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a The Albert Katz International School for Desert Studies, The Jacob Blaustein Institutes for Desert Research, Ben-Gurion University of the Negev, Sede Boqer Campus, 
8499000, Israel 
b French Associates Institute for Agriculture and Biotechnology of Drylands, Jacob Blaustein Institutes for Desert Research, Ben-Gurion University of the Negev, Sede Boqer 
Campus, 8499000, Israel 
c Department of Environmental Sciences, University of California Riverside, Riverside, CA, USA   

A R T I C L E  I N F O   

Handling Editor: Dr Z Xiying  

Keywords: 
Transpiration 
Nitrogen use efficiency 
Active uptake 
Nitrate leaching 
Horticulture 

A B S T R A C T   

Optimization of nitrogen (N) fertigation is a formidable challenge involving complex interactions between water 
and N uptake and their effects on crop production. Numerical models can be useful in studying the interaction of 
multiple variables like those found in mechanistic simulations of N fertigation strategies. The physical aspects 
can often be accurately represented in soil-plant-atmosphere continuum models, while the biological factors lag 
due to their oversimplification. When optimizing N fertigation using numerical models, it is essential to consider 
the effects of N and water stresses on the plant size and corresponding feedback on potential transpiration and N 
uptake. The HYDRUS (2D/3D) model was modified to allow for active uptake and decay of multiple solutes and 
reduce potential transpiration due to a limitation in N uptake. Subsequently, we calibrated and validated the 
model with a dataset that consisted of 3 nitrate (NO3

- ) concentration and 6 irrigation levels: a total of 18 distinct 
treatments used to fertigate cucumber plants grown in lysimeters. The calibration was based on the treatment 
that received the highest N fertigation. The model was validated by testing its ability to accurately reduce po-
tential N uptake and transpiration in water and N deficiency cases. Simulations showed that the N stress function 
could explain 82% of the reduction in transpiration measured in the experimental setup. The sensitivity analysis, 
evaluating the effects of the root shape and distribution parameters by increasing and decreasing their values by 
20%, showed that these parameters had little impact on the results. Following its validation, the model was used 
to determine the optimal N concentration in irrigation water and the optimal N application amount to obtain 
maximal yield with minimal N loss. The optimal irrigation water NO3

- -N concentration and seasonal NO3
- -N 

application were determined to be 75 mg L− 1 and 40 mg m− 2, respectively.   

Other parameter definitions are listed in Table 2. 

1. Introduction 

Global nitrate (NO3
- ) leaching is a function of fertilizer applications 

(Wang et al., 2019) and is correlated to the size of the world population 
(Erisman et al., 2008). The need for nitrogen (N) fertilizer to meet the 
growing global food demand and the environmental concerns associated 
with NO3

- leaching (Thompson et al., 2020) have led to the recognition 
that many of the world’s sustainability goals can be achieved by opti-
mizing agricultural N use (Houlton et al., 2019). Among the agricultural 
crops, horticultural crops are prone to the highest NO3

- losses due to high 
fertilizer application rates and their relatively shallow root zone (Padilla 
et al., 2018). Fertigation (fertilizer application through irrigation water) 

has been demonstrated to maximize plant N uptake while minimizing 
NO3

- leaching (Dahan et al., 2014; Groenveld et al., 2019). Matching the 
N supply to the N demand in space and time is a complex problem that 
depends on many factors, including the plant water and N demand, the 
root distribution, the soil hydraulic and solute transport properties, the 
N concentration of the irrigation water, the timing of the fertigation, and 
the total amount of water and N applied. While simple analytical models 
of yield response to N application are helpful (Cerrato and Blackmer, 
1990), they often give contradicting results concerning optimal N 
application (Groenveld et al., 2019) and only address the total amount of 
N that should be applied (Gallardo et al., 2020). With larger data sets, 
more complex analytical models can be developed (Głąb et al., 2020), 
but these lack the flexibility to be applied to different crops or envi-
ronmental conditions. The complex interactions in space and time of the 
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variables mentioned above make the optimization of N fertigation a 
highly non-linear problem, which requires numerical models to 
approximate a solution (Azad et al., 2020). An increase in computer 
processing power and availability of detailed datasets offers the possi-
bility of opening up empirical “black boxes” in numerical models so that 
processes can be described in an increasingly mechanistic fashion and in 
greater detail. A more mechanistic model will be relevant to a wider 
variety of plants and will be flexible to changes in the soil type or irri-
gation frequency. 

Several models have been developed to describe N leaching from 
agricultural systems. The DNDC model simulates crop growth and 
development, as well as carbon (C) and N biogeochemistry in agricul-
tural ecosystems (He et al., 2019). The COUP model is a versatile plat-
form of different modules that can be used to simulate a wide range of N 
transformations, including plant interactions with mycorrhizal fungi 
(He et al., 2020). A limitation of these models is that they are 
one-dimensional. One-dimensional models are suitable to model only 
vegetations horizontally invariant, such as pasture (Eshel and Beeck-
man, 2013). However, even in grass fields, lateral dimensions have to be 
considered under certain conditions, such as with sloping land or land 
with urine patches left by grazing cattle (Snow et al., 2017). While 
multiple dimensions significantly increase the computational time 
required for simulations, they are often essential to describe the 
complexity of irrigated agricultural systems that are not horizontally 
invariant (Russo et al., 2013). Single-root models simulate the root 
system as a cylinder taking up water and nutrients from the soil volume 
around it. An advantage of such models is that flow and transport 
through the soil and across the root membrane can be calculated sepa-
rately, yielding a more mechanistic formulation (Eshel and Beeckman, 
2013; McMurtrie and Näsholm, 2018). However, the difficulty of 
upscaling the results of such models is a disadvantage (Roose and 
Schnepf, 2008), particularly when studying processes at the root zone 
scale. 

To simulate solute uptake by roots, the solute’s movement to the root 
surface (Rengel, 1993), the root growth, and the demand-controlled 
aspect of uptake should be considered (Hopmans and Bristow, 2002). 
While the first two factors are receiving increasing attention in models 
like R-SWMS (Javaux et al., 2008; Schröder et al., 2013), the third one (i. 
e., the demand-control aspect) has seen limited implementation in 3D 
models. An N-limited plant can increase N uptake by increasing the 

uptake per surface area or increasing the total root area. It is possible to 
estimate each of these pathways’ contributions using detailed models 
such as R-SWMS in combination with measured data. However, the 
simultaneous consideration of all of these three factors is limited due to 
many parameters required (Rengel, 1993) and the difficulty of deter-
mining them (Roose and Schnepf, 2008). 

