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Abstract. Water-induced erosion and associated particu-
late carbon (PC), particulate nitrogen (PN) and particulate
phosphorus (PP) nutrient losses are vital parts of biogeo-
chemical cycling. Identifying their intensity and distribu-
tion characteristics is of great significance for the control
of soil and water loss and nitrogen/phosphorus nonpoint
source pollution. This study incorporated modules of phys-
ical soil erosion and associated PC, PN and PP losses into
a process-oriented hydro-biogeochemical model (Catchment
Nutrients Management Model coupled with DeNitrification–
DeComposition, CNMM-DNDC) to enable it to predict soil
and water loss. The results indicated that the upgraded
CNMM-DNDC (i) performed well in simulating the ob-
served temporal dynamics and magnitudes of surface runoff,
sediment and PN/PP yields in the lysimetric plot of the Jieliu
catchment in Sichuan Province and (ii) successfully pre-
dicted the observed monthly dynamics and magnitudes of
stream flow, sediment yield and PN yields at the catchment
outlet, with significant univariate linear regressions and ac-
ceptable Nash–Sutcliffe indices higher than 0.74. The up-
graded CNMM-DNDC demonstrated that a greater propor-
tion of PN to total nitrogen (TN) during the period with large
precipitation events and amounts than that during the drought
period (16.2 %–26.6 % versus 2.3 %–12.4 %). The intensities
of soil erosion and particulate nutrient yields in the Jieliu
catchment were closely related to land use type in the fol-

lowing order: sloping cultivated upland (SU) > residential
areas (RA)> forest land (FL). The scenario analysis demon-
strated that high greenhouse gas (GHG) emissions scenar-
ios provided a greater risk of soil erosion than did low GHG
emissions scenarios and that land use change (i.e., from SU
to FL) could help to mitigate soil and water loss accelerated
by climate change in the future. The upgraded model was
demonstrated to have the ability of predicting ecosystem pro-
ductivity, hydrologic nitrogen loads, emissions of GHGs and
pollutant gases, soil erosion and particulate nutrient yields,
which renders it a potential decision support tool for soil ero-
sion and nonpoint source pollution control coordinated with
increasing production and reducing GHG and pollutant gases
emissions in a catchment.

1 Introduction

Water-induced erosion and associated particulate carbon
(PC), particulate nitrogen (PN) and particulate phosphorus
(PP) nutrient losses are among the primary threats leading to
declines in soil fertility and increases in land degradation,
channel sedimentation and eutrophication of downstream
rivers and lakes (Berhe et al., 2018; Ekholm and Lehtoranta,
2012; Garcia-Ruiz et al., 2015). These global environmen-
tal issues are becoming serious (Ma et al., 2021; Yang et al.,
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2003). A previous study found that vulnerability to water-
induced erosion increased in over 51 % of the globe’s surface
in 2015 (Liu et al., 2019). Climate change and anthropogenic
activities (such as land use change) are the two principal driv-
ing forces that have complicated and altered the hydrological
cycle and water-induced erosion during recent decades (Piao
et al., 2007; Zeng et al., 2015).

Quantitative assessments of water-induced soil erosion in-
tensity and identification of its temporal and spatial distri-
bution characteristics are of great importance for preventing
soil and water loss and have attracted the attention of re-
searchers (e.g., Jetten et al., 2003; Jiang et al., 2017; Panagos
et al., 2015c). Lysimetric plot experiments have been devel-
oped as a direct field measurement method for the accurate
quantification of surface runoff and water-induced erosion
(e.g., Kosmas et al., 1997; Sumner et al., 1996; Zhu et al.,
2009). However, in situ field measurement of water-induced
soil erosion, with its high labor and financial costs, can only
cover a small number of sampling units. It is unrealistic to
expect direct field measurements to quantify water-induced
erosion everywhere under various conditions.

Simulations of mathematical models are likely to com-
pensate for the deficiency of direct field measurements on
soil erosion. The Universal Soil Loss Equation (USLE; Wis-
chmeier and Smith, 1978), its revised version (RUSLE;
Renard et al., 1997) and its modified version (MUSLE;
Williams, 1975) have been developed into widely used em-
pirical mathematical models to directly calculate soil erosion
based on rainfall, soil properties, topography, cover and man-
agement data. The USLE and RUSLE quantify only the var-
ious influencing factors that impact the soil loss associated
with soil erosion, which is not directly related to the process
of surface runoff and does not yet involve the specific process
of sediment transport (Donovan, 2022; Meinen and Robin-
son, 2021). Fortunately, the physical process-based ROSE
model, named after the developer (Rose et al., 1983), con-
ceptualizes the soil erosion process by conceiving three con-
tinuous and simultaneous physical processes, including rain-
fall detachment, sediment entrainment and sediment depo-
sition, thus providing good performance in estimating sedi-
ment yield at the plot scale. However, the ROSE model fo-
cuses only on the physical processes of water-induced ero-
sion without engaging with the C and N cycles of the ecosys-
tem. The Soil and Water Assessment Tool (SWAT; Arnold
et al., 1998), a semi distributed hydrological model, incor-
porates the USLE or MUSLE to predict soil erosion at the
level of hydrological response units, in which the routing of
sediment transportation is not considered and the modeling
of the biogeochemical element cycle is relatively simple and
empirical (Ferrant et al., 2011; Pohlert et al., 2007). How-
ever, the transport of PC, PN and PP nutrients accompanied
by water-induced erosion crucially depends on the carbon
(C) and nitrogen (N) cycles of the ecosystems in a catch-
ment. Previous research, which usually applied the elemen-
tal enrichment module in prediction, demonstrated that C, N

and phosphorus (P) content in the eroded soil was richer than
that in the surface soil (Sharpley, 1980). Therefore, knowl-
edge of the coupling between the process-oriented hydro-
biogeochemical model combined with the complex C and
N cycles and the soil erosion model based on physical pro-
cesses (e.g., ROSE) is essential to accurately predict soil ero-
sion and associated PC, PN and PP nutrient transport. A re-
cently developed hydro-biogeochemical model, Catchment
Nutrients Management Model coupled with DeNitrification–
DeComposition (CNMM-DNDC), by Zhang et al. (2018)
might be a realistic tool in addressing the abovementioned
problem. The CNMM-DNDC model introduces the complex
C and N biogeochemical modules (including the modules
of decomposition, nitrification, denitrification and fermenta-
tion) of a widely used biogeochemical model (DNDC; Li et
al., 1992) into the distributed hydrological framework of the
CNMM (Li et al., 2017). The adsorption–desorption, immo-
bilization and transposition of elemental P in the CNMM-
DNDC model originated from CNMM. The CNMM-DNDC
model has been used to conduct a comprehensive simula-
tion of complex hydrological and biogeochemical processes
(such as ecosystem productivity, hydrologic N loads, gaseous
N losses and greenhouse gas, GHG, emissions) of a subtrop-
ical catchment with various landscapes (Zhang et al., 2018),
a model evaluation of nitrous oxide (N2O) and nitric oxide
(NO) emissions from a subtropical tea plantation (W. Zhang
et al., 2020), a model evaluation and regional simulation of
nitrate leaching in the black soil region of northeast China
(W. Zhang et al., 2021) and a comprehensive model modi-
fication and evaluation of NH3 volatilization from fertilized
croplands (Li et al., 2022b). However, the CNMM-DNDC
model still lacks the capacity to simulate the processes of
soil erosion and associated PC, PN and PP nutrient trans-
portation.

