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Abstract Agricultural land use and management changes significantly alter water and nitrate (NO3
− )

transport in the vadose zone (VZ) of the Earth's Critical Zone (CZ), thereby affecting groundwater recharge and
quality. Here, we developed a multi‐column modeling approach to estimate recharge and NO3

− transport in the
cultivated loess CZ of China's Guanzhong Plain (CGP), with a specific focus on the cropland‐to‐orchard
transition. The model also quantified uncertainties in water and NO3

− fluxes caused by variability in soil
hydraulic parameters (SHPs). Evaluation against observations from 12 sites demonstrate good model
performance. Relative to measured SHPs, uncertainties in groundwater recharge and NO3

− leaching fluxes
ranged from 3% to 86% when using SHPs derived from Rosetta and global data sets, with higher uncertainties in
orchards than in croplands. Simulations based on measured SHPs identified the central and eastern CGP as
hotpots of groundwater NO3

− contamination. The shift from corn‐wheat rotation to apple orchards increased
NO3

− leaching fluxes by 38 times while reducing groundwater recharge by 10%. Under both land‐use scenarios,
NO3

− travel times through the VZ spanned decades to centuries, and the cropland‐to‐orchard transition
extended it by 23 years for NO3

− to reach the aquifer. Although this conversion delays NO3
− transport to the

aquifer, the elevated leaching flux increases the risk of groundwater NO3
− pollution, especially in regions with

shallow VZs and coarse soil texture. This study highlights the critical need for caution when implementing
large‐scale cropland‐to‐orchard conversions in the CGP and provides important insights for groundwater
vulnerability assessments in regions with comparable hydrogeological and agricultural conditions.

Plain Language Summary Agricultural land‐use and management changes significantly alter
vadose zone hydrology and nitrate (NO3

− ) transport within the Earth's Critical Zone (CZ). In this study, we built
a model that uses many vertical soil columns to represent the soil. We used this model to estimate how much
water reaches the groundwater and how much NO3

− moves downward under two land use systems: traditional
cropland and orchards. We also tested how differences in soil hydraulic properties affect the results. These
differences create large uncertainties in the predicted amount of water recharge and NO3

− leakage, especially in
orchards. In the central and eastern parts of the region, groundwater is more susceptible to NO3

− pollution.
Converting cropland to orchards reduces the amount of water reaching the groundwater but increases the
amount of NO3

− moving downward, raising the risk of groundwater pollution. Future large‐scale shifts from
croplands to orchards require caution, particularly in regions with shallow soil and coarse texture.

1. Introduction
Groundwater nitrate (NO3

− ) contamination represents a significant environmental challenge worldwide, espe-
cially in regions with intensive agricultural practices and high nitrogen (N) fertilizer applications (Xue
et al., 2009; Zhu et al., 2023). Studies have shown that NO3

− tends to accumulates in the vadose zone (VZ),
particularly in areas with thick VZs and long histories of agricultural activity, as observed across parts of China,
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North America, and Europe (Ascott et al., 2017; Yang, Wu, Dong, et al., 2020). This accumulation poses sub-
stantial risks to subsurface environments due to NO3

− ’s high water solubility, limited uptake by plant roots in the
deep VZ, and weakened denitrification processes (Mahvi et al., 2005; Rao & Puttanna, 2000; Wang et al., 2019;
Wang, X et al., 2015; Zhang et al., 2013). Understanding NO3

− transport patterns within the VZ helps to
determine the quantity and timing of NO3

− reaching groundwater, thereby facilitating the assessment of
groundwater NO3

− contamination risks.

NO3
− transport in the VZ is shaped by several factors, including soil properties, land‐use types, and agricultural

management practices (Bohlke, 2002; Green et al., 2008; Liao et al., 2012; Robertson et al., 2017). Soil properties,
such as texture, porosity, and organic matter content, exert a strong control on NO3

− transport through the soil
matrix (Fatichi et al., 2020; Wang et al., 2019). Different land‐use types (e.g., croplands, orchards, natural
vegetation) exhibit distinct NO3

− transport behaviors, driven by differences in water consumption, root distri-
bution depth, and nutrient cycling processes (Padilla et al., 2018; Turkeltaub et al., 2015, 2021). Additionally,
agricultural management, such as tillage, irrigation, fertilization, and drainage systems, can significantly alter soil
hydrological regimes and nutrient dynamics, thereby reshaping NO3

− transport pathways in the VZ (Bowles
et al., 2018; Gao et al., 2019; Suchy et al., 2018; Wang et al., 2023). Recent studies in intensively agricultural
regions of China have revealed that the conversion of croplands to orchards often leads to substantial NO3

−

accumulation in the deep VZ (Yang, Wu, Song, et al., 2020; Gao, J et al., 2021). This accumulation is primarily
driven by high N fertilizer inputs, which are motivated by economic incentives to boost orchard yields (Gao, J
et al., 2021; Jia et al., 2024; Niu et al., 2022; Yang, Wu, Song, et al., 2020). These findings highlight the need to
account for land‐use change and its impacts on NO3

− dynamics, particularly in regions undergoing significant
agricultural transformation. While field measurements provide valuable insights into local scale NO3

− leaching,
they are often limited by narrow spatial and temporal coverage. In contrast, numerical modeling and simulations
offers a complementary approach to assess long‐term NO3

− transport across larger regions and support evalu-
ations of its potential threat to groundwater quality.

The Guanzhong Plain of China (CGP) is a historically important and intensively farmed agricultural region. Since
the 1990s, it has experienced extensive conversion of croplands to orchards, driven primarily by the higher
economic returns of orchard crops (Gao, J et al., 2021; Niu et al., 2022; SXBS, 2021). This large‐scale land‐use
transition has raised serious concerns about groundwater NO3

− contamination, as fertilizer application rates in
local orchard systems are far higher than those in traditional croplands (Niu et al., 2022). Notably, as the world's
top producer of orchard crops, China applies 1.4 to 9.1 times more fertilizer per unit area in its orchards compared
to other major orchard‐producing countries (Zhao et al., 2022). Over‐fertilization not only increases groundwater
pollution risk but also causes substantial economic losses. For this reason, accurately predicting the spatiotem-
poral dynamics of N in the CGP is critically important. Such reliable predictions can support the development of
integrated management strategies, among which reducing excessive fertilization in orchards remains the most
direct and effective measure, alongside other practices aimed at balancing energy efficiency and environmental
sustainability.

Physically based models of unsaturated flow and solute transport have become vital tools for simulating water and
NO3

− transport processes in the VZ. Among these models, the multi‐column approach has been successfully
applied in regional‐scale soil hydrologic modeling, demonstrating distinct advantages in capturing spatial vari-
ability and interactions between hydrological and biogeochemical processes (Hu et al., 2019; Turkeltaub
et al., 2018, 2020). This methodology is also integrated into land surface models (e.g., the Community Land
Model) to represent soil hydrological dynamics at broader scales (Lawrence et al., 2019). Such physically based
models enable the analysis of both individual and combined controls, including soil properties, land‐use types,
and agricultural management practices, on long‐term NO3

− transport behavior in the VZ. Furthermore, they serve
as valuable platforms for exploring various environmental and management scenarios, as well as for evaluating
strategies aimed at mitigating groundwater quality degradation (Akbariyeh et al., 2018; Huan et al., 2020; Lyu
et al., 2019; Turkeltaub et al., 2018, 2021).