The passage of nutrients from the soil solution into the plant can be 
described by passive or active mechanisms, which refer to the mass flow 
of nutrients into roots with water taken up for transpiration or against 
energy gradients, respectively. Barber (1962) estimated passive uptake 
by multiplying the volume of transpired water with the nutrient’s mean 
concentration in the bulk soil solution. However, this method may 
overestimate an actual ion supply by water mass flow (Jungk, 2002). 
Epstein and Hagen (1952) proposed using the Michaelis-Menten model 
to describe the characteristics of individual membrane carriers involved 
in active nutrient uptake. The uptake rate per root area differs according 
to the root order (Rewald et al., 2011). The root order changes as roots 
grow, and there is potential compensation of reduced nutrient uptake 
from nutrient-poor areas by increased uptake from less nutrient stressed 
areas of the root zone (Rubio and Lynch, 2007). 

The macroscopic numerical model HYDRUS (2D/3D) considers 
transient water flow, solute transport, and compensated plant root water 
and nutrient uptake (Šimůnek and Hopmans, 2009). These are calcu-
lated as a function of soil hydraulic properties, irrigation salinity and 
amount, root distribution, potential evapotranspiration, and potential 
nutrient uptake, all of which are described in detail in the model tech-
nical and user manuals (Šejna et al., 2018; Šimůnek et al., 2018b). The 
water flow algorithm in HYDRUS (2D/3D) has been widely tested and 
used for different applications (Šimůnek et al., 2016), including root 
water uptake (Zhu et al., 2009), N transport and uptake (Bristow et al., 
2020; Gärdenäs et al., 2005; Karandish and Šimůnek, 2017; Tao et al., 
2021; Wang et al., 2014), and the effects of salinity (Phogat et al., 2014; 
Ramos et al., 2012; Shouse et al., 2011; Skaggs et al., 2006). 

Wang and Baerenklau (2014) linked crop yield to relative transpi-
ration and N uptake in the dataset they generated with HYDRUS-1D 
using a function of Pang and Letey (1998). Levers and Schwabe 
(2017) took this a step further by calculating the instantaneous yield 
reduction by comparing potential and actual water and passive N uptake 
throughout the growing season instead of only at the end, using a 
modified version of HYDRUS-1D. Rezaei et al. (2017) used a plant 
growth model [LINGRA-N (Wolf, 2012)] to determine the effect of N 
stress on the plant’s potential uptake, which was then fed back to 
HYDRUS-1D. The effects of limited nutrient uptake on growth (i.e., a 
transpiration reduction) have not yet been implemented in the standard 
version of HYDRUS. Because biomass accumulation is a function of both 
transpiration and N uptake and determines their potential rates, these 
processes should be linked so that stress in either process affects the 
other’s potential rate. 

Although the active nutrient uptake function was implemented into 
the HYDRUS (2D/3D) model more than ten years ago, it has only been 
validated for NH4

+ uptake in flooded rice paddies (Li et al., 2015; Yang 
et al., 2017). While it is understood that nitrate (NO3

- ) uptake by plant 
roots can be described by Michaelis-Menten kinetics (Tischner and 
Kaiser, 2007), all published HYDRUS simulations validated with NO3

- 

uptake data do so using the passive uptake mechanism only. This might 
be due to the lack of a function in the model that reduces plant growth 
due to N stress, representing a formidable research gap in modeling N 
transport and uptake. 

Our research objective is to validate the combined passive, active, 
and compensated NO3

- uptake functions in HYDRUS (2D/3D) using 
measured data while considering a function that reduces potential 
transpiration due to N stress. Subsequently, we demonstrate the use of 
this model as a tool for optimizing N fertigation in terms of N use effi-
ciency (NUE), yield, and NO3

- leaching. 

Nomenclature 

A30 30 mg L− 1 NO3
- -N treatment 

A60 60 mg L− 1 NO3
- -N treatment 

A90 90 mg L− 1 NO3
- -N treatment 

Ap Potential active uptake (mg day− 1) 
DAT Days after transplant 
dP Effective pore diameter (m) 
EC Electrical conductivity (dS m− 1) 
I/T Irrigation/Transpiration (-) 
N Nitrogen 
N2 Dinitrogen 
N2O Nitrous oxide 
NO Nitric oxide 
nRMSE Normalized root mean squared error (-) 
Rp Potential solute uptake (mg day− 1) 
S Substrate concentration (mg cm− 2) 
Tac Actual transpiration (cm2 day− 1) 
Tp Potential transpiration (cm2 day− 1) 
u Specific discharge (m s− 1) 
η Dynamic viscosity (N s m− 2) 
ρ Density of water (kg m− 3)  

T. Groenveld et al.                                                                                                                                                                                                                              



Agricultural Water Management 254 (2021) 106971

3

2. Methods 

2.1. Field experiment and measurements 

2.1.1. Experimental design 
The data used to calibrate and validate the model was taken from 

Groenveld et al. (2019), where a more detailed description of the 
experimental setup can be found. The effluent water of three recircu-
lating aquaculture systems with NO3

- -N concentrations of 30, 60, and 90 
mg L− 1 (named A30, A60, and A90, respectively) were used to fertigate 
six lysimeters per each N treatment. Three cucumber plants spaced 40 
cm apart were grown in each lysimeter in a single row. Each lysimeter 
was 100 cm long, 50 cm wide, and 20 cm deep. The growing medium 
used was perlite (Perlite 206, Agrikal, Israel), whose grain size distri-
bution is listed in Table 1. Aside from N, all other nutrients were kept at 
equal concentrations in all treatments. Irrigation water was cooled to 
24 ◦C and applied through a 6 mm tube to the base of each of the three 
plants at a combined flow rate of 0.67 mm/min. Drainage water was 
collected and weighed daily. Transpiration was calculated by subtract-
ing drainage from irrigation, ignoring a possible change in the root zone 
water content (Tripler et al., 2012). Each lysimeter had a unique irri-
gation regime, a multiple of measured transpiration (irrigation/-
transpiration: I/T between 1 and 5). Overall, there were 18 distinct 
fertigation treatments of cucumber plants grown in perlite media 
(Fig. 1A). Because plant transpiration determined irrigation while the 
NO3

- concentration remained the same, N fertigation was indirectly also 
a function of plant transpiration. 

2.1.2. Measurements and analysis 
Irrigation water was sampled daily and drainage water of all 18 ly-

simeters three times a week to measure the electrical conductivity (EC) 
(DDS 120W, Bante Instruments, China) and NO3

- -N concentration 
(Reflectoquant Nitrate Test 116971, Merck KGaA, Germany and Orion 
Star A214, Thermo Fisher Scientific, MA, USA). Ripe cucumbers were 
harvested daily, starting 20 days after transplanting (DAT). Cucumbers 
were weighed individually for each of the three plants in each plot. All 
plants were destructively harvested at 40 DAT. The dry biomass of fruits, 
stems, and leaves was measured and then tested for N content (OEA- 
CHNS Flash, 2000, Thermo Fisher Scientific, MA, USA). 

