  Shah D, Patel  N,  Yagnik H,  Shah M. 2020.  Implementa-
tion  of  artificial  intelligence  in  agriculture  for  optimisation  of
irrigation  and  application  of  pesticides  and  herbicides. Artificial
Intelligence in Agriculture 4:58−73

32.

Shaffer  MJ,  Halvorson  AD,  Pierce  FJ.  1991.  Nitrate  Leaching  and
Economic  Analysis  Package  (NLEAP):  model  description  and
application.  In Managing  nitrogen  for  Groundwater  Quality  and
Farm  Profitability,  eds.  Follett  RF,  Keeney  DR,  Cruse  RM.  Madison,
WI, USA: Soil Science Society of America. pp. 285–322

33.

Ersahin S, Karaman MR. 2001. Estimating potential nitrate leaching
in  nitrogen  fertilized  and  irrigated  tomato  using  the  computer
model NLEAP. Agricultural Water Management 51:1−12

34.

Shaffer  MJ,  Delgado  JA,  Gross  C,  Follet  RF,  Gagliardi  P.  2010.
Simulation  Processes  for  the  Nitrogen  Loss  and  Environmental
Assessment  Package  (NLEAP).  In  Advances  in  Nitrogen  Manage-
ment for Water Quality, eds. Delgado JA, Follett RF. Ankeny, IA: Soil
and Water Conservation Society.

35.

Brisson  N,  Mary  B,  Ripoche  D,  Jeuffroy  MH,  Ruget  F,  et  al. 1998.
STICS: a generic model for the simulation of crops and their water
and  nitrogen  balances  I.  Theory  and  parameterization  applied  to
wheat and corn. Agronomie 18:311−46

36.

Coucheney  E,  Buis  S,  Launay  M,  Constantin  J,  Mary  B,  et  al. 2015.
Accuracy,  robustness  and  behavior  of  the  STICS  soil–crop  model
for  plant,  water  and  nitrogen  outputs:  evaluation  over  a  wide
range  of  agro-environmental  conditions  in  France. Environmental
Modelling & Software 64:177−90

37.

Doltra  J,  Muñoz  P. 2010.  Simulation  of  nitrogen  leaching  from  a
fertigated crop rotation in a Mediterranean climate using the EU-
Rotate_N  and  Hydrus-2D  models. Agricultural  Water  Management
97:277−85

38.

Stöckle  CO,  Donatelli  M,  Nelson  R. 2003.  CropSyst,  a  cropping
systems  simulation  model. European  Journal of  Agronomy
18:289−307

39.

Suárez-Rey  EM,  Romero-Gámez  M,  Giménez  C,  Thompson  RB,
Gallardo  M. 2016.  Use  of  EU-Rotate_N  and  CropSyst  models  to
predict yield, growth and water and N dynamics of fertigated leafy
vegetables  in  a  Mediterranean  climate  and  to  determine  N
fertilizer requirements. Agricultural Systems 149:150−64

40.

Rahn  CR,  Zhang  K,  Lillywhite  RD,  Ramos  C,  Doltra  J,  et  al. 2010.
European  Decision  Support  System,  EU-Rotate  N  to  predict
environmental  and  economic  consequences  of  the  management
of  nitrogen  fertiliser  in  crop  rotations. European  Journal  of
Horticultural Science 75:20−32

41.

Nendel  C,  Venezia  A,  Piro  F,  Ren  T,  Lillywhite  RD,  et  al. 2013.  The
performance of  the  EU-Rotate_N model  in  predicting the  growth
and  nitrogen  uptake  of  rotations  of  field  vegetable  crops  in  a
Mediterranean environment. The Journal of Agricultural Science. Sci
151:538−55

42.

Deng  J,  Zhu  B,  Zhou  Z,  Zheng  X,  Li  C,  et  al. 2011.  Modeling
nitrogen  loadings  from  agricultural  soils  in  southwest  China  with
modified  DNDC. Journal  of  Geophysical  Research  Atmospheres
116:G02020

43.

Li  H,  Wang  L,  Qiu  J,  Li  C,  Gao  M,  et  al. 2014.  Calibration  of  DNDC
model for nitrate leaching from an intensively cultivated region of
Northern China. Geoderma 223–225:108−18

44.

Uzoma  KC,  Smith  W,  Grant  B,  Desjardins  RL,  Gao  X,  et  al. 2015.
Assessing the effects of agricultural management on nitrous oxide
emissions  using  flux  measurements  and  the  DNDC  model.
Agriculture, Ecosystems & Environment 206:71−83

45.

