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Abstract. The Wei River catchment in the southern part of the Chinese Loess Plateau (CLP) is one of the
centers of the agricultural revolution in China. The area has experienced intense land use changes since ∼
6000 BCE, which makes it an ideal place to study the response of fluvial systems to past anthropogenic land
cover change (ALCC). We apply a numerical landscape evolution model that combines the Landlab landscape
evolution model with an evapotranspiration model to investigate the direct and indirect effects of ALCC on
hydrological and morphological processes in the Wei River catchment since the mid-Holocene. The results show
that ALCC has not only led to changes in discharge and sediment load in the catchment but also affected their
sensitivity to climate change. When the proportion of agricultural land area exceeded 50 % (around 1000 BCE),
the sensitivity of discharge and sediment yield to climate change increased abruptly indicating a regime change in
the fluvial catchment. This was associated with a large sediment pulse in the lower reaches. The model simulation
results also show a link between human settlement, ALCC and floodplain development: changes in agricultural
land use led to downstream sediment accumulation and floodplain development, which in turn resulted in further
spatial expansion of agriculture and human settlement.

1 Introduction

The Chinese Loess Plateau (CLP) located in central China is
heavily affected by soil erosion (Wang et al., 2006; Bloe-
mendal et al., 2008; Zhao et al., 2013), which is caused
both by climate change and by the development of agricul-
ture that started a few thousand years ago (He et al., 2002;
Huang et al., 2006; Y. Chen et al., 2015; Chen et al., 2021).
However, the exact impact of these changes and the mech-
anisms involved remain largely unknown, especially for the
time period around 1000 BCE when a sediment pulse asso-
ciated with the soil erosion occurred in the CLP river sys-
tems (Song et al., 2020). The Wei River catchment, located

in the southeastern part of the CLP, is one of the most im-
portant sediment transport routes between the CLP and the
Yellow River (Fig. 1). Past anthropogenic land use change,
starting 8000 years ago (Li et al., 2009; Zhuang and Kidder,
2014), makes the Wei River catchment an ideal place for in-
vestigating the interplay between climate change and human
activities since the mid-Holocene.

Recent studies have raised the possibility that increasing
anthropogenic stress on a fluvial catchment may increase its
vulnerability to future extreme climate events, e.g., floods
and droughts, since the resilience of the river system may be
reduced by human activities, thus allowing it to cross a tip-
ping point (Best and Darby, 2020; Choudhury et al., 2022).
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Figure 1. The Wei River catchment: (a) location of the Wei River and Yellow River; (b) landform types in the catchment; (c) meteorological
stations, hydrological stations and rivers in and around the Wei River catchment. The topographic map used in (a) is extracted from the NASA
SRTM 90 m digital elevation model (Rabus et al., 2003); the satellite imagery used in (b) is from GoogleEarth map (https://www.earthol.com/,
last access: 10 December 2022).
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Studying the history of a river catchment can provide insight
into the effects of anthropogenic perturbations that are likely
to unfold in its evolution (Macklin and Lewin, 2019). How-
ever, the response of fluvial catchments to external perturba-
tions is not straightforward, but includes non-linearities and
feedback (Broothaerts et al., 2014; Guo et al., 2016; Ver-
straeten et al., 2017). Moreover, a regime shift of a fluvial
catchment is difficult to notice, since gradual changes may
alter the resilience of a fluvial catchment with only a small
effect on the current state (Scheffer et al., 2001). As a re-
sult, the extent to which the vulnerability of a fluvial catch-
ment is affected by human-induced changes (e.g., land use
change) and the moment when the threshold is crossed re-
mains unclear. In addition, unraveling the mechanisms gov-
erning the response of a fluvial catchment to multiple, simul-
taneous forcings is notoriously difficult, especially in large
river systems, where external factors and their effects are
unique in each catchment and even in each river reach (Mao
and Cherkauer, 2009; Fuller et al., 2015; Verstraeten et al.,
2017; Macklin and Lewin, 2019).

Therefore, landscape evolution models (LEMs) have been
widely used to investigate the development of fluvial mor-
phology under the impact of external disturbance (Tucker
and Hancock, 2010; Van Balen et al., 2010; Coulthard and
Van de Wiel, 2013; Pan et al., 2021; Zhao et al., 2022a,b).
They have been used to study the influence of vegetation
(Istanbulluoglu and Bras, 2005; Carriere et al., 2019), cli-
mate (Routschek et al., 2014; Manley et al., 2020), and their
combined effects (Schmid et al., 2018; Sharma et al., 2021).
For example, Sharma et al. (2021) found that the effect of
Milankovitch periodicity variations on erosion is lower in
sparsely vegetated landscape than in densely vegetated land-
scape. However, the changes in fluvial response to climatic
variations caused by land use change still need further study.