The water and N mass balance components included a precise record 
of the amounts of water applied, their concentrations, each fertigation 
event’s timing, and daily records of transpiration and NO3

- leached out of 
the lysimeter. The growth rate and yield of the cucumber plants were 
recorded daily. The total uptake of N and its distribution in different 
plant parts was determined at the end of the experiment. Once the 
experiment was terminated, the root zone was cut into three blocks of 
equal sizes, perlite was washed off the roots through a 3-mm sieve, and 
the roots were then dried and weighed. The root N content was not 
measured, but an estimated value of 5% was used for all treatments in 
subsequent calculations (Groenveld et al., 2019). The amounts of N 
taken up by the plants and drained out of the root zone as NO3

- are re-
ported for each of the 18 treatments as a function of the amount of 
fertigated NO3

- -N in Fig. 1B. The difference between the amount of N 
fertigated and the sum of N taken up and drained is assumed to be due to 
emissions of gaseous forms of N. 

2.1.3. Parameter estimation experiments 
The saturated hydraulic conductivity (KS) was measured with the 

falling head method (Wever et al., 2004) using 20 cm cores of perlite in 

transparent columns with a 15 cm diameter. The columns were slowly 
wetted from below to prevent the trapping of air in the columns. The 
time it took for a ponded layer of 15 cm of water to drop 12 cm was 
measured four times for three different columns filled with perlite at a 
bulk density of 0.06 g cm− 3. 

A retention curve was obtained using a PVC column of 11 cm in 
diameter and 100 cm in length that was cut into 5 cm slices. The slices 
were stacked to form a column that was sealed airtight with plastic tape. 
The column was packed with perlite at the same density as in the 
greenhouse experiment (0.06 g cm− 3) and gradually wetted from below 
over a 24 h period to ensure that the air was pushed out of the column. 
Subsequently, the entire column was removed from the water bath, 
placed on an electronic scale, and covered with a lid to eliminate 
evaporation. The mass readings were recorded over time with 
decreasing frequency as less water drained out of the column. When the 
drainage water flux stopped after a few days and the column was 
assumed to be at a hydrostatic state, the 5 cm slices were cut off the 
column, wrapped in a silver foil, and weighed. These slices were then 
dried at 105 ◦C and reweighed, resulting in a retention curve consisting 
of 20 pairs of height and volumetric water content (Raij et al., 2016). 
This experiment was repeated four times. 

Breakthrough curves were obtained for all 18 plots to determine the 
longitudinal and transverse dispersivities (λL and λT) of the growing 
media used. Irrigation water was applied in 3 L pulses at three evenly 
spaced locations in the plot’s centerline where the plants would later be 
located. All plots were flushed two days with saline irrigation water used 
in all experiments (EC: 2.28 ± 0.15 dS m− 1). Then, on the third day, they 
were irrigated with five 3 L pulses of distilled water (EC: 0.11 ± 0.05 dS 
m− 1), after which irrigation continued with saline water (as before). 
After every 3 L irrigation, pulse drainage water was collected for all 18 
plots, and its electrical conductivity was measured. 

2.2. Modeling 

2.2.1. Model description 
HYDRUS (2D/3D) describes unsaturated flow using the Richards 

equation, solute transport using the convection-dispersion equation, and 
solute transformation using first-order decay reactions. Potential plant 
water and nutrient uptakes are specified in HYDRUS (2D/3D) as input 
time-variable boundary conditions distributed across the root zone ac-
cording to a root density distribution. Over time, the root distribution 
can be fixed, entered as an array of values, described using a logistic 
growth function (Šimůnek et al., 2018a), or linked to various environ-
mental factors (Hartmann et al., 2017). Potential water uptake can be 
reduced due to drought and salinity stresses. However, these stress ef-
fects do not accumulate over time in the current version of HYDRUS 
(2D/3D). Nutrient uptake is considered as passive or active mechanisms. 
Active uptake is described by a modified version of the 
Michaelis-Menten equation: 

Aa =
S − Smin

KM + S − Smin
Ap (1)  

where Aa is the actual active solute uptake rate (mg day− 1), Ap is the 
potential active solute uptake rate, which is the remainder of total po-
tential uptake after subtracting passive uptake (mg day− 1), S is the 
substrate concentration (mg cm− 2), Smin is the minimal concentration for 
active uptake (mg cm− 2), and KM (mg cm− 2) is the Michaelis-Menten 
coefficient, which is equal to the substrate concentration correspond-
ing to half of the maximum solute uptake rate (Jungk, 2002). The 
maximum solute uptake rate and the KM parameter for the 
Michaelis-Menten model are usually determined based on solute uptake 
per root length or area. Using a dimensionless root distribution makes it 
possible to cancel these root area units. Kim and Lieth (2012) scaled the 
maximum solute uptake rate in their model to the total plant require-
ment by multiplying the Michaelis-Menten equation by the plant dry 

Table 1 
Grain size distribution of the perlite used in lysimeters, as reported by the 
manufacturer (Agrikal, Israel).  

mm < 0.36 0.36–0.5 0.5–1.0 1.0–1.4 1.4–2.0 > 2.0 

%  6  7  49  21  16  1  
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matter over time. Sands and Smethurst (1995) also linked the maximum 
solute uptake rate linearly to the plant water uptake rate. 

Active solute uptake can be limited by limited uptake of water 
(Šimůnek and Hopmans, 2009): 

Ap(t) = max
[

Rp(t)
Tac(t)
Tp(t)

− Pa(t), 0
]

(2)  

where Ap is potential active uptake (mg day− 1) at a certain point in time 
(t), Rp is potential solute uptake (mg day− 1), Tac and Tp are actual and 
potential transpiration (cm2 day− 1), and Pa is actual passive solute up-
take (mg day− 1). The cm2 units for transpiration are used for two- 
dimensional simulations; they can be converted to cm3 by multiplying 
by the plot’s length. Compensation of water or solute uptake in a less 
stressed area of the root zone can be enabled according to the degree 
determined by the user. 

2.2.2. Domain geometry and fixed boundary conditions 
A two-dimensional flow domain 18 cm deep and 25 cm wide was 

discretized using a finite element mesh of 350 nodes, with smaller ele-
ments at the points where water entered and left the domain (Lazar-
ovitch et al., 2005) (Fig. 2). As the discretization had a large effect on the 
mass balance error, the number of nodes was optimized to minimize the 
whole data set’s mass balance error. The left side of the domain forms a 
line of symmetry in the middle of the plot, exactly under the dripline and 
the plant’s base, considered as line features. The distance between plants 
in the lysimeter was 40 cm, and the drainage holes in the drainage 
trench at the bottom of the lysimeter were spaced at 15 cm. Emitters at 
the dripline were spaced at 40 cm, which resulted in a small overlap of 
the wetting patterns (Kandelous et al., 2011). A time-variable flux 
boundary condition was used to represent the ponded area under the 
irrigation water emitter. Drainage outflow at the bottom occurred 
through a 0.5 cm wide seepage face boundary condition. The sides of the 
lysimeter were represented by a no-flow boundary condition (Fig. 2). 