Dutta  B,  Smith  WN,  Grant  BB,  Pattey  E,  Desjardins  RL,  et  al. 2016.
Model  development  in  DNDC  for  the  prediction  of  evapotranspi-
ration  and  water  use  in  temperate  field  cropping  systems. Envi-
ronmental Modelling & Software 80:9−25

46.

Zhang Y, Niu H. 2016. The development of the DNDC plant growth
sub-model  and  the  application  of  DNDC  in  agriculture:  A  review.
Agriculture, Ecosystems & Environment 230:271−82

47.

Zhang J, Li H, Deng J, Wang L. 2021. Assessing impacts of nitrogen
management  on  nitrous  oxide  emissions  and  nitrate  leaching
from  greenhouse  vegetable  systems  using  a  biogeochemical
model. Geoderma 382:114701

48.

Yang  D,  Bian  Z,  Zhang  K,  Xiong  K,  Lei  S. 2017.  Modeling  Root
Growth,  Crop  Growth  and  N  Uptake  of  Winter  Wheat  Based  on
SWMS_2D:  Model  and  Validation. Revista  Brasileira  De  Ciência  Do
Solo 41:e0150064

49.

Guo R, Nendel C, Rahn C, Jiang C, Chen Q. 2010. Tracking nitrogen
losses  in  a  greenhouse  crop  rotation  experiment  in  North  China
using the  EU-Rotate_N simulation model. Environmental  Pollution
158:2218−29

50.

Sun Y, Hu K, Fan Z, Wei Y, Lin S, Wang J. 2013. Simulating the fate
of  nitrogen  and  optimizing  water  and  nitrogen  management  of
greenhouse tomato in North China using the EU-Rotate_N model.
Agricultural Water Management 128:72−84

51.

Kahlown  MA,  Ashrafb  M,  Zia-ul-Haq. 2005.  Effect  of  shallow
groundwater  table  on  crop  water  requirements  and  crop  yields.
Agricultural Water Management 76:24−35

52.

Ghamarnia  H,  Golamian M,  Sepehri S,  Arji I,  Norozpour S. 2013.
The contribution of shallow groundwater by safflower (Carthamus
tinctorius L.)  under high water table conditions,  with and without
supplementary irrigation. Irrigation Science 31:285−99

53.