Models simulating water and NO3
− transport in the VZ rely heavily on accurate soil hydraulic parameters (SHPs),

which define the soil water retention and unsaturated hydraulic conductivity functions. Direct measurement of
these parameters, however, is often impractical due to high time and resource demands. To address this limitation,
researchers commonly use pedotransfer functions (PTFs) to estimate SHPs from easily measurable soil properties
(e.g., particle size distribution, bulk density, organic carbon content). This enables the development of regional or
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global SHP data sets, providing a practical alternative for model parameterization and supporting large‐scale
assessments of water and NO3

− fluxes across agricultural landscapes (Gupta et al., 2021, 2022b; Schaap
et al., 2001; Zhang, Y et al., 2018; Zhao et al., 2016). Despite their utility, PTFs have key limitations: many are
calibrated for specific geographic and pedoclimatic contexts and may not perform reliably outside their original
validation range. Applying such PTFs to regions with dissimilar soil and climate conditions can introduce sub-
stantial uncertainties into model predictions (Mohajerani et al., 2021; Paschalis et al., 2022; Weihermüller
et al., 2021). It is therefore essential to evaluate how SHP uncertainty affects simulated outputs, using field
observations, to improve the reliability of predictions related to groundwater recharge and NO3

− transport in
the VZ.

The primary objective of this study was to apply an established multi‐column modeling approach to assess how
the conversion of croplands to orchards affects groundwater recharge and NO3

− transport in the VZ. Simulation
uncertainties stemming from SHPs were quantified using an extensive regional database, which includes 124
sampled soil profiles. Based on the modeling results, potential NO3

− contamination hotspots in the groundwater
of the CGP were predicted. This study highlights that, in cultivated loess critical zones (CZs) and other similar
regions worldwide, converting croplands to orchards should be accompanied by reduced fertilizer application to
minimize the risk of groundwater pollution.

2. Materials and Methods
2.1. Study Area

The study was conducted in the CGP (34°00− 35°40 N, 107°30− 110°30 E), a 34,000 km2 region situated in the
southern area of the Loess Plateau, within the middle reaches of the Yellow River Basin (Figure 1). The CGP has a
sub‐humid continental monsoon climate. From 1970 to 2020, the region recorded a mean annual precipitation of
334–900 mm, mean annual temperature of 11.6–14.4°C, and annual potential evapotranspiration of 800–
1,100 mm (Figure 2). The groundwater table, an indicator of VZ thickness, varies from 1 to 63 m (median:
24 m) and has remained relatively stable over the past 2 decades (Niu et al., 2022). Known for its fertile soils and
favorable climate, the CGP has supported agricultural activity and human settlement for millennia. Historically,
its farming systems were dominated by wheat and other cereal crops, with soil fertility maintained primarily
through organic amendments (Wang et al., 2017; Wu et al., 2021). Since the 1980s, however, the widespread
adoption of chemical fertilizers has fundamentally transformed local agricultural practices (Zhang et al., 1996).
Currently, wheat‐maize double cropping is the dominant cropping system (Niu et al., 2022). Additionally, since
the 1990s, large areas of cropland have been converted to orchards (primarily apple and kiwifruit orchards) to
boost economic returns; provincial yearbook data show that orchard coverage in the CGP increased by 48.6%
between 1998 and 2020 (SXBS, 2021).

Groundwater is the primary source of agricultural irrigation in the CGP, with furrow irrigation as the dominant
method. Under the prevailing winter wheat‐summer maize rotation, crops are irrigated five times annually, with a
total annual irrigation volume of 300–400 mm (Shen et al., 2020). In contrast, orchards are typically irrigated 3–4
times per year, with total annual irrigation amounts ranging from 400 to 600 mm (Lu et al., 2016). Fertilization
rates also differ markedly between the two land‐use types: between 2005 and 2009, average annual N inputs
reached 440 kg N ha− 1 yr− 1 in croplands and 670 kg N ha− 1 yr− 1 in orchards (Wang, 2014; Zhao et al., 2014). The
CGP's soils are predominantly silty loam and silty clay loam, featuring high porosity and permeability. These
favorable hydraulic properties, combined with intensive fertilizer inputs, create conditions that promote signif-
icant NO3

− accumulation in the VZ (Niu et al., 2021, 2022).

2.2. Field Sampling and Laboratory Analysis

In this study, soil and groundwater sampling was conducted to acquire data for model parameterization, cali-
bration, and validation. In 2020, 124 undisturbed soil samples (102 from croplands and 22 from orchards) were
collected from the top 0–20 cm soil layer using 100 cm3 stainless cutting rings. These undisturbed samples were
used to measure soil water retention curves (SWRCs), saturated soil hydraulic conductivity (Ks), saturated soil
water content (θs), and bulk density (BD). Groundwater samples were collected from private wells adjacent to the
soil sampling sites, with a total of 124 samples analyzed to determine chloride (Cl− ) concentrations. The locations
of all soil and groundwater sites are shown in Figure 1c. Disturbed deep soil samples were collected at 4 field
locations (3 in croplands, 1 in orchard) down to a depth of 10 m. These samples were analyzed for particle size
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distribution (PSD), Cl− and NO3
− content, and soil water content. Sampling intervals were 0–10 cm, 10–20 cm,

20–40 cm, 40–60 cm, 60–80 cm, 80–100 cm, 100–120 cm, 120–160 cm, and 160–200 cm for the upper 2 m, and
every 50 cm from 2 to 10 m. To expand the data set for model calibration and validation, 8 additional deep soil
profiles from the Loess Plateau were obtained from published literature (Table S1 in Supporting Information S1).
Combined with the 4 newly sampled profiles, this yielded a total of 12 soil profiles for model calibration and
validation (Figure 1b).

Ks was determined using the constant‐head method. In this approach, water flows through a saturated soil column
under a steady hydraulic gradient; Ks was then calculated from the measured flow rate (Klute & Dirksen, 1986).
SWRC was measured using a high‐speed refrigerated thermostatic centrifuge (CR21G, Hitachi, Ltd., Tokyo,
Japan) to determine soil water content at varying suction levels (Li et al., 2016). BD was calculated as the ratio of
dry soil mass to the core volume. Disturbed soil samples were first air‐dried and sieved through a 1 mm mesh.
PSD was then analyzed by laser diffraction using a Mastersizer 2000 (Malvern Instruments, Malvern, England).
Moist soil samples were extracted with a 2 M potassium chloride (KCl) solution at a soil‐to‐solution ratio of 1:5.
The extracts were filtered through 0.45 μm membranes, and NO3

− contents were measured using a continuous‐
flow injection analyzer (FIAstar 5000, FOSS, Denmark). Cl− content was determined using a discrete chemistry
analyzer (Smartchem 200, AMS, Italy). This instrument uses colorimetric analysis, based on the reaction of Cl−

ions with mercury (II) thiocyanate and ferric NO3
− in an acidic medium. Soil water content was determined

Figure 1. Geographical context and sampling sites. (a) Geographic location of the Guanzhong Plain in China; (b) Spatial
distribution of deep soil profiles used for model calibration and validation (Gates et al., 2011; Huang et al., 2018, 2021; Ji
et al., 2022; Li et al., 2017; Zhao et al., 2024; Zhu et al., 2023); (c) Spatial distribution of soil and groundwater sampling sites,
where red symbols represent croplands and blue symbols represent orchards.
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gravimetrically: the samples were oven‐dried at 105°C for 24 hr, and water content was calculated as the per-
centage of weight loss relative to the initial wet sample weight.

In addition, farming practices were investigated via field visits, focusing on crop type, irrigation frequency and
volume, as well as fertilizer type and application rates. Due to limited data on deep SHPs and the extensive loess
coverage, characterized by minimal vertical heterogeneity in the study area (Figure S1 in Supporting Informa-
tion S1), soil properties in the deep VZ were approximated using data from the 0–20 cm layer. A scaling factor
was further used to account for the reduction in hydraulic conductivity with depth (Wang, W et al., 2018). Lateral
subsurface flow was not incorporated into the model, as coarse‐textured soils are dominant in the study area with
flat terrain (Hu et al., 2019). Therefore, it was assumed that water and solute movement is primarily vertical in the
VZ of the study area.