2.2.3. Input parameters 
Model-specific parameters are required to describe water flow, solute 

transport and transformations, and root water and solute uptake. The 
van Genuchten-Mualem model (van Genuchten, 1980) was used to 
describe soil hydraulic properties, and hysteresis was not considered. 
RETC 6.02 (van Genuchten et al., 1991) was used to determine the 
saturated water content (Ɵs), residual water content (Ɵr), and the shape 
parameters α and n. 

For solute transport, the Crank-Nicholson scheme was used for time 
weighting, and Galerkin finite element scheme was used for space 

weighting. The molecular diffusion coefficient is usually negligible in 
soils (Radcliffe and Šimůnek, 2010) and was therefore set to zero for the 
perlite medium used. The longitudinal and transverse dispersivities (λL 
and λT) were calculated from collected breakthrough curves using the 
inverse mode of HYDRUS (2D/3D). The irrigation water amount and 
salinity were used as the time-variable boundary conditions at the top of 
the domain. The drainage water electrical conductivity, measured after 
each irrigation pulse, was used as the data for the inverse solution. The 
dispersivity was determined as the average value of the 18 plots. 

The S-shaped water stress function (van Genuchten, 1987) was used 
to represent water stress with parameters p50 of − 200 cm and pw3 of 3. 
This relatively high value for the p50 parameter was used to ensure high 
sensitivity to water stress; the typical value for horticultural crops is 

Fig. 1. (A) The measured amount of nitrate applied as a function of the irrigation water concentration and I/T rates. (B) The measured total amount of N found in the 
plant and drainage water as a function of the applied nitrate. Each color represents a nitrate concentration treatment, and the hue of each color represents the I/T 
treatment whose value can be read from the x-axis of (A). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
(Reprinted from Journal of Cleaner Production, Vol 212, Groenveld, T., Kohn, Y.Y., Gross, A., Lazarovitch, N., 2019. Optimization of N use efficiency by means of 
fertigation management in an integrated aquaculture-agriculture system. Pages 401–408, Copyright 2019, with permission from Elsevier). 

Fig. 2. The root density distribution at DAT 24, after which it stayed the same. 
The left side of the domain forms a symmetry line in the middle of the 1 m long 
plot. There is a 3 cm wide atmospheric boundary condition at the top left corner 
where the plant base is located. The bottom of the drainage channel, at the 
lowest point, has a 0.5 cm wide seepage face boundary condition. The 
remaining boundaries are no flow. The domain discretization of 350 nodes can 
be seen as faint blue lines. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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lower (Groenveld et al., 2013). The S-shaped salinity stress function (van 
Genuchten and Hoffman, 1984) was used to model the transpiration 
response to salinity, with a c50 value of 3 dS m− 1 and a ps3 value of 3. 
These values are typical for cucumber (Maas and Hoffman, 1977). The 
interaction between salinity and water stresses was considered multi-
plicative. The osmotic coefficient (φ) was set to 1 as the irrigation water 
salinity units (dS m− 1) were the same as those of the stress response 
function (Šejna et al., 2018). The maximum possible N concentration of 
water taken up by the roots (for passive uptake) was set at 1000 mg L− 1 

to allow for unlimited passive uptake. The KM parameter of the 
Michaelis-Menten equation (Eq. (1)) for NO3

- -N was assumed to be 
1 mg L− 1, which is at the lower end of the 0.3–6 mg L− 1 range reported 
for high-affinity transport systems of NO3

- -N in horticultural crops (Le 
Bot and Adamowicz, 2006). 

2.2.4. Time variable boundary conditions 
The time-variable boundary conditions consisted of the measured 

amounts of irrigation water with specified NO3
- -N concentrations unique 

for every 18 treatments. We used the highest measured transpiration and 
N uptake (plot 1, treatment A90, I/T = 3.2) as potential transpiration 
and N uptake for all treatments. As N uptake was only measured at the 
end of the season, potential N uptake was distributed throughout the 
season at a fixed ratio in relation to measured transpiration. As total 
transpiration was measured in daily increments, potential transpiration 
was fixed throughout 12 h of daylight and set to zero at nighttime. The 
initial conditions were not precisely known since the plots had already 
received fertigation for two weeks before transplanting. To eliminate the 
effect of starting simulations with homogenous water and solute distri-
butions in the root zone, water contents and solute concentrations 5 DAT 
were inserted as initial conditions, as transpiration was still minimal, 
while the decay reactions were already taking place. 

The root zone density distribution was described according to a 
formula developed by Vrugt et al. (2001): 

b(x, z) =
(

1 −
z

Zm

)(

1 −
x

Xm

)

e
−

(
pz
Zm |z∗ − z|+ px

Xm |x∗− x|

)

(3)  

where b is the spatial distribution of the root density (-) in two di-
mensions (x,z), Zm and Xm are the maximal vertical and horizontal 
rooting distances from the base of the plant, respectively, which were 
the limits of the lysimeter (cm), z* and x* are the depth and radius of the 
maximal uptake intensity estimated at 5 cm each, and pz and px are 
dimensionless shape parameters that describe the non-symmetry in root 
water uptake in two dimensions (x,z). The root growth rate (gr(x,z)) was 
estimated as 1 cm day− 1 in the x and z directions until the lysimeter’s 
edge was reached. 

The root zone distribution and growth rate in the experiment were 
unknown and were thus estimated. An increase in root growth due to N 
deficiency observed in the measured data at 40 DAT (Groenveld et al., 
2019) was not considered in these simulations. 

2.2.5. Model modification 
The HYDRUS (2D/3D) model (version 3.01) was modified to enable 

solute transformations and active uptake simultaneously. Three solutes 
are considered; the first solute acts like a tracer to represent salinity, the 
second solute represents N in the form of NO3

- , which can be taken up by 
the plant roots, drain out of the root zone, or decay into a daughter 
product, which was the third solute that represents a gaseous denitrifi-
cation product (NO, N2O or N2). Nutrient uptake can be passive or 
active, and denitrification is considered the first-order reaction with a 
rate constant kD. 

An additional formulation was implemented to consider the reduc-
tion in potential transpiration as a function of N stress (considered as a 
ratio of actual and potential cumulative N uptake until that time) that 
was calculated at every time step: 

Tp− new = Tp− input

(
Ra

Rp

)

(4)  

where Tp-new is adjusted potential transpiration (cm2 day− 1), Tp-input is 
maximal potential transpiration of unstressed plants (cm2 day− 1) 
entered as input, and (Ra/Rp) is relative N uptake (-). This is based on the 
understanding that relative transpiration is a linear function of the 
relative growth rate (De Wit, 1958), which is a linear function of the 
relative N addition rate (Ingestad, 1982). 