Therefore, we hypothesize that the accurate simulation of
soil erosion and associated PC, PN and PP nutrient losses can
be realized by incorporating the soil erosion physical model
and the element enrichment module into the process-oriented
hydro-biogeochemical model with complex C and N cycles.
Based upon the above hypothesis, the objectives of this study
were to (i) introduce the ROSE model (a physical soil ero-
sion model) and the enrichment module of the particulate
nutrients into the hydrological process of the CNMM-DNDC
model; (ii) evaluate the performance of the CNMM-DNDC
model in simulating the temporal and spatial distributions of
soil erosion and associated PC, PN and PP transportation at
the plot and catchment scales and (iii) investigate the im-
pact of climate change and human activities (such as land use
change) on the losses of soil and particulate nutrients through
water-induced erosion.
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2 Materials and methods

2.1 Catchment description

The Jieliu catchment (31◦16′ N, 105◦28′ E, 400–
600 m a.s.l.), located in Sichuan Province of southwest
China (Zhu et al., 2009), was used for model calibration and
validation. This catchment is situated in the upper reaches
of the Yangtze River and has a typical subtropical monsoon
climate. During the period from 2005 to 2018, the annual
mean temperature was 16.7 ◦C, and the average annual pre-
cipitation was 720 mm, 75 % of which occurred during the
period between June and September (http://yga.cern.ac.cn,
last access: 26 July 2023). The soil in the catchment is
dominated by Calcaric purple soil, classified as a Pup-Orthic
Entisol in the Chinese Soil Taxonomy or as an Entisol in the
U.S. Soil Taxonomy (Zhu et al., 2009). The total area of the
Jieliu catchment is approximately 35 ha, and it is dominated
by sloping cultivated upland (SU; 58 %), forest land (FL;
31 %) and village residential areas (RA; 10 %). The primary
crops cultivated in the SU are maize (Zea mays L.), winter
wheat (Triticum aestivum L.), rape (Brassica napus L.) and
rice (Oryza sativa L.). N, P and potassium (K) fertilizers
are applied at rates of 130–330 kg N ha−1 yr−1 (ammonium
bicarbonate or urea), 72–162 kg P ha−1 yr−1 (calcium super-
phosphate) and 45–68 kg K ha−1 yr−1 (potassium chloride),
respectively (Zhang et al., 2018). Four replicate lysimetric
plots (an area of 8 m× 4 m with a slope gradient of 7 %,
Fig. 1) were set to measure the surface runoff and the yields
of the PN and PP (Zhu et al., 2009). To avoid unexpected
seepage, each lysimetric plot was hydrologically isolated
with cement-filled partition walls, which were inserted at
least 60 cm into the bedrock. A conflux trough with a bucket
was built in the topsoil to collect the surface runoff flow
(Zhu et al., 2009).

2.2 Overview of the CNMM-DNDC model

The CNMM-DNDC is a process-oriented hydro-
biogeochemical model, which was established following
basic physics, chemistry and biogeochemistry theories
through incorporating the processes of C and N cycling of
the DNDC into the hydrological framework of the CNMM
(Zhang et al., 2018). The core processes simulated by
CNMM-DNDC include thermal conduction, energy balance,
hydraulic dynamics (e.g., soil evaporation, transpiration,
canopy interception, infiltration, percolation, surface runoff,
subsurface flow and water uptake by plants), C and N
cycling (e.g., mineralization, immobilization, decompo-
sition, nitrification, denitrification, nitrate leaching, urea
hydrolysis, plant uptake and gas emissions), plant growth
(e.g., photosynthesis and respiration) and the discharge and
water quality of river networks (Fig. S1 in the Supplement).

2.3 Model modifications

The CNMM-DNDC model can simulate the lateral move-
ments of water-soluble nutrients (e.g., ammonium, nitrate,
phosphate and dissolved organic matter) by surface and sub-
surface runoff, whereas it lacks the capabilities of simulat-
ing soil erosion and sediment transport caused by surface
runoff and the associated transportation of PC, PN and PP.
To address this deficiency, this study incorporated the mod-
ules of soil erosion and element enrichment into the lat-
eral hydrological framework of the CNMM-DNDC model
(Sect. S1). Therefore, the upgraded CNMM-DNDC model
was equipped with the ability to estimate the movements of
soil particles and particulate nutrients transported with sur-
face runoff in the lateral dimension (Fig. S1). The soil ero-
sion module adopted the simplified ROSE model (Rose et
al., 1983; Stewart, 1985), which is a process-oriented soil
erosion model. The ROSE model is based on the dynamic
equilibrium of three simultaneous processes, including rain-
fall detachment, runoff detachment, and sediment deposition.
In an individual erosion event, the process of runoff detach-
ment dominates, and the latter two processes of rainfall de-
tachment and sediment deposition can generally be neglected
(Stewart, 1985). Therefore, in the simplified ROSE module,
the sediment yield (Ys, kg dry soil ha−1) resulting from soil
erosion was driven by the actual surface runoff (Rs, m) and
concomitantly regulated by the coverage fraction of vegeta-
tion (Cv, fraction) and the land’s slope angle, which was rep-
resented by the absolute value of the sine value of the land’s
slope angle (Sl , dimensionless), as shown in Eq. (1). The
complete physical processes for soil erosion of the ROSE
module (Sect. S2) were the reason why we chose it, though
the two processes which had minor effects on soil erosion in
an individual erosion event were neglected in the simplified
ROSE module. The upgraded CNMM-DNDC was expected
to provide the effects of field management (e.g., tillage) on
soil chemical or physical properties to influence soil erosion
instead of applying the empirical mathematical formula to
predict the effects of field management, as in USLE and its
revised and modified versions (Panagos et al., 2015b; Meinen
and Robinson, 2021).

Ys = 27× 106(1−Cv)ηSlRs (1)

Here, Rs is calculated from the existing hydrological mod-
ule of the CNMM-DNDC model, in which Rs occurs in the
following two cases. First, Rs is caused by the mechanism of
excess infiltration, in which the water input (i.e., precipita-
tion and irrigation) is greater than the maximum infiltration
capacity of the soil. Second, Rs is derived from the mech-
anism of excess storage, in which precipitation or irrigation
still occurs when the soil surface water content exceeds the
corresponding saturated water content. The direction of the
surface runoff conflux is estimated by the distributed weights
of four neighboring grids (i.e., in the upper, lower, left and
right directions), which are calculated based on the elevation
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Figure 1. The location, digital elevation model and land use types of the Jieliu catchment. The land use types are sloping cultivated upland
(SU) with summer maize–winter wheat rotation, seasonally waterlogged paddy (SP) with paddy rice–winter wheat rotation or paddy rice–
rape rotation, winter-flooding paddy with the paddy rice flooding–fallow regime (RF), forest land (FL) and village residential areas (RA).

of these grids. η (dimensionless) is the efficiency of sediment
entrained by surface runoff, which depends on soil texture
and Cv, as shown in Eq. (2).