2.3. The Multi‐Column Modeling Approach

A multi‐column modeling approach was employed to simulate regional‐scale water and NO3
− transport in the

VZ. This model solves the Richards equation and conservative solute transport equations within a multiple 1D
column framework, a method previously validated for applications in loess CZs (Turkeltaub et al., 2018, 2020,
2021). The study area was discretized into multiple 1D vertical columns, with gridded simulations of VZ water
and NO3

− transport driven by spatially gridded variables, including SHPs, land‐use type, BD, VZ thickness, daily
spatially interpolated meteorological data, irrigation amounts, fertilization rates, leaf area index, single crop
coefficients, and Cl− inputs (Table S2; Figure S2 in Supporting Information S1). Given the relatively uniform soil
profiles and flat topography of the region, a representative grid cell spacing of 3,000 m × 3,000 m was adopted,
following the approach of Turkeltaub et al. (2018). Details of the specific gridding methodology are provided
below.

2.3.1. Soil Hydraulic Parameters, Land Use, and Soil Properties

The SWRC was characterized using the van Genuchten equation (van Genuchten, 1980) as follows:

θ(h) = θr +
θs − θr

(1 + |αh|n)1−
1
n

(1)

Figure 2. Average annual precipitation, potential evapotranspiration (ET0), and air temperature in China's Guanzhong Plain
(1970–2020). Shaded areas surrounding each trend line represent the range of ± one standard deviation, indicating the
interannual variability of each climatic parameter.
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where θ(h) is the measured volumetric water content (L3 L− 3) at a pressure head h (L); θs is the saturated soil water
content (L3 L− 3), which was set to the measured values; θr is the residual soil water content (L

3 L− 3); α (L− 1) is the
scaling parameter related to the inverse of the air entry pressure, and n (− ) is a curve‐shape parameter related to
soil pore size distribution.

The unsaturated hydraulic conductivity K(h) is defined as a function of h (van Genuchten, 1980):

K(h) = KsS le[1 − (1 − S
1/(1− 1/n)
e )

(1− 1/n)
]
2

(2)

Se =
θs − θr
θ − θr

= [1 + (− αh)n]1−
1
n (3)

where Ks (L T
− 1) is the saturated hydraulic conductivity and l is the soil pore tortuosity parameter with a constant

value of 0.5.

The measured θs, θr, α, n, K(h), and BD were spatially interpolated using the Inverse Distance Weighting (IDW)
method to create a 3 km‐resolution SHP data set (Data set I). To assess the impact of SHPs uncertainty on
simulation accuracy, two additional data sets were used for comparison. Data set II was extracted from a global
SHP data set (10 cm depth) developed by Gupta et al. (2020, 2022a) using a random forest‐based PTF. SHPs in
Data set III were estimated using the RosettaH3 model (Schaap et al., 2001), with input soil properties obtained
from the SoilGrid250 m database (10 cm depth; ISRIC, 2017). Both Data sets II and III were resampled to 3 km
resolution for consistency. Detailed descriptions of each data set and their spatial distributions are provided in
Table S3 and Figures S3 and S4 of Supporting Information S1. All simulations assumed constant SHPs, even
though agricultural management practices may cause transient SHP variations. Prior research has shown that such
variations are temporary and typically revert to baseline values within a few wetting‐drying cycles (Zhang
et al., 2017). Given the study's focus on regional‐scale hydrological processes, this simplification is deemed
reasonable and supports robust qualitative and comparative analyses.

To assess how land‐use change affects groundwater recharge and NO3
− transport in the VZ of the CGP, two

hypothetical land‐use scenarios (cropland and orchard) were simulated. In the cropland scenario, the entire study
area was assumed to be cropland under a wheat‐corn rotation: wheat (October–May) and corn (June–September).
Irrigation and fertilization were applied three times for wheat (December, March, May) and twice for corn (June,
July). In the orchard scenario, the entire study area was assumed to be orchards, represented by apple trees (a
dominant local orchard crop; Table S4 in Supporting Information S1). As perennial systems, apple orchards were
simulated as year‐round vegetation. Irrigation and fertilization were scheduled four times annually (April, June,
July, August), consistent with regional orchard management norms. Land‐use data were derived from the China
Multi‐Period Land Use Remote Sensing Monitoring Data set (Xu et al., 2018). VZ thickness data were sourced
from the Global Groundwater Table Distribution Data set (Fan et al., 2013), which is built on over 1 million well
records. Its accuracy in the CGP was validated against published groundwater depth contour maps (Zhang, 2018),
showing good agreement in both spatial distribution and depth range (VZ thickness across the region: 1.0–63 m).

2.3.2. Climate Data

Daily meteorological variables were collected from 31 meteorological stations in the CGP over the period 1970–
2020 (Figure 2, Figures S5 and S6 in Supporting Information S1). The variables include daily mean, maximum,
and minimum air temperature (°C), daily precipitation (mm), relative humidity (%), sunshine hours (h), and wind
speed (m s− 1). For each meteorological station, daily reference evapotranspiration (ET0) was calculated using the
Penman‐Monteith equation (Allen et al., 1998). To match the model's 3 km grid resolution, spatial interpolation of
key daily climatic variables (precipitation, mean air temperature, and ET0) from the 31 stations was performed
using the IDW method.

2.3.3. Leaf Area Index (LAI) and Chloride Data

LAI (a key parameter for simulating vegetation water use) and single crop coefficients (used to calculate actual
ET) were assigned based on measured values from published literature (Kang et al., 2003; Liu et al., 2012). These
parameters were further gridded according to land‐use type (cropland vs. orchard) and set to vary with time,
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reflecting seasonal changes in crop growth. Cl− was used as a conservative tracer to constrain water flow sim-
ulations, with inputs derived from three sources: precipitation, irrigation, and dry deposition. The Cl− concen-
tration in precipitation (including contributions from dry deposition) was estimated using a linear regression
equation:

Clc = − 0.001 × P + 1.618 (4)

where Clc is the Cl
− concentration in precipitation (mg L− 1) and P is precipitation amount (mm). This equation

was developed from long‐term monitoring of precipitation Cl− concentrations in the study region and has been
validated to effectively capture Cl− inputs from both wet precipitation and dry deposition (Li et al., 2017),
ensuring high reliability for regional‐scale simulations.

Groundwater is the primary source of irrigation water in the CGP (SPWRD, 2018; Wang, H et al., 2018). Thus,
the Cl− concentration in irrigation water was determined using gridded groundwater Cl− data. This gridded data
set was generated by spatially interpolating Cl− concentration measurements from 124 groundwater sampling
sites via the IDW method, matching the model's 3 km grid resolution.

2.4. Model Setup

2.4.1. Water Flow and Solute Transport Models

Unsaturated water flow and NO3
− transport in the VZ were simulated using the Hydrus‐1D code (Šimůnek

et al., 2008). For the unsaturated flow module, the simulation was governed by the Richards equation:

∂θ
∂t
=
∂
∂z
[K(

∂h
∂z
+ 1)] − S (5)

where h (L) is the pressure head, θ (L3 L− 3) is the volumetric water content, t (T ) is time, z (L) is the vertical
coordinate, K (L T− 1) is the unsaturated hydraulic conductivity function, and S is a root water uptake sink
term (T− 1).