2.2.6. Comparison with measured data (data analysis) 
The simulated results of water flow and solute transport were con-

verted into units of mm and g m− 2, respectively, to facilitate the com-
parison to measured data. As transpiration and N leaching fluxes were 
measured on a (near-)daily basis, the Root Mean Square Error (RMSE) 
was calculated for these 2 data sets over time to assess the deviation 
between simulated and measured data for each treatment: 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i

(O − M)
2

n

√

(5)  

where O and M are observed and simulated values and n the number of 
data pairs. When RMSE values of measurements with different units 
were compared (i.e., transpiration (mm) and leached N (g m− 2)), they 
were normalized (nRMSE) by dividing the RMSE value by the corre-
sponding maximal measured value of each data set. 

To compare cumulative simulated and measured data across all 
treatments, a linear reduction of the modeled data as a function of the 
measured data was compared with the 1:1 line. The coefficient of 
determination (R2) refers to the fit of the modelled data to the linear 
reduction model. 

2.2.7. Calibration 
Some parameters could be estimated or calculated based on 

measured data, others were taken from the literature, and some were 
calibrated using the HYDRUS model. The calibration was carried out 
using data from the plot that received the highest fertigation (plot 1, 
treatment A90, I/T = 3.2, see Fig. 1). The objective function for the 
calibration of optimized parameters was defined as an average of the 
nRMSE values for transpiration and leached N. The parameters were 
sequentially optimized by trial and error, preserving the value of pre-
viously optimized parameters. This leaves the possibility that a change 
in a subsequently optimized parameter could change the optimal value 
of a previously optimized parameter. 

2.2.8. Validation 
After determining the optimal parameters for the data from the plot 

that received the highest fertigation, the other 17 plots were run with 
the same parameters to validate the function that reduces potential 
transpiration as a function of N uptake (Eq. (4)). The linear regression of 
the cumulative modeled data was compared with the 1:1 line of the 
measured data. The RMSE of transpiration and leached N over time were 
compared for each treatment. 

2.2.9. Calculation of active uptake 
To calculate the contribution of active N uptake to total N uptake, the 

HYDRUS (2D/3D) simulations were run with and without active uptake 
enabled and stopped at the end of each daily time step. The difference in 
N uptake between the two simulations was considered the active uptake 
contribution. The simulation was continued in this manner till the end of 
the season, with the results of the ’active uptake enabled’ simulation for 
the previous day used as the initial conditions for the subsequent day. 
Cumulative active uptake was divided by cumulative total uptake and 
reported as a percentage for each treatment. 

These values were compared with a percentage of active uptake 
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(Uact) calculated according to a modified version of the Barber (1962) 
calculation: 

Uact =
(Utot − Nav∙Ttot)

Utot
∙100% (6)  

where Utot is total nutrient uptake (g), Nav is the spatiotemporal average 
nutrient concentration of the soil solution (g L− 1), and Ttot is total 
transpiration (L). 

2.2.10. Sensitivity analysis 
The sensitivity of all 18 simulations to individual parameters was 

demonstrated by running the simulations with all parameters fixed but 
increasing and decreasing the analyzed parameter by 20%. The studied 
parameters included z*, x*, pz, and px, which describe the root zone 
density distribution (Eq. (3)), the first-order degradation rate constant 
kD, the Michaelis-Menten coefficient KM from Eq. (1), and the solute and 
water uptake compensation parameters ΩC and ΩC. The results were 
analyzed by comparing the slope and intercept of the cumulative tran-
spiration and N leaching data to the 1:1 line and the average nRMSE of 
transpiration and leached N. 

2.2.11. Optimization 
In fertigation of horticultural crops, the factors most easily controlled 

by the grower are the amount of irrigation water, its fertilizer concen-
tration, and the irrigation frequency. As in the experimental setup, the 
irrigation frequency was a function of the amount of applied irrigation 
water, distributed evenly throughout the day in pulses of 1 min duration 
at a rate of 0.67 mm/min. The other environmental conditions, such as 
potential transpiration and N uptake, the media type, and irrigation 
water salinity, were the same as in the experiment described above. The 
calibrated and validated model was used to find the optimal combina-
tion of N concentration in irrigation water and the total N applied. The 
optimal combination should be close to the highest measured transpi-
ration and N uptake with the lowest amount of N lost to leaching or 
gaseous emissions. Water and N use efficiencies (WUE and NUE) were 
defined as the amounts of water transpired or N taken up divided by the 
amount applied. NUE is a measure that can be used to compare the N use 
between different agricultural systems (van Groenigen et al., 2010). 
However, since minimizing the N application maximizes the NUE, an 
objective function in optimizing fertilizer application demands 
including a condition or constraint that a certain percentage of the 
maximal yield has to be achieved. 

3. Results and discussion 

3.1. Parameters estimated from experimental data 

3.1.1. Hydraulic parameters 
The water content as a function of the pressure head for perlite is 

shown with the standard deviation in Fig. 3. The hydraulic parameters 
determined using the RETC 6.02 software (van Genuchten et al., 1991) 
are reported in Table 2, and these were used to model the unsaturated 
hydraulic conductivity as a function of the pressure head (van Gen-
uchten, 1980) (Fig. 3). The retention curve and unsaturated hydraulic 
conductivity of sand and loam soils from the Carsel and Parrish catalog 
(1988) are plotted in the same graph for comparison. Besides ensuring a 
well-aerated root zone, the large pore volume of perlite gives it an 
additional water holding capacity in the range of pressure heads most 
relevant under frequent irrigation. The hydraulic conductivity of perlite 
at saturation was 943 cm day− 1 and decreased rapidly with small in-
creases in pressure head, similar to sand but less pronounced (Raviv 
et al., 2002). Though the Richards equation was developed to describe 
water flow through unsaturated soil, it has also been used to model 
water flow in perlite (Li and Babcock, 2015; Palla et al., 2009; Sandoval 
et al., 2017). 

3.1.2. Solute transport parameters 
The measured and simulated breakthrough curve data are shown in  

Fig. 4. The average λL and λT estimated were 7.9 and 0.0001 cm, 
respectively (Table 2). The ratio of the λT to the depth of the domain 
(7.9 cm/18 cm = 0.44) is much higher than that recommended for field- 
scale experiments in the literature, which is usually only 0.1 (Gelhar, 
1986). However, Kim et al. (2002) found a ratio of 0.3 for a conservative 
tracer in an unconfined sandy aquifer. Similarly, Boudreau et al. (2009) 
reported an average ratio of 0.43 for a bromide tracer in pure sphagnum 
peat media. 

3.2. Modeling results 

3.2.1. Calibration 
The parameters optimized to fit measured data from the lysimeter 

with the highest fertigation treatment are listed as “calibrated” in 
Table 2. Water compensation (ΩC) was not required and could thus be 
kept at 1 (no compensation). Some N uptake compensation (ΩS) was 
needed as nRMSE decreased for ΩS values between 1.0 and 0.9 but 
remained the same for further decreases of ΩS. The first-order rate 
parameter (kD) was tested for a range of values, and a distinct minimum 
of nRMSE was found at kD = 0.2. The N and water fluxes as a function of 
time for the calibrated simulation are shown in Fig. 5. Simulated leached 

Fig. 3. The water content as a function of the pressure head for perlite, reported with the standard deviation, and the unsaturated hydraulic conductivity calculated 
by means of van Genuchten (1980). Soil hydraulic functions for sand and loam using parameters from Carsel and Parrish (1988) are plotted for comparison. 
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N was similar to measured values (RMSE = 0.166 g day− 1). Simulated 
transpiration was almost perfect (RMSE = 0.003 mm day− 1). 