 
Simulation of cucumber yield by HG EU-Rotate_N model

Page 10 of 11   Hua et al. Vegetable Research 2022, 2:16

https://doi.org/10.1016/j.agwat.2018.08.028
https://doi.org/10.5539/jas.v12n1p10
https://doi.org/10.1016/j.agwat.2019.02.026
https://doi.org/10.1016/j.agwat.2019.02.026
https://doi.org/10.1016/j.agwat.2005.03.009
https://doi.org/10.1016/j.agwat.2009.03.019
https://doi.org/10.2134/jeq2009.0204
https://doi.org/10.2134/jeq2009.0204
https://doi.org/10.1016/S1161-0301(02)00077-1
https://doi.org/10.1016/S1161-0301(02)00077-1
https://doi.org/10.1016/j.agwat.2003.07.003
https://doi.org/10.1016/j.agwat.2013.10.002
https://doi.org/10.1016/j.compag.2019.05.011
https://doi.org/10.1016/j.agwat.2012.06.001
https://doi.org/10.1016/j.agwat.2012.06.001
https://edis.ifas.ufl.edu/publication/AE437
https://doi.org/10.1016/j.aiia.2020.04.002
https://doi.org/10.1016/j.aiia.2020.04.002
https://doi.org/10.1016/S0378-3774(01)00117-2
https://doi.org/10.1051/agro:19980501
https://doi.org/10.1016/j.envsoft.2014.11.024
https://doi.org/10.1016/j.envsoft.2014.11.024
https://doi.org/10.1016/j.agwat.2009.09.019
https://doi.org/10.1016/S1161-0301(02)00109-0
https://doi.org/10.1016/j.agsy.2016.09.007
https://doi.org/10.1017/S0021859612000688
https://doi.org/10.1029/2010jg001609
https://doi.org/10.1016/j.geoderma.2014.01.002
https://doi.org/10.1016/j.agee.2015.03.014
https://doi.org/10.1016/j.envsoft.2016.02.014
https://doi.org/10.1016/j.envsoft.2016.02.014
https://doi.org/10.1016/j.envsoft.2016.02.014
https://doi.org/10.1016/j.agee.2016.06.017
https://doi.org/10.1016/j.geoderma.2020.114701
https://doi.org/10.1590/18069657rbcs20150064
https://doi.org/10.1590/18069657rbcs20150064
https://doi.org/10.1016/j.envpol.2010.02.014
https://doi.org/10.1016/j.agwat.2013.06.016
https://doi.org/10.1016/j.agwat.2005.01.005
https://doi.org/10.1007/s00271-011-0304-2
https://doi.org/10.1016/j.agwat.2018.08.028
https://doi.org/10.5539/jas.v12n1p10
https://doi.org/10.1016/j.agwat.2019.02.026
https://doi.org/10.1016/j.agwat.2019.02.026
https://doi.org/10.1016/j.agwat.2005.03.009
https://doi.org/10.1016/j.agwat.2009.03.019
https://doi.org/10.2134/jeq2009.0204
https://doi.org/10.2134/jeq2009.0204
https://doi.org/10.1016/S1161-0301(02)00077-1
https://doi.org/10.1016/S1161-0301(02)00077-1
https://doi.org/10.1016/j.agwat.2003.07.003
https://doi.org/10.1016/j.agwat.2013.10.002
https://doi.org/10.1016/j.compag.2019.05.011
https://doi.org/10.1016/j.agwat.2012.06.001
https://doi.org/10.1016/j.agwat.2012.06.001
https://edis.ifas.ufl.edu/publication/AE437
https://doi.org/10.1016/j.aiia.2020.04.002
https://doi.org/10.1016/j.aiia.2020.04.002
https://doi.org/10.1016/S0378-3774(01)00117-2
https://doi.org/10.1051/agro:19980501
https://doi.org/10.1016/j.envsoft.2014.11.024
https://doi.org/10.1016/j.envsoft.2014.11.024
https://doi.org/10.1016/j.agwat.2009.09.019
https://doi.org/10.1016/S1161-0301(02)00109-0
https://doi.org/10.1016/j.agsy.2016.09.007
https://doi.org/10.1017/S0021859612000688
https://doi.org/10.1029/2010jg001609
https://doi.org/10.1016/j.geoderma.2014.01.002
https://doi.org/10.1016/j.agee.2015.03.014
https://doi.org/10.1016/j.envsoft.2016.02.014
https://doi.org/10.1016/j.envsoft.2016.02.014
https://doi.org/10.1016/j.envsoft.2016.02.014
https://doi.org/10.1016/j.agee.2016.06.017
https://doi.org/10.1016/j.geoderma.2020.114701
https://doi.org/10.1590/18069657rbcs20150064
https://doi.org/10.1590/18069657rbcs20150064
https://doi.org/10.1016/j.envpol.2010.02.014
https://doi.org/10.1016/j.agwat.2013.06.016
https://doi.org/10.1016/j.agwat.2005.01.005
https://doi.org/10.1007/s00271-011-0304-2


Ghamarnia H, Golamian M, Sepehri S, Arji I. 2011. Shallow ground-
water  use  by  Safflower  (Carthamus  tinctorius L.)  in  a  semi-arid
region. Irrigation Science 29:147−56

54.

Gao  X,  Huo  Z,  Qu  Z,  Xu  X,  Huang  G,  et  al. 2017.  Modeling
contribution  of  shallow  groundwater  to  evapotranspiration  and
yield of maize in an arid area. Scientific Reports 7:43122

55.

IPCC. 2013. Data Distribution Centre (Accessed 4 November 2017).
https://ipcc-ddc.cru.uea.ac.uk

56.

Bremner  JM.  2009.  Determination  of  nitrogen  in  soil  by  the
Kjeldahl method. Cambridge University Press.

57.

Zhang  K,  Li  C,  Hu  Z,  Huang  S,  Chen  J,  et  al. 2020.  Simulations  of
water  cycle  in  the  soil-crop  system:  model  improvement  and
validation. Applied Ecology and Environmental Research 18:2163−77

58.

Nash  JE,  Sutcliffe  JV. 1970.  River  flow  forecasting  through
conceptual  model  part  I  —  A  discussion  of  principles. Journal  of
Hydrology 10:282−90

59.

Nendel  C. 2009.  Evaluation  of  best  management  practices  for  N
fertilisation  in  regional  field  vegetable  production  with  a  small-
scale simulation model. European Journal of Agronomy 30:110−18

60.

Willmott J. 1981.  On the validation of models. Physical  Geography
2:184−94

61.

Doltra J,  Muñoz P, Antón A, Ariño J. 2010. Soil  and plant nitrogen
dynamics of a tomato crop under different fertilization strategies.
Acta Horticulturae 852:207−14

62.

Novák V, Hlaváčiková H. 2018. Interaction of Groundwater and Soil
Water.  In Applied Soil  Hydrology.  Switzerland: Springer Nature.  pp.
171-88. https://doi.org/10.1007/978-3-030-01806-1_12

63.