N transport in the soil is primarily driven by two processes: advection and dispersion. To account for N trans-
formations (e.g., mineralization, immobilization, denitrification) during transport, a first‐order reaction kinetic
equation was adopted, following the approach of Turkeltaub et al. (2018). This equation is expressed as:

∂θCNH4
∂t

+
∂ρSNH4
∂t

=
∂
∂z
[θD

∂θCNH4
∂z

] −
∂qCNH4
∂z

− fNH4SCNH4 − μnitθCNH4 − μvolθCNH4 (6)

SNH4 = KdCNH4 (7)

∂θCNO3
∂t

=
∂
∂z
[θD

∂θCNO3
∂z

] −
∂qCNO3
∂z

− fNO3SCNO3 + μnitθCNH4 (8)

where CNH4 and CNO3 (M L− 3) are concentrations of the N species in the pore‐water solution; SNH4 (MM− 1) is the
mass fraction of the adsorbed NH4; ρ (M L− 3) is the soil's bulk density; θ (L3 L− 3) is volumetric water content; D
(L2 T− 1) is the hydrodynamic dispersion coefficient; q (L T− 1) is the water flux; fNH4SCNH4 and fNO3SCNO3
(M T− 1 L− 3) are the root NH4 and NO3 uptake sinks, respectively, where fNH4 and fNO3 are functions relating
solute uptake to the water uptake S and solute concentrations; μnit (T

− 1) is a first‐order nitrification rate; μvol (T
− 1)

is NH4 volatilization rate; and Kd (L
3 M− 1) is the NH4 partition coefficient. The values of μvol, μnit, and SNH4 refer

to previous research (Akbariyeh et al., 2018).

The hydrodynamic dispersion coefficient depends on both water velocity and water content, and is calculated as
follows:

D = λv + Dwτw (9)
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where Dw is the molecular diffusion coefficient in free water (L
2 T− 1); τw is a tortuosity factor in the liquid phase

(− ); v is the pore water velocity (L T− 1); and λ is the longitudinal dispersity (L). The tortuosity factor (τw = θ7/ 3
θs2
)

was delineated by Millington and Quirk (1961), and the value of Dw (1.52 × 10
− 4 m2 day− 1) was obtained from

previous literature (Lide, 2002).

2.4.2. Root Distribution Models

The root water uptake rate (sink term) was simulated using the Feddes equation (Feddes et al., 1978):

S(h) = F(h) Sp (10)

where F(h) is the dimensionless coefficient of root water uptake (0 ≤ F ≤ 1) and Sp is the potential water uptake
(T− 1). The root water uptake parameter of the Feddes equation for orchards and croplands was adopted from
Baram et al. (2016) and Ma et al. (2011). Root water uptake occurred simultaneously with root N uptake. We
assumed passive N uptake by roots and set the maximum allowable concentration for root N uptake (Table S5 in
Supporting Information S1).

In a 1D system, the potential root water uptake, Sp is described by Feddes et al. (1978):

Sp(z) =
β(z)Tp

∫ Zm0 F(h) dz
(11)

where β(z) is a function (L− 1) describing the root distribution with depth; Tp is the potential transpiration rate
(L T− 1); and Zm is the maximum rooting depth (L). The 1D root depth distribution model was proposed by Vrugt
et al. (2001) and based on the model by Raats (1974):

β(z) = [1 − (
z
zm
)]e−

Pz
zm

⃒
⃒z∗ − z| (12)

where z represents depth (L); Zm represents maximum rooting depth (L); and Pz and z*(L) are empirical
parameters.

In the CGP, wheat and maize roots are predominantly distributed within the 0–1 m soil depth (Wang, Y
et al., 2015), whereas 90% of apple roots are concentrated in the 0–2 m soil layer (Li et al., 2019). Consequently,
root depth was set to 0–1 m for croplands and 0–2 m for orchards. Regarding solute transport parameters, initial
values for Pz (a parameter related to preferential flow or solute partitioning) and z* (a depth‐related scaling
parameter for solute processes) were first determined based on values reported in previous studies (Vrugt
et al., 2001). These initial values were further calibrated and adjusted using measured soil NO3

− content data,
following the parameter optimization approach of Turkeltaub et al. (2018).

2.4.3. Initial and Boundary Conditions

To establish realistic simulation start stages, the model was initialized with two key settings: soil moisture set to
field capacity and all solute (NO3

− , ammonium, and Cl− ) concentrations set to zero. The initial run's outputs
served as the baseline for three subsequent 18,628‐day iterations. The first two iterations acted as spin‐up to
equilibrate the system and reach dynamic steady state. Only results from the final iteration were used for analysis,
ensuring outputs reflect long‐term stable system behavior rather than transient initial conditions.

The upper boundary is an atmospheric boundary condition incorporating surface runoff, which accounts for water
inputs (precipitation, irrigation) and outputs (ET, runoff) at the soil surface. The lower boundary, located at the
groundwater table (submerged surface), is set as a constant head boundary. For solute transport, the upper
boundary is a concentration flux boundary that specifies solute inputs (e.g., NO3

− from fertilization, Cl− from
precipitation/irrigation) entering the soil surface. The lower boundary is a zero‐concentration gradient boundary,
which means no net solute flux occurs across the VZ base. The length of each simulated 1D soil column was
matched to the thickness of the VZ at each grid cell.
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The model received daily time‐step inputs to drive water and solute dynamics, including water inputs (precipi-
tation and irrigation), crop‐related parameters (LAI, pET0), and solute inputs (concentrations of Cl

− and
ammonium). The amounts and frequencies of irrigation were derived from previous literature (Huang et al., 2004;
Kang et al., 2017). Croplands were further categorized into irrigated and non‐irrigated (rain‐fed) systems to reflect
real management variability. pET0 was calculated by multiplying ET0 (reference evapotranspiration) by a single
crop coefficient.

In recent decades, N fertilizer application in the CGP has increased at an annual rate of 4.14%, though this trend is
not statistically significant (Gao, Y et al., 2021). Due to the lack of precise data on this topic, the average annual N
fertilizer application to orchards and croplands in each county was calculated using literature and on‐site
investigation results (Gao, Y et al., 2021; Figure S7 in Supporting Information S1). In this study, both syn-
thetic and organic fertilizers (e.g., livestock manure, human waste) were included as N inputs in the model, with
ammonium bicarbonate being the predominant synthetic fertilizer in the region. Previous studies have shown that
N inputs from anthropogenic sources did not exceed plant uptake before the 1980s (Bouwman & Boumans, 2002;
Zhang et al., 1996); thus, fertilizer application data were only incorporated into regional‐scale models after this
period.

To assess the effects of land use on groundwater recharge and NO3
− transport patterns in the CGP, two hypo-

thetical land‐use scenarios (cropland and orchard) were simulated. Each scenario was run with three distinct SHP
data sets, resulting in a total of six simulations (C1, C2, C3, O1, O2, O3), where “C” denotes cropland and “O”
represents orchard.

2.5. Model Calibration and Validation

Cl− is highly hydrophilic and chemically stable, making it a reliable tracer for soil water fluxes (Niu et al., 2022).
To accurately capture water flow and NO3

− transport in the deep VZ, the regional‐scale model was calibrated and
validated using measured Cl− and NO3

− contents. Model calibration involved adjusting parameters related to
longitudinal dispersion, root water uptake, and root distribution, based on two soil profiles collected from distinct
locations in the study area (Lintong and Luochuan). Validation was then conducted using measured Cl− and
NO3

− contents from 12 profiles: 4 collected in the CGP and 8 from loess regions surrounding the CGP (Gates
et al., 2011; Huang et al., 2018, 2021; Ji et al., 2022; Li et al., 2017; Zhao et al., 2024; Zhu et al., 2023; see
Figure 1b). Specifically, 10 NO3

− profiles were sampled from 5 apple orchards and 5 wheat‐corn rotation
croplands, while 6 Cl− profiles were sampled from 3 apple orchards and 3 wheat‐corn rotation croplands
(Figure 1b). For each profile simulation, measured soil parameters were used, and initial and boundary conditions
were set as described in Section 2.4.3. To account for uncertainty in Cl− and NO3

− inputs, the model was run 15
times; for each run, fertilizer application amounts, irrigation amounts, and Cl− inputs were randomly generated
within a ±20% range of their reference values. Simulation results are presented as concentration ranges for NO3

−

and Cl− profiles.