3.2.2. Validation 
Simulated cumulative transpiration and leached N are compared 

with the measured data in Fig. 6A and 6C, respectively. Without a 
function to reduce potential transpiration due to a limitation in N uptake 
(Eq. (4)), simulated transpiration would remain 180 mm in all treat-
ments and drop only slightly for the low I/T ratio, when transpiration 
would be reduced due to drought and salinity stress (Fig. 1A). The slope 
of the linear reduction of simulated transpiration is 0.82 (R2 = 0.976) 
(Fig. 6A), indicating that the N stress explains most but not all transpi-
ration reduction. The remaining reduction could still be due to the N 
stress, which increases plant sensitivity to other stresses, such as nutri-
tional imbalance, salinity, or drought. However, this hypothesis is not 
supported by research combining salinity and N stress (Shenker et al., 
2003). Increasing N stress led to a larger proportion of N being assigned 
to the roots (Groenveld et al., 2019), which is biomass that is not 
involved in transpiration. While it would be possible to include such 
mechanisms into the model, this would require a more complex plant 
model to be implemented into the HYDRUS (2D/3D) software. 

With a slope of 0.99 (R2 = 0.954), simulated N uptake matched 
measured uptake well (Fig. 6B). N uptake in all simulations could not be 
higher than potential N uptake, taken from the highest fertigation 
treatment. N fertigation was reduced incrementally so that the NUE 
increased in lower treatments until the plant took up almost all applied 
N. The amount of leached N was slightly underestimated for the plots 
that received higher rates of fertigation, getting the slope of 0.86 (R2 

= 0.976) (Fig. 6C). Simulated gaseous N emissions resulting from 
denitrification were lower than N missing from the N mass balance in the 
higher N application range, with a slope of 0.46 (Fig. 6D). In the lower 
fertigation range, the emissions were higher, and in general, the corre-
lation of the linear fit to the modeled data was lower (R2 = 0.46). 

The RMSE for transpiration and leached N are shown in Fig. 7C and 
7D, respectively. They were low for all treatments and for both vari-
ables. For transpiration, the RMSE increased slightly with increasing N 
stress. The RMSE for leached N decreased linearly with a reduction in 
leached N, likely because the amounts of leached N became exceedingly 
small. 

3.2.3. Active and passive uptake pathways 
The percentages of active N uptake of total N uptake simulated by 

HYDRUS (2D/3D) and calculated according to Barber (1962) (Eq. (6)) 
are shown in Fig. 8. When N is not a limiting factor (fertigated 
N > 40 mg m− 2), passive uptake is overestimated by the Barber calcu-
lation, as was pointed out previously by Jungk (2002). This underesti-
mation of active uptake becomes more significant under deficit N 
fertigation (< 40 mg m− 2), where the HYDRUS (2D/3D) simulations 

Table 2 
Parameters describing hydraulic and transport properties of perlite, root distribution, stress response functions, and N uptake.  

Parameter  Units Value Source 

Perlite media      
ϴr Residual water content (cm3 cm− 3)  0.214 Measured data 
ϴs Saturated water content (cm3 cm− 3)  0.74 Measured data 
α Shape parameter (cm− 1)  0.039 Measured data 
n Shape parameter (-)  2.405 Measured data 
l Tortuosity parameter (-)  0.5 Measured data 
Ks Saturated hydraulic conductivity (cm day− 1)  943 Measured data 
ρb Bulk density (g cm− 3)  0.06 Measured data 
λL Longitudinal dispersivity (cm)  7.895 Measured data 
λT Transverse dispersivity (cm)  0.01 Measured data 
Roots      
Root distribution parameters      
z* Depth of maximal uptake intensity (cm)  5 Estimated 
x* Radius of maximal uptake intensity (cm)  5 Estimated 
pz Vertical non-symmetry (-)  0.8 Estimated 
px Horizontal non-symmetry (-)  0.8 Estimated 
gr (x,z) Growth rate (cm day− 1)  1 Estimated 
Water stress response function parameters      
P50 Tension for a 50% T reduction (cm)  -200 Estimated 
Pw3 Drought stress exponent (-)  3 From literature 
PW Permanent wilting point (cm)  -5000 Estimated 
ΩC Water uptake compensation (-)  1 Calibrated 
Salinity stress response function parameters      
EC50 Salinity for a 50% T reduction (dS m− 1)  3 From literature 
ps3 Salinity stress exponent (-)  3 From literature 
φ Osmotic coefficient (-)  1 From literature 
ΩS Solute uptake compensation (-)  0.9 Calibrated 
Nitrate uptake and transformation      
KM Michaelis-Menten coefficient, 50% of uptake (mg cm− 3)  0.001 From literature 
kD First-order rate constant (day− 1)  0.2 Calibrated 
Cmax Maximal passive uptake (mg cm− 3)  10 Estimated 
Smin Minimal active uptake (mg cm− 3)  0.00001 Estimated  

Fig. 4. Relative (to initial salinities) measured irrigation and drainage water 
salinities. Drainage water salinities were simulated using the average dis-
persivity values. 
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show that active uptake increases with increasing N stress, while a 
calculation according to Barber shows the opposite. The difference is 
due to the consideration of spatiotemporal N distribution by HYDRUS 
(2D/3D) instead of using the single value for the soil solution N con-
centration used by Barber. 

3.2.4. Sensitivity analysis 
A 20% change in the parameters describing the shape of the root 

zone (z*, x*, px, pz) had only a very small effect on the results and did not 
improve the fit of measured to modeled data (Table 3). The solute up-
take compensation (ΩS) was 0.9 in these simulations, which could 
explain the lack of sensitivity of leached N to the root zone shape pa-
rameters. The low sensitivity of the simulated results to the root zone 
density distribution indicates that the lack of root data in this experi-
mental setup is not critical. A 20% change in the KM parameter had little 
impact on the simulated results. The KM value used in the simulations 

was 1 mg L− 1, compared to a range of values from 0.3 m to 6 mg L− 1 

found in the literature (Le Bot and Adamowicz, 2006). The 20% change 
did not take the KM value out of this range, and, likely, this parameter 
will only affect the simulation results when a larger change is imple-
mented. Lowering of the kD parameter resulted in reduced gaseous N 
emissions and proportionally higher N leaching. This improved the fit of 
the N leaching data but reduced the fit of the transpiration data. The 
nRMSE was also reduced slightly, indicating that the kD parameter 
optimized based on the entire data may not be suitable for all treat-
ments. This may be due to changes in root zone aeration with changes in 
irrigation regimes. Increasing the solute uptake compensation (reducing 
ΩS) improved the fit of the transpiration data but decreased the fit of 
leached N. The water uptake compensation factor (ΩC) could only be 
reduced since the max value of 1 was used in all simulations (no 
compensation). Doing so did not improve the fit of measured data and 
increased the nRMSE (Table 3). 