η = a1e
−0.15Cv (2)

In Eq. (2), a1 is the rate of sediment carried by surface runoff
on bare land, which differs for various soil textures and gen-
erally needs to be calibrated by the observed data of sediment
yield for a given study area. Loch and Donnollan (1983) re-
ported that a1 varies from 1.0 % to 8.7 % in Middle Ridge
clay loam and Irving clay soils. Among the only eight soil
erosion observations conducted in the lysimetric plot from
2015 to 2017, four observations in 2016 were provided for
model calibration. Additional soil erosion observation of the
lysimetric plots with different soil textures are needed to op-
erate the CNMM-DNDC in order to establish the general re-
lationship between a1 and soil texture (e,g., soil clay, silt and
sand contents) in the future. Moreover, the value of Cv for
the natural vegetation (e.g., forest and grass) was addressed
as half of the ratio of the real leaf area index (LAI) and the
maximum LAI (which is one of the model inputs). For the
crop system, the LAI was the function of the growing index,
which is estimated by the ratio of the accumulated tempera-
ture from sowing to the present time to the accumulated ther-
mal degree for maturity in the plant growth module. Thus, the
Cv value of the crop was calculated by the growing index.
The Cv value of the artificial lands (e.g., the urban or rural

residential areas) was calibrated and set to 0.1, which repre-
sented the effects of concrete roads and residential buildings
on the reduction of the soil area exposed to erosion. The Cv
value of the artificial lands may generally be quantified us-
ing the coverage of buildings and cement roads with more
observations in the future.

It is known that the eroded sediments are usually richer
in C, N and P elements than the in situ soils from which
the eroded sediments originate (Massey and Jackson, 1952;
Schiettecatte et al., 2008; Wan and El-Swaify, 1998). The
above phenomenon is usually referred to as sediment enrich-
ment, which can be quantified by an empirically based en-
richment ratio (E). E is usually defined as the ratio of the
concentration of C, N and P elements in the eroded sediment
to that in the source soil (Sharpley, 1980; Teixeira and Misra,
2005). Generally, as more eroded sediment is produced, the
richness of the C, N and P elements decreases. The enrich-
ment ratio of the C and N nutrients (ECN) is estimated by
Eq. (3), which was adapted from McElroy et al. (1976) and
Williams and Hann (1978). The pre-exponential factor (k1)

of Eq. (3) was calibrated to 1.2 using the PN data observed
at the lysimetric plot in this study. The enrichment ratio of P
nutrients (EP) is calculated by Eq. (4) from Sharpley (1980).

ECN = k1(Ys× 10−4)−0.2468 (3)

EP = e
(2.46−0.2logYs) (4)
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The yields of PC (PC, kg C ha−1), PN (PN, kg N ha−1) and
PP (PP, kg P ha−1) nutrients caused by soil erosion were cal-
culated based on E, Ys and the content of the correspond-
ing organic C (CC, g C ha−1), N (CN, g N ha−1) and P (CP,
g P ha−1) pools in topsoil using Eqs. (5)–(7), respectively.
BD (g m−3) and Ds (m) refer to the soil bulk density and
the depth of topsoil, respectively. Eight of the soil organic C
and N sub-pools participated in the process of soil erosion:
pools of very labile, labile and resistant decomposable litters,
labile and resistant active microbes and labile, resistant and
passive humus. Five of the soil organic P sub-pools were in-
volved in the process of soil erosion: the pools of active and
passive organic P, active and dead microorganism P and inert
stable P. Meanwhile, the flows of C, N and P among the pools
of the labile and resistant organic and inorganic were consid-
ered in the CNMM-DNDC. For example, the C and N of the
litter and humus pools and the P of the pools of the active or
passive organic P and the inert stable P could flow into in-
organic pools and microbe pools by decomposition. The PC,
PN and PP yields calculated by the element enrichment mod-
ule were also deducted from the corresponding sub-pools of
the topsoil. Subsequently, the eroded soil and PC, PN and PP
nutrients are transported with the surface runoff and eventu-
ally drain into streams. The upgraded model considered the
mass balances of soil water and the elements of C, N and P,
without considering soil body balance.

PC =

8∑
i=1

10−7ECNCCiYs

BD ·Ds
(5)

PN =

8∑
j=1

10−7ECNCNjYs

BD ·Ds
(6)

PP =

5∑
k=1

10−7EPCPkYs

BD ·Ds
(7)

2.4 Preparation for model simulation

The input data for driving the model operation consisted of
meteorological data at the 3 h scale (including average air
temperature, solar radiation, longwave radiation, wind speed,
humidity and total precipitation), spatialized soil properties
(including soil texture, soil organic carbon, bulk density and
pH), a gridded digital elevation model (DEM, Fig. 1) with
a resolution of 5 m× 5 m, the spatial distribution of land
use (Fig. 1) and cropping systems and the field manage-
ment practices. Taking the efficiency of the model calculation
and the accuracy of the biogeochemical process description
into consideration, the upgraded CNMM-DNDC model con-
ducted a simulation with a grid of 15 m× 15 m from 2004 to
2017, with an initial spin-up period of 10 years. The DEM,
soil properties, land use, cropping systems, field manage-
ment practices and meteorological data from 2004 to 2014
were primarily adapted from Zhang et al. (2018). The re-
maining meteorological data were adapted from the hourly

observations provided at the National Science & Technology
Infrastructure (http://rs.cern.ac.cn, last access: 26 July 2023).
The information about the vertical layered soil properties
(e.g., soil bulk density; pH; clay content; field capacity; wilt-
ing point; saturated hydraulic conductivity; organic C; total
nitrogen, TN, and total phosphorus, TP, content) of differ-
ent land uses are listed in Table S1. The input data of soil
properties, DEM, land use and cropping systems and field
management practices were resampled to the ASCII grids
at a resolution of 15 m× 15 m using the ArcGIS 10.0 soft-
ware package (ESRI, Redlands, CA, USA). The observation
data measured at the lysimetric plot and the catchment outlet,
which are listed in Table S2, contributed to model calibration
and validation. The surface runoff, associated sediment yield
and PN and TN yields from 2004 to 2006 with three repli-
cates and surface runoff, associated sediment yield and TP
yield from 2017 to 2018 with three replicates measured at
the lysimetric plots were adapted from Deng et al. (2011)
and Hu (2020), respectively. The monthly stream flow, sed-
iment yield and PN and TN yields from 2007 to 2008 mea-
sured at the catchment outlet were directly taken from Deng
et al. (2011). TN is the total amount of NH+4 , NO−3 , dissolved
organic N and PN. TP is the total amount of dissolved organic
and inorganic P and PP. Among them, the observed data from
the lysimetric plot in 2004 (with seven observation times)
and 2016 (with four observation times and a heavy precipita-
tion event) and the observed data from the catchment outlet
in 2007 were used for model calibration, and the remaining
observed data were used for model validation. Previously, a
comprehensive and systematic verification of the CNMM-
DNDC simulation on soil temperature, soil moisture, crop
yield, water flows, nitrate loss, fluxes of methane, ammonia,
NO and N2O and stream discharges of water and NO−3 was
conducted by Zhang et al. (2018), which was statistically in
good agreement with the observations.