2.6. Statistical Analysis

2.6.1. Sensitivity Analysis

The model sensitivity to SHPs was quantified using the following sensitivity coefficient (Xia, 2008):

A =
ΔY/Y
ΔX/X

× 100% (13)

where A is the sensitivity coefficient; Y is the objective variable; ΔY is the quantity of change in the objective
variable; X is the independent variable; ΔX is the quantity of change in the independent variable. A positive value
of A indicates that Y and X changed in the same direction.

To assess how SHPs influence the model's performance, sensitivity analyses were performed using the one‐
factor‐at‐a‐time approach (Hu et al., 2019). With all other parameters held constant, each SHP was adjusted
individually within a ±10% range of its base simulated value. Model sensitivity coefficients for each SHP were
then calculated based on the results of these adjustments.
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2.6.2. Uncertainty Analysis

To assess potential uncertainties caused by differences in SHP data sets, a quantitative uncertainty coefficient (σ)
was calculated following the method by Paschalis et al. (2022):

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

( 1
n − 1∑

n
i=1 [Y − Y]

2
)

√

Y
(14)

where n denotes the number of SHPs data sets; Y denotes the simulation results of the regional‐scale model; and Y
denotes the average value of all regional‐scale simulation results.

Due to the limited availability of high‐quality fertilization and irrigation records, regional‐scale uncertainties in
these inputs could not be explicitly constrained. Instead, uncertainty propagation was evaluated using 12
observational profiles: fertilization and irrigation rates were perturbed within a ±20% range of their reference
values, and 15 independent model realizations were conducted with randomly generated parameter combinations
to systematically assess the variability of results induced by these perturbations.

2.6.3. Model Accuracy Evaluation

The accuracy of the model was evaluated using four metrics: Nash‐Sutcliffe Efficiency (NSE), Pearson corre-
lation coefficient (r), root‐mean‐square error (RMSE), and bias. Their respective calculation formulas are as
follows:

NSE = 1 −
∑
n
i=1(oi − pi)

2

∑
n
i=1(oi − o)

2 (15)

r =
∑
n
i=1 (pi − p) (oi − o)̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑
n
i=1 (pi − p)

2
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑
n
i=1 (oi − o)

2
√ (16)

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑
n

i=1
(pi − oi)

2
√

(17)

bias =
1
n
∑

n
i=1 (pi − oi) (18)

where pi and oi represent the predicted and measured values, respectively; n represents the number of samples; p is
the average value of all predicted values (pi); and o is the average value of all measured values (oi).

3. Results and Discussion
3.1. Model Performance

Figure 3 presents representative Cl− and NO3
− profiles sampled from different sites and their corresponding

simulated values. For most locations, high Cl− content was measured within the 0–6 m depth, with a substantial
decline in Cl− content in deeper soil layers (Figure 3). This phenomenon of high Cl− accumulation in the upper
unsaturated zone has been previously reported in the region (Huang et al., 2018, 2021) and is mainly attributed to
evapotranspiration‐driven accumulation processes during continuous deposition events (Gates et al., 2011). Since
infiltration from precipitation and irrigation primarily affects upper soil layers, Cl− is not efficiently leached to
deeper layers (Li et al., 2017). In orchards, significant Cl− accumulation in shallow soils may be indicative of
intensive evapotranspiration (due to the high water demand of orchard trees), high Cl− content in irrigation water,
or a combination of both factors (Min et al., 2018; Turkeltaub et al., 2014). Moreover, the observed Cl− profiles in
orchards, characterized by sharper peaks, are best explained by preferential flow processes. The dense, deep root
systems of orchards promote the development of preferential paths, allowing solutes to rapidly bypass the upper
soil matrix (Beven & Germann, 2013; Jarvis, 2020; Zhang et al., 2019). This contrast in flow regimes becomes
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Figure 3. Measured and simulated Cl− and NO3
− content along soil profiles. The shaded areas represent the ranges derived

from 15 simulations, which account for random variations in fertilizer and irrigation amounts as well as Cl− input.
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more pronounced below the root zone, where piston flow dominates downward movement slows significantly,
concentrating Cl− into a steep gradient at the root zone's base. Below 6 m, Cl− contents in orchard profiles
decreased sharply and stabilized at approximately 23.8 mg L− 1, as seen in data from sites such as Changwu and
Luochuan (Figures 3g and 3h). By comparison, agricultural fields at the same sites had even lower Cl− content in
soil layers deeper than 6 m, with an average of 10.3 mg L− 1 (Huang et al., 2018, 2021), suggesting that Cl−

accumulation persisted after the conversion of croplands to orchards (Huang & Pang, 2011). Higher Cl− content
was observed in the 0–1 m layer of cropland profiles at the Huazhou and Lintong sites (Figures 3e and 3f), but this
is likely due to soil profile measurements being conducted immediately after irrigation events (Turkeltaub
et al., 2018).

Analysis of 10 representative NO3
− profiles revealed a significant difference in the upper 10 m of soil between

croplands and orchards (Figure 3). The mean NO3
− content in cropland soil (6.3 mg kg− 1) is significantly lower

than that in orchard soil (67.5 mg kg− 1) (Figure 3). These findings are consistent with previous studies on the
Loess Plateau (Fan et al., 2024; Li et al., 2011; Niu et al., 2022; Tian et al., 2024), which provide strong evidence
for land‐use transition's impact on soil NO3

− levels. Notably, NO3
− content in orchard profiles consistently

peaked at shallow depths (0–4 m), a pattern similar to that of Cl− profiles, implying the potential involvement of
shared regulatory mechanisms. In cultivated soils, NO3

− primarily originates from fertilizer inputs (Ascott
et al., 2017). In shallow soil layers, NO3

− gradually accumulates under the combined effects of irrigation, pre-
cipitation, and evapotranspiration, processes that also facilitate its movement to deeper layers. However, con-
strained by lower drainage rates in deeper soil and limited infiltration depth of precipitation, NO3

− movement
slows below 4–6 m. It then migrates downward gradually via the piston flow of soil water, ultimately reaching
groundwater (Huang et al., 2013, 2018). At the Huazhou, Fufeng, and Xifeng sites, higher NO3

− content was
observed in the 0–1 m topsoil than in deeper layers of cropland profiles (Figures 3a, 3i and 3j). This pattern is
likely explained by soil profile measurements being conducted immediately after fertilization events (Turkeltaub
et al., 2018), before the newly applied NO3

− had time to leach to lower soil layers.