Xia  J,  Zhang  S,  Zhao  X,  Liu  J,  Chen  Y. 2016.  Effects  of  different
groundwater  depths  on  the  distribution  characteristics  of  soil-
Tamarix water  contents  and  salinity  under  saline  mineralization
conditions. CATENA 142:166−176

64.

Yang T, Ala M, Guan N, Wang A. 2021. The effects of groundwater
depth  on  the  soil  evaporation  in  Horqin  Sandy  Land,  China.
Chinese Geographical Science 31:727−34

65.

Williams MR, Buda AR, Elliott HA, Hamlett J, Boyer EW, et al. 2014.
Groundwater flow path dynamics and nitrogen transport potential
in  the  riparian  zone  of  an  agricultural  headwater  catchment.
Journal of Hydrology 511:870−79

66.

Jiao X, Maimaitiyiming A, Salahou M, Liu K, Guo W. 2017. Impact of
groundwater level on nitrate nitrogen accumulation in the vadose
zone beneath a cotton field. Water 9:171

67.

Copyright:  © 2022 by the author(s).  Published by
Maximum  Academic  Press,  Fayetteville,  GA.  This

article  is  an  open  access  article  distributed  under  Creative
Commons  Attribution  License  (CC  BY  4.0),  visit https://creative-
commons.org/licenses/by/4.0/.

Simulation of cucumber yield by HG EU-Rotate_N model
 

Hua et al. Vegetable Research 2022, 2:16   Page 11 of 11

https://doi.org/10.1007/s00271-010-0226-4
https://doi.org/10.1038/srep43122
https://ipcc-ddc.cru.uea.ac.uk
https://doi.org/10.15666/aeer/1802_21632177
https://doi.org/10.1016/0022-1694(70)90255-6
https://doi.org/10.1016/0022-1694(70)90255-6
https://doi.org/10.1016/j.eja.2008.08.003
https://doi.org/10.1080/02723646.1981.10642213
https://doi.org/10.17660/ActaHortic.2010.852.25
https://doi.org/10.1007/978-3-030-01806-1_12
https://doi.org/10.1016/j.catena.2016.03.005
https://doi.org/10.1007/s11769-021-1220-x
https://doi.org/10.1016/j.jhydrol.2014.02.033
https://doi.org/10.3390/w9030171
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00271-010-0226-4
https://doi.org/10.1038/srep43122
https://ipcc-ddc.cru.uea.ac.uk
https://doi.org/10.15666/aeer/1802_21632177
https://doi.org/10.1016/0022-1694(70)90255-6
https://doi.org/10.1016/0022-1694(70)90255-6
https://doi.org/10.1016/j.eja.2008.08.003
https://doi.org/10.1080/02723646.1981.10642213
https://doi.org/10.17660/ActaHortic.2010.852.25
https://doi.org/10.1007/978-3-030-01806-1_12
https://doi.org/10.1016/j.catena.2016.03.005
https://doi.org/10.1007/s11769-021-1220-x
https://doi.org/10.1016/j.jhydrol.2014.02.033
https://doi.org/10.3390/w9030171
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00271-010-0226-4
https://doi.org/10.1038/srep43122
https://ipcc-ddc.cru.uea.ac.uk
https://doi.org/10.15666/aeer/1802_21632177
https://doi.org/10.1016/0022-1694(70)90255-6
https://doi.org/10.1016/0022-1694(70)90255-6
https://doi.org/10.1016/j.eja.2008.08.003
https://doi.org/10.1080/02723646.1981.10642213
https://doi.org/10.17660/ActaHortic.2010.852.25
https://doi.org/10.1007/978-3-030-01806-1_12
https://doi.org/10.1016/j.catena.2016.03.005
https://doi.org/10.1007/s11769-021-1220-x
https://doi.org/10.1016/j.jhydrol.2014.02.033
https://doi.org/10.3390/w9030171
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	MATERIALS AND METHODS
	Plant materials and growth conditions
	Experimental design
	Collection and measurements of soil samples
	Sampling of plants and the determination of plant nutrient content
	Weather dataset collection
	Determination of groundwater level
	Determination of nitrogen leaching
	Improvements of the EU-Rotate_N model
	Model calibration and evaluation
	Groundwater level algorithms added in the HG EU-Rotate_N model

	RESULTS
	Model calibration and validation
	Simulation of soil water dynamics
	Simulation of available nitrogen dynamics (available ND) in the soil
	Simulation of cucumber dry weight and fruit yield

	DISCUSSION
	Calibration and evaluation of the EU-Rotate_N model to greenhouse cucumber
	Effect of high groundwater on soil water content
	Effect of high groundwater on soil available nitrogen concentration
	Effect of high groundwater on yield

	References