2.5 Climate and land use scenario settings

Scenario analysis was adopted to assess the impact of cli-
mate change and land use change on water-induced erosion
and associated nutrient losses. The baseline scenario was set
as the traditional land use types and management in 2008 (the
year for model validation) with local and historical meteorol-
ogy. Two groups of climate change and land use change sce-
narios were designed: single-factor change and multi-factor
change scenarios (Table S3). The single-factor change sce-
narios altered only one factor while keeping the others con-
stant. The single-factor change scenarios of climate change
consisted of two parts. One part, for air temperature change,
was altered within the range of −4 to +4 ◦C with an inter-
val of 0.2 ◦C. The other part, for precipitation change, was
altered over the range from −30 % to +30 % with an inter-
val of 2 %. For the sake of argument, we divided air tem-
perature and precipitation single-factor scenarios into four
groups: a lower and higher warming group (i.e., the air tem-
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perature increased from 0 to 2 ◦C and from 2 to 4 ◦C), a lower
and higher cooling group (i.e., the air temperature decreased
from 0 to 2 ◦C and from 2 to 4 ◦C), a lower and higher rain-
enhanced group (i.e., the precipitation increased from 0 % to
20 % and from 20 % to 30 %) and a lower and higher rain-
reduced group (i.e., the precipitation decreased from 0 % to
20 % and from 20 % to 30 %). A single-factor change sce-
nario of land use was designed as SU changed into FL with
a lower soil erosion rate (i.e., UFL scenario). The existing
land use conversion to another type, such as the change from
cropland to FL or some other land use, is a kind of compro-
mise and required a sensitivity analysis of the model simula-
tion rather than representing the conditions of the real natural
system (Dey and Mishra, 2017). The IPCC’s Summary for
Policymakers (IPCC, 2021) points out that average annual
global land precipitation is projected to increase by 10.5 %
and 30.2 % at the 1.5 and 4 ◦C warming levels, respectively.
According to the correspondence between climate warming
and increasing precipitation in the IPCC’s Sixth Assessment
Report (AR6), the multi-factor change scenarios were de-
signed into two multiple climate change scenarios: the low
and high GHG emissions scenarios. The low GHG emissions
scenario represents air temperature and precipitation increas-
ing by 1.5 ◦C and 10 %, respectively, while the high scenario
represents air temperature and precipitation increasing by
4 ◦C and 30 %, respectively. Furthermore, we also explored
the effect of the low and high GHG emissions scenarios in
a combination of land use change scenarios (i.e., UFL sce-
nario) on sediment yield and particulate nutrient yields. The
tillage scenario analysis was involved in the scenario analysis
of alternative management practices, which were conducted
as the no tillage operation in 2008. The relative change devia-
tions of the simulated annual accumulated sediment and par-
ticulate nutrient yields at the catchment outlet of the designed
scenarios from the baseline were provided as the quantitative
evaluation index for scenario analysis (Abdalla et al., 2020;
Dubache et al., 2019). Moreover, the crop yield changes be-
tween the designed scenarios and the baseline were evaluated
in the scenario analysis.

2.6 Evaluation of model performance and statistical
analysis

The performance of the upgraded CNMM-DNDC model in
simulating sediment and particulate nutrient yields was eval-
uated using the normalized root mean square error (nRMSE),
the Nash–Sutcliffe index (NSI) and the slope, determination
coefficient (R2) and significance level (p) of the univariate
linear regression (ULR) between the simulation and observa-
tion. The nRMSE and NSI values are calculated by Eqs. (8)
and (9), respectively. Oi and Si are the observed and sim-
ulated values, respectively. O is the mean value of the ob-
served data, and n is the number of paired samples. If the
value of nRMSE is closer to 100, the values simulated by the
model are more coincident with the observed values (Cui et

al., 2014; Smith et al., 1997). The value of the NSI provides
the discrepancy between the simulated values and the mean
of the observed values, with a positive value indicating an
acceptable simulation (Li et al., 2022a). The closer to 1 the
slope and R2 of the ULR are, the better the simulated val-
ues match the observed values. The Origin 8.0 (OriginLab
Ltd., Guangzhou, China) and ArcGIS 10.0 software pack-
ages were used for graph drawing.

nRMSE=
100

O

√√√√√ n∑
i=1
(Si −Oi)

2

n
(8)

NSI= 1−

n∑
i=1
(Si −Oi)

2

n∑
i=1

(
Oi −O

)2 (9)

In addition, Pearson correlations were carried out to study the
relationships between the variables relevant to soil erosion
and those related to the biogeochemical process. The Pearson
correlation coefficient (r) is used to measure the correlation
between two variables, with the value ranging from −1 to
1. The R software was applied for the graph drawing of the
correlation matrix.

3 Results

3.1 Model performance in simulating soil erosion in the
lysimetric plot

Given the limited size of the samples, the performance of the
upgraded CNMM-DNDC model was revealed using only the
graph of the predictions and observations (Fig. 2a–c), with-
out a quantitative evaluation with the above statistical crite-
ria. The temporal dynamic patterns of the simulated surface
runoff, sediment and concomitant PP yields were in accor-
dance with the observed values when either model calibra-
tion or validation was performed (Fig. 2a–c). Nevertheless,
on 23 July 2016, which witnessed a heavy precipitation event
(213 mm precipitation over the 7 d prior to the observation
day), the upgraded model overestimated the observed sedi-
ment yield by approximately 6 times (3.6 versus 0.6 t ha−1,
Fig. 2b). However, the simulated surface runoff and TP yield
were only approximately 60 % and 20 % larger than the
observed values, respectively. Unfortunately, the simulated
peaks of surface runoff and sediment yield at the end of June
2015 lacked the support of the observations. Moreover, we
conducted an evaluation of the simulated and observed NH+4
and NO−3 yields accompanied by surface runoff in the lysi-
metric plot (Fig. S2). The upgraded model generally cap-
tured the temporal variation and magnitude of the observed
NH+4 and NO−3 yields, although discrepancies existed in the
magnitude of the peak yields (i.e., the model underestimated
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Figure 2. Observed and simulated surface runoff (a), sediment yield (b) and total phosphorus (TP) yield (c) from 2015 to 2017 and surface
runoff (d), sediment yield (e), particulate nitrogen (PN) yield (f) and total nitrogen (TN) yield (g) from 2004 to 2006 in the lysimetric plot.
TP means the total amount of dissolved phosphorus and particulate phosphorus (PP). TN means the total amount of NH+4 , NO−3 , dissolved
organic nitrogen and PN. The vertical bars indicate the standard error of three spatial replicates. The observed data, from Deng et al. (2011),
Zhang et al. (2018), Li et al. (2022a) and Hu (2020), were provided by Bo Zhu.

NH+4 yield caused by approximately 100 mm precipitation
on 4 September 2006; Fig. S2).

3.2 Model performance in simulating soil erosion at the
catchment outlet

The monthly observed and simulated stream flow, sediment
yield, PN and TN yields at the outlet of the Jieliu catchment
from 2007 to 2008 are illustrated in Fig. 3. The observed
stream flow and sediment yield began to increase dramati-
cally with the concentrated precipitation in summer and early
autumn but rarely occurred in winter and spring (Fig. 3a–c).
The upgraded CNMM-DNDC model successfully predicted
the above temporal pattern of the stream flow and sediment
yield at the catchment outlet with acceptable NSI values of
0.89 and 0.89 and significant ULRs with R2 values of 0.98
and 0.96 and slope values of 0.98 and 0.90 for model val-
idation, respectively (Table 1). Moreover, model validation
of sediment yield resulted in a larger nRMSE (38.23 %) than
that of stream flow simulation (34.57 %).