Fig. 5. Simulated (lines) and measured (dots) daily N (A) and water (B) fluxes for the plot receiving the highest fertigation. The calibrated parameters are used. In A, 
measured root N uptake over time is not shown as only total uptake at the end of the season was measured. 

Fig. 6. Simulated vs. measured total transpiration (A), N uptake (B), N leaching (C), and N emission (D) for 18 fertigation treatments (distinguished by color, a 
darker hue indicates higher I/T). The fertigation NO3

- concentrations are listed in the legend. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

T. Groenveld et al.                                                                                                                                                                                                                              



Agricultural Water Management 254 (2021) 106971

9

3.2.5. Optimization 
The optimal N application under the described conditions, while 

achieving 99.7% of the maximal yield, was determined to be 40 g m− 2 

with an irrigation water N concentration of 75 mg L− 1. This resulted in 

3.0 g m− 2 of N lost as gaseous emissions, 6.1 g m− 2 of N leaching below 
the root zone, the NUE of 0.73, and the WUE of 0.34. 

The N fluxes, transpiration, NUE, and WUE for an N application 
range of 30–50 g m− 2 are shown for the irrigation water N concentration 
of 75 mg L− 1 and compared with those of 45 and 105 mg L− 1 (Fig. 8). 
When an N application rate is below 40 g m− 2, higher irrigation water N 
concentrations lead to more N uptake (Fig. 8A). The highest N concen-
tration did not produce maximum transpiration, as the reduced amount 
of irrigation water and reduced irrigation frequency limited transpira-
tion (Fig. 8B). This reduction in transpiration also reduced active N 
uptake according to Eq. (2). Plant N uptake was slightly lower for the 
irrigation water concentration of 105 mg L− 1 than 75 mg L− 1 at the N 
application rate of 40 mg m− 2 (Fig. 8A). Under deficit N application 
(below 40 mg m− 2), transpiration remained the highest for the 
75 mg L− 1 N concentration. The N emissions were higher for the higher 
N application concentrations, whereas the amount of leached N was 
higher for the lower N concentrations (Fig. 9CD). The N emissions can be 
in any form of gaseous N; the fraction of these gaseous forms that pose an 
environmental threat is unknown. The leached N is all in the form of 
NO3

- , and thus, its cost as a loss of N and environmental impacts can be 
evaluated. The NUE differs in the lower N application range but is the 
same for all N concentrations when the N application is higher than 
42 g m− 2 (Fig. 8E). There are, however, large differences in the WUE as 
the lower N concentrations require more water to be applied to achieve 
the same N application (Fig. 8F). 

4. Conclusions 

Reducing potential transpiration due to a limitation in N uptake in a 
modified version of the HYDRUS (2D/3D) model could explain 82% of 
the reduction in transpiration measured in a cucumber fertigation 
experiment with 18 fertigation rates when an active uptake of NO3

- was 
considered. Without the N stress reduction function (Eq. (4)), simulated 
transpiration would remain the same for all fertigation treatments 
(which was not the case in the experiments), demonstrating the neces-
sity for such a function to model N fate and transport accurately. The 
HYDRUS (2D/3D) simulations showed that the percentage of active N 
uptake increased with N stress, in contrast to a calculation based on a 
spatiotemporal averaged root zone N concentration. Increased spatio-
temporal resolution of the water and solute distribution in the root zone 
by HYDRUS (2D/3D) allows for more precise quantification of the 
amount of solute transported by mass flow or diffusion. The sensitivity 
of simulated results to the spatial distribution of the roots in the small 
domain studied was low, which indicates that the lack of measured root 
distribution data is not critical. The model was then used to determine 
the optimal N fertigation concentration and rate for cucumbers grown in 
perlite under given transpiration conditions and N demand over time. 
Addressing the combined effect of drought and N stress on potential 

Fig. 7. RMSE for transpiration (A), and leached N (B) as a function of modeled transpiration and leached N fluxes. Different colors refer to different fertigation 
concentrations, and a darker hue indicates higher I/T. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 8. Comparison of the percentage of N uptake by active pathway as 
simulated by HYDRUS (2D/3D) and calculated according to the Barber method. 
Different colors refer to different fertigation concentrations, and a darker hue 
indicates higher I/T (see Fig. 1A). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
The sensitivity of different variables to a 20% increase or decrease in selected 
parameter values.    

T slope T intercept N slope N intercept nRMSE 

Calibrated values:  0.816  30.760  0.862  -0.316  0.191 
x* –  0.002  0.025  -0.007  -0.039  0.000  

+ -0.004  0.225  0.008  0.042  0.001 
z* –  -0.002  0.031  0.004  0.015  0.000  

+ 0.000  0.168  -0.004  -0.016  0.000 
px –  0.000  0.058  -0.002  -0.015  0.000  

+ -0.002  0.165  0.003  0.013  0.000 
pz –  0.000  -0.042  0.001  0.007  0.000  

+ 0.000  0.045  -0.001  -0.006  0.000 
KM –  0.000  -0.007  0.000  -0.001  0.000  

+ 0.000  0.000  0.000  -0.001  0.000 
kD –  0.000  0.406  0.048  0.005  -0.002  

+ -0.002  -0.057  -0.041  -0.006  0.003 
ΩS –  0.016  -0.449  -0.025  -0.268  -0.001  

+ -0.036  1.881  0.113  0.051  0.004 
ΩC –  -0.016  4.179  -0.002  -0.001  0.009 

The sensitivity is expressed as the change in the slope and intercept of the 
simulated results to the measured data for transpiration (T) and N leached (N) 
(Fig. 6) for the parameters in Table 2. The reported nRMSE is the average nRMSE 
of the transpiration and leached N data for all 18 plots. 
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transpiration and N uptake allows for more realistic N fertigation 
modeling. This is essential when determining the optimal fertigation 
strategy. 
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Šimůnek, J., Šejna, M., Van Genuchten, M.T., 2018a. New features of version 3 of the 
HYDRUS (2D/3D) computer software package. J. Hydrol. Hydromech. 66, 133–142. 
https://doi.org/10.1515/johh-2017-0050. 

Skaggs, T.H., Shouse, P.J., Poss, J.A., 2006. Irrigating forage crops with saline waters: 2. 
Modeling root uptake and drainage. Vadose Zone J. 5, 824–837. https://doi.org/ 
10.2136/vzj2005.0120. 