A comparison of simulated and measured Cl− and NO3
− content showed broad structural agreement across most

profiles (Figure 3). This was further supported by scatter plots of simulated versus observed values, which
revealed reasonable correlations for both Cl− (r = 0.65) and NO3

− (r = 0.81) (Figure S8 in Supporting Infor-
mation S1). Nevertheless, localized deviations persisted at certain depths in several profiles. Overall, both solutes
exhibited similar simulation performance within the same profile (Figures 3a–3h). For instance, the model
successfully reproduced the depth distributions of Cl− and NO3

− at the Huazhou site (Figures 3a and 3e). By
contrast, it overestimated the peak concentrations of both solutes at the Luochuan orchard site (Figures 3d and 3h),
a discrepancy likely tied to the site's historical transition from cropland to orchard. Since the model did not
account for temporal dynamics in land‐use practices and instead simulated the site as an orchard throughout the
study period, it failed to reflect the lower residual solute levels associated with prior cropland use, leading to
overestimated cumulative peaks. A similar explanation applies to the Heihe site (Figure 3o). Conversely, at the
Luochuan cropland site (Figure 3m), NO3

− peaks were underestimated. This may stem from the simulation only
considering continuous cropland use, omitting intermediate land‐use transitions that could have contributed to
NO3

− accumulation. At the Changwu site (Figures 3c and 3g), while NO3
− profiles were well captured, the Cl−

peak width was underestimated, a discrepancy potentially linked to the model's simplified representation of
preferential flow. As a conservative tracer, Cl− transport is primarily controlled by water flow and thus more
sensitive to simplified hydraulic representations, often resulting in sharper simulated peaks. In contrast, the
distribution of reactive N is also influenced by root uptake and nitrification processes, which may offset structural
inaccuracies in transport parameterization. At other sites, including Lintong (Figure 3b), Xifeng (Figures 3i and
3l), Liquan (Figure 3p), and Ansai (Figure 3n), discrepancies may arise from the model's assumption of vertically
homogeneous soil properties (e.g., hydraulic parameters and bulk density), which neglects natural soil layering
and heterogeneity (Turkeltaub et al., 2018). Additionally, the elevated topsoil NO3

− content observed at the
Xifeng cropland site (Figure 3i) may be attributed to recent fertilization. This transient peak could not be
accurately captured in the simulation, as site‐specific fertilization records were unavailable and data were sourced
from previous literature.

Discrepancies between simulated and observed values at specific depths and sites may also stem from un-
certainties in input parameters, which govern key processes such as solute transport, water redistribution, and root
water uptake. For instance, an underestimated longitudinal dispersity could dampen simulated water and solute
movement to deeper layers, while inaccurate root distribution parameters might distort the spatial pattern of water
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uptake in the VZ. Optimal model parameters were determined as follows: longitudinal dispersity (λ) was 0.075 m.
For the wheat‐corn rotation system, the root distribution parameters Z* and Pzwere 0.45 m and 4.53, respectively;
for orchard systems, these parameters were − 0.1 m and 0, respectively.

We acknowledge that certain inherent model assumptions, alongside uncertainties in input data and parameters,
may influence simulation results. This study focused on assessing the impacts of regional‐scale agricultural land‐
use change from croplands to orchards on groundwater recharge and NO3

− transport. At this regional scale,
obtaining all model parameters via experimental measurements is impractical, particularly for biogeochemical
reactive parameters. We made efforts to acquire and estimate representative parameters for simulating both
cropland and orchard systems in the study area, and these limitations do not undermine the significance of the
study's conclusions. We consider the assumptions and data used in the current model to be appropriate for the
research context. Importantly, the alignment between simulated results and observed data supports the accuracy
of the model setup, reinforcing confidence in the insights derived from this work.

3.2. Impacts of SHPs on Model Prediction

To assess how SHP variability influences regional‐scale simulations of VZ water flow and NO3
− transport, the

model was run using two additional widely adopted SHP data sets. The reliability of Data set I (measured SHPs)
was verified by comparing it with SHPs reported in other studies (Bai et al., 2022; Qiao et al., 2018; Zhao
et al., 2016). Notable variations were observed across all three SHP data sets: Data set I exhibited greater spatial
heterogeneity than Data sets II and III (both model‐estimated SHPs), as illustrated in Figures S3 and S4 of
Supporting Information S1.

The results showed similarities in the spatial distribution of groundwater recharge flux, NO3
− leaching flux and

rate, and NO3
− travel time across the three SHP data sets. However, under the orchard scenario, Data sets II and

III failed to capture hotspots of high groundwater recharge flux, high NO3
− leaching flux and rate, and distinct

NO3
− travel times (Figures S9–S12 in Supporting Information S1). This discrepancy is likely attributed to the

reduced spatial heterogeneity in Data sets II and III: their standard deviations were 50%–98% lower than those of
Data set I (Table S6 in Supporting Information S1). This lack of variability limited their ability to accurately
represent localized differences in water flow and NO3

− transport processes, key to identifying hotspots in the
orchard scenario (Figure S3 in Supporting Information S1).

The uncertainty analysis results highlight the critical impact of SHPs on simulations of water flow and NO3
−

transport in the VZ, with a particular influence on NO3
− leaching fluxes. In the orchard scenario, SHPs induced an

uncertainty of 44.9% in NO3
− leaching fluxes; in the cropland scenario, this SHP‐driven uncertainty was even

higher, reaching 86.3% (Figure 4). Additionally, variations in SHPs led to a significant 44.8% variation in the
simulated groundwater recharge fluxes under the orchard scenario.

Overall, the effect of SHPs on water flow and NO3
− transport is significantly stronger in orchards than in

croplands, which is also supported by the sensitivity analysis (Table 1) The primary driver of this difference lies in
how SHP uncertainty propagates through root‐zone water distribution, a process that directly regulates root water
uptake. Orchards, which typically have deeper and denser root systems, are disproportionately sensitive to
variations in root‐zone water availability caused by SHP differences. This heightened sensitivity translates to
greater variability in both water and solute fluxes in orchard simulations. While fully characterizing soil het-
erogeneity remains impractical, refining the precision and spatial coverage of SHP data is a critical step toward
reducing systematic model bias and improving the representation of local‐scale hydrological and biogeochemical
dynamics. Consequently, constructing robust SHP data sets in data‐sparse regions is vital for enhancing the
reliability of VZ and groundwater models.

3.3. Groundwater Recharge Under Two Land Use Scenarios

As depicted by simulations using measured SHPs, the average annual groundwater recharge flux in the CGP
exhibits a distinct spatial pattern, with higher recharge in the eastern region and lower in the western region
(Figures 5a and 5b). This east–west gradient in groundwater recharge can be attributed to two key hydro-
geological and soil properties in the CGP: the eastern region is dominated by sandy soil (which facilitates more
rapid infiltration) and features a shallower groundwater table (reducing the vertical distance water must travel to
reach the aquifer) (Figure 1c and Figure S13 in Supporting Information S1; Cao et al., 2016; Fu et al., 2019).
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Simulations indicated that converting croplands to orchards reduced the
average groundwater recharge rate in the CGP by 10%, from
167± 27mm yr− 1 in croplands to 151± 95 mm yr− 1 in orchards. This finding
aligns with previous studies (Huang et al., 2018, 2021), which attribute the
recharge decline to orchards' higher water uptake and deeper root distribution,
both of which increase overall water consumption (Jia et al., 2017; Li
et al., 2018; Zhang, Z et al., 2018). The larger standard deviation in orchard
recharge rates reflects greater spatial variability, a pattern linked to the
model's heightened sensitivity to SHPs when simulating orchard systems
(Table 1). Specifically, the model was most sensitive to changes in two van
Genuchten equation parameters: θs (A = − 1.25) and n (A = 1.12). Spatial
heterogeneity in orchard groundwater recharge was primarily driven by
variation in θs (Figure S3 in Supporting Information S1). Overall, the
cropland‐to‐orchard shift not only reduces groundwater recharge but also
increases irrigation demand. The resulting greater reliance on groundwater
pumping exacerbates aquifer depletion, raising critical concerns for long‐term
groundwater sustainability in the CGP.

3.4. NO3
− Transport Under Two Land Use Scenarios

Under the cropland scenario, simulation results indicated that NO3
− leaching

fluxes averaged approximately 5 ± 7 kg ha− 1 yr− 1. Hotspots of elevated
NO3

− leaching were predicted in the central and eastern regions of the CGP
(Figure 6a), a pattern likely driven by higher fertilizer application rates and
presence of coarse sediments (Figures S7 and S13 in Supporting Informa-
tion S1; Green et al., 2008).