The observed monthly PN and TN yields revealed a sim-
ilar temporal pattern to that of sediment yield (Fig. 3d–e),
ranging from 0 to 56.3 kg N and 0.9 to 283.1 kg N with a
mean value of 10.5 and 55.9 kg N, respectively. The corre-
sponding simulated monthly PN and TN yields resulted in
ranges of 0.5 to 50.4 kg N and 18.8 to 196.0 kg N with aver-
ages of 12.0 and 65.1 kg N, respectively. The upgraded model
provided an overestimation of the monthly PN yield in Au-
gust 2007 and September 2008 by 11.3 and 14.8 kg N, re-

spectively. The PN yields in February 2007, March 2007,
July 2007 and July 2008 and the TN yield in summer were
underestimated. However, in terms of the validation, statis-
tical comparisons between the simulated PN and TN yields
showed significant ULRs with R2 values of 0.88 and 0.98
and slope values of 0.92 and 1.53, nRMSE values of 57.75 %
and 42.55 % and NSI values of 0.74 and 0.86, respectively
(n= 12; Table 1). Meanwhile, the upgraded CNMM-DNDC
model successfully predicted the temporal variation and
magnitudes of NO−3 yield at the catchment outlet, although
the model slightly underestimated the peak yield in July and
August of 2007 and in September of 2008 (Fig. S3). The suc-
cessful prediction of the PN and NO−3 yields and the underes-
timation of the TN yield in July of 2007 might illustrate that
the model underestimated NH+4 or dissolved organic N yields
in July of 2007. As the above results demonstrated, the simu-
lated and observed PN and TN yields at the catchment outlet
indicated good agreement despite the slight underestimation
of the individual large values when heavy precipitation oc-
curred.

3.3 Components of the simulated TN and PN at the
catchment outlet

The monthly components of TN and/or PN simulated from
the original and upgraded CNMM-DNDC model during the
model validation of 2008 at the catchment outlet are illus-
trated in Fig. 4. Among the TN components, including PN,
NH+4 , dissolved organic N (DON) and NO−3 , the simulation
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Table 1. Performance of the upgraded CNMM-DNDC model in simulating the stream flow, sediment yield and particulate nitrogen (PN) and
total nitrogen (TN) yields at the Jieliu catchment outlet from 2007 to 2008. TN is the total amount of NH+4 , NO−3 , dissolved organic nitrogen
and PN.

Variables Operation Size nRMSE NSI ULR

slope R2 p

Stream flow calibration 12 18.29 0.98 0.94 0.96 < 0.001
validation 12 34.57 0.89 0.98 0.98 < 0.001

Sediment yield calibration 12 34.02 0.94 0.96 0.93 < 0.001
validation 12 38.23 0.89 0.90 0.96 < 0.05

PN yield calibration 12 49.45 0.87 0.78 0.85 < 0.001
validation 12 57.75 0.74 0.92 0.88 < 0.001

TN yield calibration 12 56.98 0.86 1.36 0.98 < 0.001
validation 12 42.55 0.86 1.53 0.98 < 0.001

The statistical criteria used to quantify the discrepancy between observations and simulations include the
normalized root mean square error (nRMSE), the Nash–Sutcliffe index (NSI) and the slope, determination
coefficient (R2) and significance level (p) of the univariate linear regression (ULR). “Size” means sample size.
The column “Operation” specifies whether the evaluation is conducted for model calibration or validation.

Figure 3. Monthly observed precipitation (a), observed and simu-
lated stream flow (b), sediment yield (c), particulate nitrogen (PN)
yield (d) and total nitrogen (TN) yield (e) at the outlet of the Jieliu
catchment from 2007 to 2008. TN is the total amount of NH+4 ,
NO−3 , dissolved organic nitrogen and PN. The observed data, from
Deng et al. (2011) and Zhang et al. (2018), were provided by Bo
Zhu.

from both the original and upgraded CNMM-DNDC demon-
strated that the proportion of NO−3 at the catchment outlet
was larger than that of NH+4 during the period from May to
September, when the larger precipitation events and amounts
appeared. Moreover, the upgraded CNMM-DNDC demon-
strated that PN accounted for up to 16.2 %–26.6 % of the
TN components during the period with larger precipitation
events and amounts. Meanwhile, the labile or resistant hu-
mus N accounted for 11.3 %–20.3 % of the PN components,
though the passive humus N accounted for the largest of
the PN components. In addition, compared with the original
model, the upgraded model simulated the observed TN with
smaller nRMSE (42.55 % versus 51.67 %), better NSI (0.86
versus 0.80) and slightly improved r2 of the ULRs (0.98 ver-
sus 0.97) though no significant difference was found between
the original and upgraded model (Fig. 4).

3.4 Spatial distributions of sediment yield and PC, PN
and PP yields

Figure 5 illustrates the simulated spatial distributions of
the sediment yield and PC, PN and PP yields and the ef-
fects of different land uses on those in the validation year,
2008. The annual accumulated sediment yield simulated
by the upgraded model amounted to 0–106.6 t ha−1 yr−1

with an average of 5.0 t ha−1 yr−1 in 2008, which was
a moderate rainfall year (952 mm) with eight large rain-
storm events (exceeding 50 mm rainfall within 24 h). The
simulated annual accumulated PC, PN and PP yields
were 0–595.7 kg C ha−1 yr−1, 0–56.0 kg N ha−1 yr−1 and
0−7.9 kg P ha−1 yr−1 with averages of 63.6 kg C ha−1 yr−1,
6.1 kg N ha−1 yr−1 and 0.9 kg P ha−1 yr−1, respectively. The
SU contributed to the greatest yields of sediment and PC,
PN and PP nutrients, with 68 %, 60 %, 58 % and 57 %
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Figure 4. Components of the simulated total nitrogen (TN) yield of the original CNMM-DNDC and components of the simulated TN
and particulate nitrogen (PN) yields of the upgraded model during the model validation. DON is the abbreviation of the dissolved organic
nitrogen. The components of PN are the nitrogen from residue (RE), microbe (MB), labile or resistant humus (HA) and passive humus (HU).

of the total, respectively. Approximately 21 % of sediment
yield came from the RA as the second largest contribu-
tor to sediment yield, while the FL were the secondary
sources of PC, PN and PP yields, with 30 %, 32 % and
32 % of total yields, respectively. Meanwhile, the highest
rates of PC, PN and PP yields per unit area occurred in
the SU, with 84.1 kg C ha−1 yr−1, 7.7 kg N ha−1 yr−1 and
1.1 kg P ha−1 yr−1, respectively. However, the RA yielded
the highest rates of sediment yield, i.e., 8.6 t ha−1 yr−1. The
second largest yield rates per unit area of PC, PN and PP ap-
peared in the RA. These results demonstrated that sediment
yield and PC, PN and PP yields caused by surface runoff in
the Jieliu catchment were directly relevant to the type of land
use, and the SU became the primary source of sediment yield
and PC, PN and PP yields. Meanwhile, sediment and PC, PN
and PP yields from the RA could not be neglected.