Snow, V.O., Cichota, R., McAuliffe, R.J., Hutchings, N.J., Vejlin, J., 2017. Increasing the 
spatial scale of process-based agricultural systems models by representing 

T. Groenveld et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref5
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref5
https://doi.org/10.2134/agronj1990.00021962008200010030x
https://doi.org/10.2134/agronj1990.00021962008200010030x
https://doi.org/10.5194/hess-18-333-2014
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref8
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref8
https://doi.org/10.1104/pp.27.3.457
https://doi.org/10.1038/ngeo325
https://doi.org/10.1038/ngeo325
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref11
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref11
https://doi.org/10.1016/j.eja.2019.125993
https://doi.org/10.1016/j.eja.2019.125993
https://doi.org/10.1016/j.agwat.2004.11.011
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref14
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref14
https://doi.org/10.1016/j.agwat.2020.106107
https://doi.org/10.2136/vzj2012.0180
https://doi.org/10.1016/j.jclepro.2018.12.031
https://doi.org/10.1016/j.jclepro.2018.12.031
https://doi.org/10.2136/vzj2017.02.0040
https://doi.org/10.5194/gmd-2020-65
https://doi.org/10.1016/j.envsoft.2019.104540
https://doi.org/10.1016/j.envsoft.2019.104540
https://doi.org/10.1016/S0065-2113(02)77014-4
https://doi.org/10.1016/S0065-2113(02)77014-4
https://doi.org/10.1029/2019EF001222
https://doi.org/10.1029/2019EF001222
https://doi.org/10.1111/1365-3040.ep11611714
https://doi.org/10.1111/1365-3040.ep11611714
https://doi.org/10.2136/vzj2007.0115
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref25
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref25
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref25
https://doi.org/10.2136/sssaj2010.0181
https://doi.org/10.1016/j.agwat.2017.07.023
https://doi.org/10.1002/hyp.395
https://doi.org/10.1002/hyp.395
https://doi.org/10.1007/s13580-012-0054-y
https://doi.org/10.2136/sssaj2005.0046
https://doi.org/10.2136/sssaj2005.0046
https://doi.org/10.1300/J411v15n02
https://doi.org/10.1002/2016WR019773
https://doi.org/10.1002/2016WR019773
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000976
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000976
https://doi.org/10.1016/j.agwat.2014.10.010
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref35
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref35
https://doi.org/10.1111/nph.14927
https://doi.org/10.1111/nph.14927
https://doi.org/10.1016/j.scitotenv.2018.06.215
https://doi.org/10.1016/j.jhydrol.2009.10.008
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref39
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref39
https://doi.org/10.1016/j.jhydrol.2014.04.008
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref41
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref41
https://doi.org/10.1029/2008WR006912.M
https://doi.org/10.1016/j.agwat.2012.05.007
https://doi.org/10.1016/j.agwat.2012.05.007
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref44
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref44
http://refhub.elsevier.com/S0378-3774(21)00236-5/sbref44
https://doi.org/10.3950/jibiinkoka.94.12_1844
https://doi.org/10.1111/j.1365-3040.2010.02223.x
https://doi.org/10.1111/j.1365-3040.2010.02223.x
https://doi.org/10.1016/j.envsoft.2017.03.008
https://doi.org/10.1016/j.envsoft.2017.03.008
https://doi.org/10.1098/rsta.2008.0198
https://doi.org/10.1098/rsta.2008.0198
https://doi.org/10.1007/s11104-006-9163-7
https://doi.org/10.1002/wrcr.20085
https://doi.org/10.2136/vzj2016.10.0101
https://doi.org/10.1071/PP9950823
https://doi.org/10.1071/PP9950823
https://doi.org/10.1007/s11104-013-1990-8
https://doi.org/10.1007/springerreference_28001
https://doi.org/10.1023/A:1026274015858
https://doi.org/10.1023/A:1026274015858
https://doi.org/10.1016/j.agwat.2010.08.016
https://doi.org/10.1016/j.agwat.2010.08.016
https://doi.org/10.1016/j.ecolmodel.2008.11.004
https://doi.org/10.1016/j.ecolmodel.2008.11.004
https://www.pc-progress.com/en/Default.aspx?hydrus-3d#k3
https://doi.org/10.2136/vzj2016.04.0033
https://doi.org/10.1515/johh-2017-0050
https://doi.org/10.2136/vzj2005.0120
https://doi.org/10.2136/vzj2005.0120


Agricultural Water Management 254 (2021) 106971

12

heterogeneity: the case of urine patches in grazed pastures. Environ. Model. Softw. 
90, 89–106. https://doi.org/10.1016/j.envsoft.2017.01.005. 

Tao, Y., Li, N., Wang, S., Chen, H., Guan, X., Ji, M., 2021. Simulation study on 
performance of nitrogen loss of an improved subsurface drainage system for one- 
time drainage using HYDRUS-2D. Agric. Water Manag. 246, 1–16. https://doi.org/ 
10.1016/j.agwat.2020.106698. 

Thompson, R.B., Incrocci, L., van Ruijven, J., Massa, D., 2020. Reducing contamination 
of water bodies from European vegetable production systems. Agric. Water Manag. 
240. https://doi.org/10.1016/j.agwat.2020.106258. 

Tischner, R., Kaiser, W., 2007. Nitrate Assimilation in Plants, Biology of the Nitrogen 
Cycle. Elsevier B.V. https://doi.org/10.1016/B978-044452857-5.50019-9 

Tripler, E., Shani, U., Ben-gal, A., Mualem, Y., 2012. Apparent steady state conditions in 
high resolution weighing-drainage lysimeters containing date palms grown under 
different salinities. Agric. Water Manag. 107, 66–73. https://doi.org/10.1016/j. 
agwat.2012.01.010. 

van Genuchten, M.T., 1980. A closed-form equation for predicting the hydraulic 
conductivity of unsaturated soils. Soil Sci. Soc. Am. J. 44, 892–898. https://doi.org/ 
10.2136/sssaj1980.03615995004400050002x. 

van Genuchten, M.T., 1987. A numerical model for water and solute movement in and 
below the root zone, Unpublished Research Report. 

van Genuchten, M.T., Hoffman, G.J., 1984. Analysis of crop production. In: Shainberg, I., 
Shalhevet, J. (Eds.), Soil Salinity Under Irrigation. Springer, New York, pp. 258–271. 

van Genuchten, M.T., Leij, F.J., Yates, S.R., 1991. The RETC code for quantifying the 
hydraulic functions of unsaturated soils. United States Environ. Reseach Lab, p. 93. 
https://doi.org/10.1002/9781118616871. 

van Groenigen, J.W., Velthof, G.L., Oenema, O., Van Groenigen, K.J., Van Kessel, C., 
2010. Towards an agronomic assessment of N2O emissions: a case study for arable 

crops. Eur. J. Soil Sci. 61, 903–913. https://doi.org/10.1111/j.1365- 
2389.2009.01217.x. 
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