Simulations indicated that converting croplands to orchards in the CGP significantly amplified NO3
− leaching,

with fluxes increasing 38‐fold, from the cropland baseline to 192 ± 109 kg ha− 1 yr− 1 (Figures 6a and 6b). This
substantial increase reflects the combined influence of three key factors: intensive irrigation practices, high
fertilizer application rates, and distinct root distribution patterns in orchards (Gao, J et al., 2021; Maharjan
et al., 2014; Niu et al., 2022). While NO3

− leaching fluxes in both cropland and orchard systems were sensitive to
SHPs, particularly θs (average sensitivity coefficient of 1.48) and n (1.89), orchards exhibited stronger spatial
heterogeneity in leaching. This suggests that fertilizer management, when combined with SHP variability, acted
as a key control on orchard NO3

− leaching (Figure S7 in Supporting Information S1). Moreover, groundwater

Figure 4. Boxplots illustrating uncertainties in water and NO3
− transport

simulations introduced by pedotransfer functions for cropland and orchard.
GR: groundwater recharge flux (mm yr− 1), NL: NO3

− leaching flux
(kg ha− 1 yr− 1), TT: NO3

− travel time (yr), VC: velocity (mm yr− 1).

Table 1
Sensitivity Analysis of Soil Hydraulic Parameters (SHPs) for Key Indicators Under Crop and Orchard Scenarios

Indicators Scenarios θr θs α n Ks

Groundwater recharge (mm yr− 1) Crop 0.03 − 0.27 0.06 0.44 0.03

Orchard 0.17 −1.25 0.23 1.12 0.06

NO3
− leaching (kg ha− 1 yr− 1) Crop − 0.07 −3.20 0.17 4.27 0.35

Orchard 0.09 − 0.78 0.12 0.82 0.04

Velocity (mm yr− 1) Crop − 0.06 −1.17 0.06 1.69 0.14

Orchard 0.03 −2.03 0.21 2.50 0.16

Travel time (yr) Crop 0.06 1.15 − 0.06 −1.71 − 0.14

Orchard − 0.03 1.98 − 0.22 −2.56 − 0.16

Note. θr: cm
3 cm− 3; θs: cm

3 cm− 3; α: cm− 1; n: –; Ks: saturated hydraulic conductivity (cmmin
− 1). The values presented in the

table represent the sensitivity coefficient (A), which quantifies the percentage change in the simulated indicator induced by a
1% change in the corresponding SHP. When A > 0, it signifies a positive correlation between the SHP and the indicator;
conversely, when A< 0, it signifies a negative correlation. The greater the absolute value of A, the higher the sensitivity of the
model to the corresponding SHP. Values for which the absolute value of A exceeds 1 are presented in bold to emphasize
parameters to which the model displays heightened sensitivity, thereby facilitating the visual identification of key
sensitivities.
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recharge further modulated the spatial pattern of NO3
− leaching fluxes, as

water flow through the VZ directly governs the transport of dissolved NO3
−

(Ascott et al., 2017). Collectively, these findings demonstrate that the spatial
distribution of NO3

− leaching fluxes is shaped by the interplay of multiple
factors: SHPs, fertilizer management, and groundwater recharge dynamics.
Notably, previous studies have reported contrasting results regarding
cropland‐to‐orchard impacts on NO3

− . For instance, Lu et al. (2015) observed
a decline in soil N following this land‐use transition. This discrepancy arises
because the orchards in their study were unfertilized, whereas the CGP or-
chards in our simulation rely on intensive fertilization. This contrast high-
lights the central role of fertilization practices in driving NO3

− leaching,
reinforcing that high nutrient inputs are a prerequisite for the substantial
leaching increases observed in the CGP orchard scenario.

NO3
− leaching rate and travel time through the VZ are key indicators of

groundwater NO3
− pollution risk. NO3

− leaching rates in this study were
estimated based on groundwater recharge rates and soil profile water content
(Turkeltaub et al., 2018). Consistent with the spatial pattern of groundwater
recharge, NO3

− leaching rates exhibited an east–west gradient: rates were
higher in the eastern CGP and lower in the western region. The transition from
croplands to orchards reduced the average NO3

− leaching rate by 11% (from
459 ± 83 mm yr− 1 in croplands to 408 ± 210 mm yr− 1 in orchards), with
orchards showing larger spatial heterogeneity in leaching rates (Figures 6c
and 6d). The mechanisms driving this greater variability in orchard NO3

−

leaching rates mirror those identified for groundwater recharge: heightened
sensitivity to SHP variability and the influence of orchard‐specific root water
uptake patterns.

NO3
− travel time in the VZ, calculated using VZ thickness and NO3

− leaching rates, ranged from several decades
to hundreds of years across the study area (Figures 6e and 6f). The spatial pattern of travel time was similar under
cropland and orchard scenarios, with two hotspots of faster NO3

− transport in the central and eastern CGP. These
hotspots coincided with areas of high NO3

− leaching and generally matched locations of elevated groundwater
NO3

− concentrations in the CGP reported by Niu et al. (2022), a consistency that supports the model's validity.
The shortest NO3

− travel times occurred in regions with a thinner VZ, as the shorter vertical distance reduced the
time required for NO3

− to reach the aquifer. The transition from croplands to orchards extended average NO3
−

travel time by 23 years, increasing it from 58± 36 years (croplands) to 81± 68 years (orchards). Previous studies
have emphasized that groundwater quality changes lag behind land‐use changes (Huang et al., 2013), and this
cropland‐to‐orchard shift exacerbates this delay. Importantly, however, denitrification (a process that reduces
NO3

− to inert gases) is weak in the semi‐arid CGP (Niu et al., 2022; Wang et al., 2019), meaning most NO3
−

entering the VZ will eventually reach groundwater. Model simulations further revealed an 18‐fold increase in
NO3

− storage in the VZ under orchards: from 2,647 kg N ha− 1 in croplands to 47,542 kg N ha− 1 in orchards
(Figure S14 in Supporting Information S1). For croplands, the simulated mean NO3

− storage in the 0–10 m soil
layer (1,198 kg N ha− 1) closely matched field observations (1,243 kg N ha− 1; Niu et al., 2022), providing
additional validation of the model. Although the large NO3

− stores in the VZ will not enter groundwater
immediately due to long travel times, they represent a long‐term pollution risk that may remain hidden for decades
or even centuries. Mitigating this risk will require sustained, long‐term management strategies, underscoring the
need for proactive planning to protect groundwater quality in the CGP.

In summary, the central and eastern regions of the CGP are predicted as hotspots of groundwater NO3
−

contamination risk. The conversion of croplands to orchards drives significant NO3
− accumulation in the deep

VZ, with this accumulated NO3
− posing a threat of groundwater contamination that may manifest over decades to

centuries. Beyond nutrient‐related risks, this land‐use transition may also exacerbate groundwater depletion by
reducing groundwater recharge fluxes and increasing reliance on groundwater pumping to meet the higher irri-
gation demands of orchards. These shifts in recharge dynamics and NO3

− transport pose significant threats to
regional environmental security and the sustainable utilization of water resources in the cultivated loess areas of
the CGP. Addressing these challenges requires two critical steps: a comprehensive understanding of the complex

Figure 5. Distribution of groundwater recharge fluxes under two land‐use
scenarios, which are based on simulations of measured SHPs (Data set I).
C1: Cropland scenario; O1: Orchard scenario.
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interactions between land use, hydrological processes, and nutrient cycling, and the implementation of targeted,
long‐termmanagement strategies. Such efforts are essential to safeguard the long‐term security of water resources
and maintain environmental quality not only in the CGP but also in comparable agricultural regions worldwide
facing similar land‐use and groundwater challenges.