Moreover, the upgraded CNMM-DNDC model coupled
biogeochemical processes with soil erosion and was able to
predict the crucial variables relevant to biogeochemical pro-
cesses, including productivity, GHGs, contaminated gases
and NO−3 loss, as well as the variables related to soil ero-
sion, including the yields of sediment and PC, PN and PP
(Fig. S4, Sect. S1).

3.5 Sediment yield and PC, PN and PP yields under
different scenarios

The simulated results of the single-factor change scenarios
of precipitation and temperature were presented in Fig. 6.
The sediment yield and PC, PN and PP yields (i.e., the tar-
get variables) increased with precipitation or air temperature,
which was reflected by the positive values. The more pos-
itive the slope value is, the greater the target variables in-
crease and vice versa. The slopes between the air temperature
changes of the higher and lower cooling and warming scenar-
ios and the sediment yield changes yielded −1.25, −1.00,
−0.38 and −0.40, respectively. Compared to the slopes of
the lower warming scenarios and the lower cooling scenar-
ios, the slopes of the higher warming scenarios and the higher
cooling scenarios provided 21 % and 5 % higher yields of
sediment, respectively. Meanwhile, the changes in PC, PN
and PP yields showed similar but stronger responses to the
higher cooling scenarios. However, the particulate nutrient
yields showed a complicated response to the warming sce-
narios. The changes in the particulate nutrient yields showed
an increasing tendency in response to the increase of air tem-
perature. For the lower warming scenarios, the particulate
nutrient yields increased with increasing air temperature. In
terms of the higher warming scenarios, the particulate nutri-
ent yields were still increasing, but the increase rate slowed.
Compared to the baseline scenario, the scenarios with the
air temperature change from 0 to −1 ◦C led to a slight in-
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Figure 5. Simulated spatial distributions of sediment yield and particulate carbon (PC), particulate nitrogen (PN) and particulate phosphorus
(PP) yields and the effects of different land uses (cropland, village residential areas and forest land) in the validation year, 2008.

crease in crop yields, but the crop yields decreased as the
air temperature continued to decrease. In addition, the crop
yields decreased with increasing air temperature. These re-
sults proved that the increase in air temperature decreased
the sediment yields but increased PC, PN and PP yields, al-
though the promoting effect became weaker for the higher
warming scenarios.

The slopes between the precipitation changes of the higher
and lower rain-reduced and rain-enhanced scenarios and the
sediment yield changes resulted in the values of 0.27, 0.37,
0.52 and 0.65, respectively. In comparison with the lower
rain-enhanced and rain-reduced scenarios, the slopes of the
higher rain-enhanced and rain-reduced scenarios provided
24 % higher and 34 % lower yields of sediment, respectively.
Meanwhile, the changes in particulate nutrient yields showed
similar but weaker responses to the changes in precipitation.
The above results demonstrated that the yield of sediment
and particulate nutrients increased with the increasing pre-
cipitation. In addition, the contribution from elevated pre-
cipitation tended to be stronger for the higher rain-enhanced
scenarios. Furthermore, the changes in sediment and PC, PN
and PP yields were more sensitive to the precipitation sce-
narios than to the temperature scenarios. Precipitation, when
altered over the range from −30 % to +30 %, posed a mi-

nor influence on crop yields (within ±0.03 %). Compared
with the baseline, the scenarios with the precipitation in-
creasing within 18 % yielded slightly increased crop yields,
while crop yields slightly decreased in the scenarios of re-
duced precipitation and in those with over 20 % increased
precipitation.

Table 2 illustrates the results of the multi-factor change
scenarios and the land use change single-factor scenario
(UFL scenario). Compared to the baseline scenario, the UFL
scenario reduced stream flow, sediment yield and PC, PN and
PP yields by−12.2 %,−3.6 %,−5.6 %,−7.0 % and−7.2 %,
respectively. In comparison with the baseline scenario, the
low GHG emissions scenario with air temperature increas-
ing by 1.5 ◦C and precipitation increasing by 10 % increased
the stream flow, sediment yield and PC, PN and PP yields
by 21.2 %, 4.1 %, 5.3 %, 5.3 % and 5.3 %, respectively. The
increasing effects of the high GHG emissions scenarios on
the sediment and particulate nutrient yields were more than
3 times those of the low GHG emissions scenarios. The crop
yield change between the low GHG emissions scenario and
the baseline scenario yielded −6.0 %, while the crop yield
of the high GHG emissions scenario was 16.6 % lower than
the baseline. The low GHG emissions under the UFL sce-
nario increased the stream flow and sediment yield by 5.2 %
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Figure 6. Simulated effects of precipitation and air temperature change on sediment yield, crop yield (GY) and particulate carbon (PC),
particulate nitrogen (PN) and particulate phosphorus (PP) yields in the validation year, 2008. The air temperature and precipitation single-
factor scenarios were divided into four sets. The scenarios with air temperature reductions and increases of 0–2◦ and greater than 2◦ were
defined as the lower and higher cooling and warming scenarios, respectively. Similarly, the scenarios with precipitation reductions and
increases of 0 %–20 % and greater than 20 % were defined as the lower and higher rain-reduced and rain-enhanced scenarios, respectively.
The numbers in blue and red in front of the letter x show that the higher warming or cooling scenarios (or the higher rain-enhanced or rain-
reduced scenarios) result in stronger or weaker effects on sediment yield and PC, PN and PP yields than the lower scenarios, respectively.
The green and violet lines refer to the linear regressions between the changes of the climate variables (i.e., air temperature and precipitation)
and the changes of the variables associated with soil erosion. The lines are color-coded to differentiate the results of the different scenarios.

and 0.2 %, respectively, but decreased PC, PN and PP yields
by −0.8 %, −2.3 % and −2.5 %, respectively. Moreover, the
high GHG emissions under the UFL scenario increased the
stream flow, sediment yield and PC, PN and PP yields by
47.9 %, 9.2 %, 9.3 %, 7.8 % and 7.7 %, respectively. The no-
tillage scenario decreased the yields of particulate nutrients
by approximately 2.5 %, but showed almost no effect on sed-
iment yield compared with the baseline scenario (Fig. S5).

3.6 Relationship among the variables relevant to soil
erosion, productivity and C/N losses

Figure 7 illustrates the relationships between the variables
relevant to soil erosion and biogeochemistry for different
land use types, which were derived from the model simu-
lation. No soil erosion in the winter-flooding paddy with the
paddy rice flooding–fallow regime (RF) because of the year-
round flooding regime. For the other three land use types,
significant positive correlations (r > 0.88) between sediment
yield and particulate nutrient yields were found, because they
were entrained by water and moved with the water flow.
With regard to the SU, the particulate nutrient yields were
significantly correlated with NO−3 yields through leaching
(r > 0.6), though the correlation coefficient between sedi-

ment yields and NO−3 loss through leaching only yielded
0.26 (insignificant). For the seasonally waterlogged paddy
(SP), the variables related to soil erosion (including sediment
yields and particulate nutrient yields) were negatively corre-
lated with NH3 emissions (r > 0.65), while they were posi-
tively correlated with NO−3 loss through runoff (r <−0.61).
As for FL, significantly positive correlations between the
variables related to soil erosion and NO−3 loss through leach-
ing/runoff were found (r > 0.72), which might be because all
of these variables were related to precipitation. Productivity
had negative impacts on sediment yield and particulate nutri-
ent yields in the RF and FL systems, while it had a slightly
negative impact on sediment yield but a slightly positive im-
pact on particulate nutrient yields in the SP system.