4. Implications for Land Use Management
This study highlights the profound impact of agricultural land‐use change, specifically the conversion of crop-
lands to orchards, on groundwater recharge and NO3

− transport in the loess agricultural region. Fundamentally, it
highlights the critical role of agricultural management practices in regulating the accumulation and migration of
NO3

− within the VZ. Notably, the issue of substantial NO3
− accumulation in the VZ is not limited to the CGP; it

has also been documented in other representative Chinese agricultural regions. These include the northeastern
black soil region and the subtropical red soil region (Dong et al., 2022; Yang et al., 2024). Given the persistence of
intensive farming practices (e.g., high fertilizer application, intensive irrigation) across these areas, the NO3

−

currently stored in their VZs is likely to continue leaching into groundwater over the long term. This poses
enduring risks to groundwater quality, emphasizing the need for region‐specific, sustainable agricultural man-
agement strategies to mitigate such threats on a broader scale.

Notably, the subtropical red soil region of China has undergone large‐scale land‐use transitions like those in the
CGP. Since the 1990s, vast areas of forestland in this region have been converted into citrus orchards to meet
agricultural production demands. A key driver of environmental risk here is the excessive N fertilization applied
to these newly established orchards (practices intended to boost citrus yields), but which have likely contributed
to widespread NO3

− accumulation in the VZ. This accumulation poses a severe threat to local groundwater

Figure 6. Distribution of NO3
− leaching fluxes (kg ha− 1 yr− 1) (a, b), velocity (mm yr− 1) (c, d), and travel time (yr) (e, f) for

two land use scenarios based on Data set I simulations. C1, Cropland scenario; O1, Orchard scenario. Red circles indicate
hotspots of groundwater NO3

− contamination.
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security, as evidenced by previous studies (Ding et al., 2017; Gu et al., 2013; Wang et al., 2011; Yang, Wu, Song,
et al., 2020, 2023). The evaluation framework developed in our study offers a critical advantage by enabling
regional‐scale quantification of how large‐scale land‐use transitions (e.g., forest‐to‐orchard or cropland‐to‐
orchard conversion) impact NO3

− accumulation and transport in the VZ. This capability supports more pre-
cise, data‐driven assessments of groundwater contamination risks, avoiding the limitations of site‐specific studies
that cannot capture regional dynamics. Concurrently, our findings serve as an early warning for subtropical red
soil regions, emphasizing the need for caution when implementing extensive land‐use conversions, particularly
those involving the expansion of high‐fertilizer‐demand orchard systems.

Globally, NO3
− contamination of groundwater is a widespread and pressing concern (Liu et al., 2024). Recent

researches have pinpointed NO3
− pollution in groundwater linked to intensive agricultural activities across

several key regions worldwide, including the Mississippi River Basin (U.S.), Rhine Basin (Europe), Yangtze and
Pearl River Basins (China), and the state of Nebraska (U.S.) (Liu et al., 2024; Ray & Malakar, 2024; Van Meter
et al., 2018). These findings collectively underscore the severe threats that intensive agricultural management
practices pose to groundwater systems. For regions already engaged in intensive agriculture, optimizing man-
agement strategies to mitigate N loss to aquatic systems is urgent (You et al., 2024). Such strategies may include
precision fertilization (matching N inputs to crop demand), improved irrigation efficiency (reducing leaching
potential), or the adoption of cover crops (to retain excess N in soil). Equally critical is proactive monitoring in
regions undergoing large‐scale agricultural land‐use and management transitions. In these areas, special attention
must be paid to changes in N fertilizer inputs before and after land‐use conversion. Increased fertilizer application
may significantly exacerbate environmental risks, including NO3

− leaching to groundwater. This is not only
endangers groundwater quality and aquatic ecosystems but also poses risks to public health, with potentially
severe economic and societal consequences.

NO3
− leaching is not an isolated process but occurs within the broader framework of ecohydrological changes

driven by deep‐rooted crops like orchard trees. Beyond altering nutrient cycling, these ecohydrological shifts can
trigger a cascade of interconnected soil and groundwater concerns, extending far beyond NO3

− contamination
alone. In regions with shallow groundwater tables, the introduction of orchards enhances root water uptake and
reduces deep drainage, which in turn diminishes the natural leaching of salts from the root zone. Concurrently,
direct groundwater extraction can further concentrate salts in the root zone by lowering the water table and
drawing saline groundwater upward. Together, these processes disrupt regional water and salt balances, posing
substantial risks to soil fertility and long‐term agricultural productivity (Jobbágy & Jackson, 2004). Orchard
establishment also contributes to other critical soil and environmental problems, including heavy metal accu-
mulation (Liu et al., 2022), soil acidification (Jobbágy & Jackson, 2003; Wen et al., 2023), and dry soil layer
formation (Li et al., 2023; Nosetto et al., 2012; Shi et al., 2020; Wang et al., 2024). Collectively, these potential
impacts highlight that orchard expansion reshapes not just nutrient cycling, but also the fundamental dynamics of
water and salt movement in agricultural systems. This underscores the critical need for sustainable regional
agricultural management (e.g., optimized irrigation, balanced fertilization) and evidence‐based policy decisions
that account for the full suite of ecohydrological consequences instead of focusing solely on short‐term agri-
cultural yields. Such approaches are essential to safeguard soil health, groundwater quality, and long‐term
agricultural sustainability.

This study assessed the regional‐scale risk of groundwater contamination induced by agricultural land‐use change
and identified potential hotspots. However, limited site‐scale data restricted the detailed modeling of these
hotspots, and more comprehensive observational data will be required to address this gap. Given the deep VZs and
low recharge rates in the study area, where NO3

− transport to groundwater can take decades to centuries, short‐
term fluctuations in NO3

− movement were not evaluated. This limitation precluded an analysis of how precip-
itation variability affects water and NO3

− dynamics in the VZ; future work will refine the model to specifically
assess the system's response to extreme precipitation events. Additionally, variations in crop species and planting
strategies significantly influence NO3

− leaching and groundwater recharge processes. Since this analysis pri-
marily focused on wheat‐corn rotation croplands and apple orchards, the results may not capture all possible crop‐
management combinations across the region. Future modeling should incorporate these factors to provide a more
comprehensive assessment.
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5. Conclusions
Based on comprehensive soil and groundwater measurements from the CGP, a multi‐column model was
developed and validated to simulate water flow and NO3

− transport in the VZ. The model showed strong
agreement with observed data from deep soil profiles. Uncertainty analysis revealed that groundwater recharge
and NO3

− leaching flux estimates derived from Rosetta and global SHP data sets deviated by 3%–86% relative to
values calculated using measured SHPs. Notably, SHP‐related uncertainties were more pronounced in orchards
than in croplands for both water and NO3

− fluxes. Sensitivity analysis further identified soil saturation (θs) and the
shape parameter (n) as the most influential factors. Simulations based on measured SHPs identified the central
and eastern CGP as hotspots of groundwater NO3

− contamination. Land‐use transition from cropland to orchard
was found to increase NO3

− leaching fluxes by a factor of 38, reduce groundwater recharge by approximately
10%, and extend NO3

− travel time in the VZ by about 23 years. Additionally, substantial NO3
− accumulation in

the VZ resulting from intensive fertilizer application since the 1980s is expected to continue reaching ground-
water over decadal to centennial timescales. Consequently, large‐scale conversion of cropland to orchard systems
(especially in areas with shallow VZs and coarse‐textured soils) requires careful reconsideration to minimize
future groundwater contamination risks.
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