4 Discussion

4.1 Effect of land use on soil erosion and associated
PC, PN and PP losses

Land use change has been considered one of the most impor-
tant factors affecting the intensity and distribution of surface
runoff and soil erosion (Dunjó et al., 2004; Kosmas et al.,
1997; Wei et al., 2007; X. Zhang et al., 2021). Our study
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Table 2. Simulated comprehensive effects of precipitation, air temperature and land use change on crop yield (GY), surface runoff, sediment
yield, and particulate carbon (PC), particulate nitrogen (PN) and particulate phosphorus (PP) yields in the validation year, 2008. The low
greenhouse gas (GHG) emissions scenario is that of air temperature increasing by 1.5 ◦C and precipitation increasing by 10 %. The high
GHG emissions scenario is that of an air temperature increase of 4 ◦C and a precipitation increase of 30 %. The UFL scenario is that of
sloping cultivated upland change into forest land.

Change between the scenario and the baseline (%)

Surface Sediment PC PN PP GY
Scenario runoff yield yield yield yield

Low GHG 21.2 4.1 5.3 5.3 5.3 −6.0
High GHG 72.9 14.8 17.8 18.0 18.1 −16.6
UFL −12.2 −3.6 −5.6 −7.0 −7.2 –
Low GHG with UFL 5.2 0.2 −0.8 −2.3 −2.5 –
High GHG with UFL 47.9 9.2 9.3 7.8 7.7 –

Figure 7. Correlation analysis among the simulated sediment (S), particulate carbon (PC), particulate nitrogen (PN) and particulate phos-
phorus (PP) yields, productivity (P), carbon sink density (Csink), methane (CH4), nitrous oxide (N2O), nitric oxide (NO) and ammonia
(NH3) emissions, losses of nitrate through leaching (Nl) and surface runoff (Nr) for different land use types. The land use types are sloping
cultivated upland (SU) with summer maize–winter wheat rotation, seasonally waterlogged paddy (SP) with paddy rice–winter wheat rotation
or paddy rice–rape rotation, winter-flooding paddy with the rice paddy flooding–fallow regime (RF) and forest land (FL). No yields of S, PC,
PN and PP in the RF crop system because of the year-round flooding regime. The figures in the circles stand for the correlation coefficients.
The scatterplots of the bottom left are related to the correlation coefficients, and the linear regression curves (i.e., the red line) are provided
when the correlations at p < 0.05 are considered significant.
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provided consistent results, which indicate that the intensity
of soil erosion and associated PC, PN and PP yields in the
Jieliu catchment were closely related to land use, with the
following order: SU>RA> FL. The RA, with waterproofed
concrete roads and residential buildings, was the secondary
source of soil erosion, which might be because it provided
the largest surface runoff among the three land use types in
the year of 2008 (Fig. S6), though limited soil was exposed
for erosion. There were three major reasons why FL con-
tributed the lowest yields of sediment and particulate nutri-
ents among the above three land uses. First, canopy inter-
ception reduced the amount of rainfall reaching the ground,
which directly decreased the occurrence of runoff and as-
sociated erosion (Greene and Hairsine, 2004; Hou et al.,
2020; Vasquez-Mendez et al., 2010). Several previous studies
also reported that FL with a thick canopy exhibited a lower
amount of runoff than did other land uses (Mehri et al., 2018;
Mohammad and Adam, 2010; Nunes et al., 2011). Fortu-
nately, the direct protection mechanism of canopy intercep-
tion was included in the CNMM-DNDC model, calculated
using the LAI (Zhang et al., 2018). Second, the litter cover of
FL protects the soil surface from the direct splash and detach-
ment of raindrops, which can decrease the formation of me-
chanical crusts and increase the infiltration capacity, hence
diminishing the potential for surface runoff and soil erosion
(Casermeiro et al., 2004; Lemenih et al., 2005; Wainwright
et al., 2002). However, the CNMM-DNDC did not take litter
cover protection of the soil surface into consideration. Fur-
ther observation data and studies are needed to introduce the
mechanism of the effect of litter cover on surface runoff and
soil sediment into the CNMM-DNDC model. Last, FL has
more soil organic matter and greater hydraulic conductiv-
ity than other land uses, which can indirectly enhance soil
infiltration and reduce surface runoff (Abrishamkesh et al.,
2011; Fu et al., 2000; Lemenih et al., 2004). The excellent
soil properties of FL soil (e.g., higher soil organic matter and
vertical saturated hydraulic conductivity) have been involved
in the CNMM-DNDC model inputs. Moreover, as the forest
litterfall returned to the soil and participated in further C and
N cycling, the soil organic matter content was enhanced and
accumulated in the FL. With regard to the scenario analysis,
we found that the scenarios of FL showed greater decreases
in sediment yield than surface runoff (Table 2). The results
of the lysimetric plot experiments by Chen et al. (2012) also
demonstrate that vegetation types and human interference
have a relatively small impact on surface runoff but an ap-
preciable effect on sediment yield.

The canopy of the cultivated cropland served as a weaker
hindrance to rainfall, which suffered from more surface
runoff than that of the forest canopy. However, the differ-
ent effects on soil erosion and rainfall interception of various
crop planting densities (Panagos et al., 2015a), e.g., wide row
maize and dense grass-like wheat, and different crop types
(Williams, 1990) require additional observation in order to
modify and evaluate the CNMM-DNDC in the future. Fur-

thermore, frequent agricultural activities (i.e., tillage) loosen
the subsurface soil and nutrients, which raises the risk of soil
erosion (Gregorich et al., 1998; Moldenhauer et al., 1967;
Muukkonen et al., 2009). The CNMM-DNDC model has
taken the vertical mixing effect of tillage on the chemical
soil properties into consideration, and this process left the
subsurface soil organic nutrients unprotected and prone to
erosion. This explained the reduction in PC, PN and PP nutri-
ent yields under the no-tillage scenarios (Fig. S5). However,
several studies found that tillage disturbed the soil structure
and pore size distribution (Carof et al., 2007; Castellini and
Ventrella, 2012; Kay and VandenBygaart, 2002; Nunes et al.,
2010), which made the effect of agricultural activities on sur-
face runoff and soil erosion difficult to model (Leitinger et
al., 2010). Given that the vertical mixing effect of tillage on
soil chemical properties instead of soil physical properties
was considered in the CNMM-DNDC, the yields of surface
runoff and sediment resulting from the no-tillage scenario did
not decrease compared with the baseline scenario with tillage
(Fig. S5).

4.2 Effect of climate change on soil erosion and
associated PC, PN and PP losses

In the past decades, the frequent occurrence of warming and
extreme weather events (e.g., extreme precipitation events)
has been irrefutable (IPCC, 2019). From 1998 to 2021, the
observed annual average air temperature and annual pre-
cipitation in the Jieliu catchment also presented an increas-
ing trend but did not have a significant regression relation-
ship (Fig. S7). In CNMM-DNDC, the biogeochemical pro-
cesses were strongly influenced by air or soil temperature
(Table S4). There were two reasons why the simulated soil
erosion responded to air temperature changes. On one hand,
vegetation growth was sensitive to air temperature changes,
which affected the Cv, the effect factor of soil erosion in
Eq. (1). The increasing air temperature provided a positive
effect on the vegetation growth (e.g., LAI, Fig. S8), which
increased the precipitation interception by the canopy to di-
rectly decrease soil erosion. However, the increasing air tem-
perature might have shortened the duration of the vegetation
growth period, which would have directly shortened the pe-
riod that soils were protected by the crop canopy and length-
ened the time that bare soils were exposed to surface runoff,
increasing the risk of erosion (Fig. S8). This increasing risk
of sediment yield when the air temperature increased was not
shown in this case, perhaps because the heavy rainfall events
occurred around the period of vegetation growth (Fig. S8). In
addition, the decreasing air temperature weakened the pro-
cesses of the respiration and photosynthesis, which led to
slower vegetation growth (Fig. S8). On the other hand, com-
pared to the baseline scenarios, the climate warming scenar-
ios, with better vegetation growth, conducted greater evapo-
transpiration, which led to a reduction in soil moisture con-
tent, indirectly reducing the surface runoff and soil erosion.
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The asymmetric response of sediment and particulate nutri-
ent yields to the cooling and warming scenarios might re-
sult from the different effects of the cooling and warming of
air temperature on vegetation growth. The growth of vege-
tation was strongly inhibited by the low temperature in the
cooling scenarios through affecting the duration and start
time of the phenological stages. Our results of the scenario
analysis indicated that the sediment yield slightly decreased
with the scenarios treated with climate warming alone, re-
sulting from the higher Cv caused by the enhanced vegeta-
tion growth (Ficklin et al., 2009; F. Zhang et al., 2020; Zhou
et al., 2003). We found a reduction in the decreasing effect of
increasing air temperature on sediment yield (especially for
the scenario with an air temperature increase of 4 ◦C; Fig. 6),
which might be because the enhanced effect of increasing air
temperature on vegetation growth is not unlimited. Once the
air temperature exceeds the threshold of the optimum tem-
perature for photosynthesis and vegetation growth, it has a
negative or even harmful impact on plant growth (Chapin,
1983; Schlenker and Roberts, 2009). The complex response
of PC, PN and PP yields to air temperature increased, prob-
ably because they increased with the enrichment ratio and
sediment yield, but the enrichment ratio decreased with sed-
iment. Therefore, the slightly increasing sediment with in-
creasing air temperature and the corresponding decreasing
enrichment ratio might lead to upward or downward fluc-
tuations in PC, PN and PP yields. However, we found that
the rate of soil yield increased with increasing precipitation
amount and the corresponding increase in heavy rain events.
Jiang et al. (2017) also found that the increase in sediment
yield was amplified by the increased precipitation, which
was directly accompanied by a dramatic and sustained in-
crease in surface runoff. Therefore, the higher GHG emis-
sions scenarios, in which the soil erosion showed a greater
increase response to the rising precipitation and a smaller de-
crease response to the rising air temperature, might lead to a
greater risk of soil erosion than the low GHG emissions sce-
nario. Overall, our results indicated that the hydrology of the
Jieliu catchment is very sensitive to potential future climate
changes, especially to the higher GHG emissions scenarios.

4.3 Interactive effect of climate and land use change on
soil and nutrient losses through water-induced
erosion

Changes in either climate or land use imply considerable in-
fluences on the water and nutrient cycles in a catchment or
region (Labat et al., 2004; Milliman et al., 2008; Piao et
al., 2007; Yin et al., 2017). Our simulated results indicated
that the reduction extent of the UFL scenario on soil ero-
sion, especially on sediment yield and associated nutrient
yields, offset the increasing extent caused by the low GHG
emissions scenario. However, the UFL scenario could not to-
tally offset the sediment and PC, PN and PP yields caused
by the high GHG emissions scenario. Nevertheless, vegeta-

tion restoration might still be able to slow the soaring pro-
cess of soil erosion caused by climate change in the future.
Previous studies primarily focused on the effects of human
activity and climate change on the changes in surface runoff
or stream flow. Wang et al. (2016) demonstrated that human
activity had a slightly larger effect on stream flow changes
than the climate (59 % versus 41 %) by analyzing the long-
term records of hydrological data in the Luan River basin in
north China. The results in the Heihe River basin in north-
west China showed that human activities were the dominant
contributor to the variation in runoff in the upper and middle
reaches when compared to climate change (Qiu et al., 2015).
However, other studies have shown that the influence of cli-
mate change on soil and water loss was greater than that of
human activities. Jiang et al. (2017) pointed out that climate
change, in comparison with anthropogenic activities, was the
primary factor causing the changes in both stream flow and
sediment discharge in the Yellow River basin and Yangtze
River basin in China. The Huron River catchment in south-
eastern Michigan in the USA was more sensitive to climate
change than to land use change, as demonstrated by Barlage
et al. (2002).

Furthermore, we found that the promoting impacts of both
high and low GHG emissions scenarios on surface runoff
were greater than those on sediment yield and associated par-
ticulate nutrient yields. In contrast, the reduction effect of the
UFL scenarios on sediment yield and associated particulate
nutrient yields was stronger than that on surface runoff (Ta-
ble 2). These results demonstrated that human activity, e.g.,
the conversion from cropland with intensive human distur-
bance to FL, resulted in a greater mitigation effect on sed-
iment yield and associated particulate nutrient yields than
on surface runoff. Therefore, further studies should consider
the effects of human activity and climate change on surface
runoff and on soil erosion, as well as the associated nutrient
yields. In summary, reasonable human interventions such as
rational land use change are expected to be feasible practices
to decelerate soil erosion and associated particulate nutrient
yields without altering and disturbing the hydrological cycle
of a catchment in the context of global warming.

5 Conclusions

The hydro-biogeochemical model (CNMM-DNDC) was im-
proved by introducing the soil erosion physical model and
the element (i.e., carbon, nitrogen and phosphorus) enrich-
ment module to estimate soil erosion and the movements of
particulate nutrients. The comparability between the simu-
lation and observations, including surface runoff, sediment
yield, particulate nitrogen (PN) and particulate phosphorus
(PP) yields at the lysimetric plot and the stream flow, sedi-
ment and PN yields at the outlet of Jieliu catchment, demon-
strated that the upgraded CNMM-DNDC model can reliably
simulate soil erosion and the consequential particulate nu-
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trient yields. The spatial distribution characteristics of sedi-
ment yield and the consequential particulate carbon (PC), PN
and PP yields were directly related to the spatial distribution
of land use type, among which the sloping cultivated crop-
land areas contributed the greatest yields of sediment and
particulate nutrients. The analysis of climate single-factor
change scenarios shows that the high GHG emissions sce-
narios had greater potential risk of soil erosion, resulting in
larger soil erosion rates than those in the low GHG emissions
scenarios. The scenarios with cropland change into forest
land decreased stream flow, sediment yield and PC, PN and
PP yields compared to the baseline scenario. Anthropogenic
activities (e.g., land use change) might be expected to help
mitigate the processes of soil and water losses accelerated by
climate change in the future.

Code and data availability. The CNMM-DNDC model was orig-
inally developed by the Institute of Atmospheric Physics us-
ing the C++ language, which can be run on a stan-
dard PC. The upgraded model is available on Figshare
(https://doi.org/10.6084/m9.figshare.20210546, Li, 2022).
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