In this study, we combine the Landlab LEM (Hobley et
al., 2017; Barnhart et al., 2020) with an evapotranspiration
model (Thornton et al., 2002) to simulate the temporal and
spatial changes of discharge and sediment yield in the Wei
River catchment of the CLP, from 6000 BCE to 1850 AD.
In the simulations, we apply spatially and temporally vary-
ing precipitation and temperature, based on paleo-climate
records (F. Chen et al., 2015; Peterse et al., 2011). The
changes of anthropogenic land use are taken from Kaplan et
al. (2011). Their KK10 database provides the anthropogenic
land cover change from 8000 years ago to 1850 AD, based on
a model that relates changes of global population to past land
use (Kaplan et al., 2009). We specifically address the fluvial
regime shift of the Wei River response to climate change, as
a result of land use change.

2 Study area

2.1 Geographic setting

As the largest tributary of the Yellow River, the Wei River
is 818 km long and has a total drainage area of about 1.35×
105 km2 (Guo et al., 2016) (Fig. 1a). The headwaters of the
river are located in the Niaoshushan Mountains, in the west-
ern part of the CLP (Chang et al., 2016; Jia et al., 2021)
(Fig. 1b). The Wei River catchment is located at the transi-
tional zone of arid (north) to humid (south) areas. The catch-
ment has an average annual precipitation of 500–700 mm and
belongs to the East Asian monsoon region. The precipitation
mainly occurs from June to September (Jia et al., 2021). The
mean annual temperature ranges from 7.8 to 13.5◦ (Tian et
al., 2022). The mean annual discharge and sediment load
of the Wei River are 7.5× 109 m3 and 3.9× 108 t (from
1956 to 2010), respectively (Chang et al., 2016). The natu-
ral vegetation cover in the catchment changes from decidu-
ous broadleaf forest in the east to the temperate steppe in the
west (Zhou et al., 2015), and about 50 % of the valley area is
cultivated (Yu et al., 2016).

The northern part of the Wei River catchment is located in
the southern part of the CLP and is mainly covered by loess
(Liu, 1985; Li and Lu, 2010). The tributaries draining the
CLP are relatively long and contribute large amounts of sed-
iment (Fig. 1c) (Chang et al., 2016; Jia et al., 2021). The two
major tributaries of the Wei River are located here, the Jing
River and the Beiluo River (Fig. 1c). The southern part of the
catchment lies in the northern Qin Ling and has relatively
short tributaries characterized by flash flows (Fig. 1c) (Jia et
al., 2021). There are four types of landforms in the catch-
ment: “hilly-gully”, “rocky-hill”, “table-gully” and “fluvial-
plain” areas. These landforms also have different vegetation
covers (Fig. 1b) (Yang, 2020). The “hilly-gully area” is lo-
cated in the upper reaches of the main stream of the Wei
River and in the northern part of the catchment (Fig. 1b). The
widely distributed steep gullies in these areas cause a signifi-
cant sediment yield (Chen et al., 2016; J. Zhang et al., 2020;
Tian et al., 2022). The “rocky-hill area” includes the west-
central and southern portions of the catchment (Fig. 1b). The
drainage divide between the Jing River and the Beiluo River
also belongs to this “rocky-hill area” (Fig. 1b). It has a long
history with high forest cover (Zhang et al., 2017). The cen-
tral parts of the Jing River and Beiluo River belong to the
“table-gully area” (Fig. 1b), which is a high platform sur-
rounded by gullies (Chen et al., 2016). The middle and lower
reaches of the main stream of the Wei River belong to the
“fluvial-plain area” (Fig. 1b). They are mainly covered by
alluvial deposits.

2.2 Land use history

In the Wei River catchment, numerous local agricultural cul-
tures have developed since the mid-Holocene (Table 1). Agri-
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Table 1. The development of agriculture in the Wei River catchment
since the mid-Holocene (Shi, 1986; Zhou, 2003; Yu et al., 2016).

Time period Culture Age

6000–5000 BCE Laoguantai 6000–5000 BCE
Dadiwan 5850–5400 BCE

5000–4000 BCE Yangshao 4800–4000 BCE

4000–2900 BCE Yangshao 4000–3000 BCE
Majiayao 3600–2900 BCE

2900–1900 BCE Majiayao 2900–2050 BCE
Longshan 2600–2000 BCE
Qijia 2400–1900 BCE

1900–1500 BCE Siba 1900–1500 BCE
Kayue 1900–1500 BCE

1500 BCE–1 AD Xindian 1600–600 BCE
Siwa 1300–500 BCE

culture first developed at about 6000 BCE (Li et al., 2009).
It started with small settlements in the southeastern part of
the catchment (Laoguantai Culture; Jia, 2003) and on the ter-
races of tributaries in the northwestern part of the catchment
(Dadiwan Culture; Feng, 1985). Next, during the develop-
ment of the Yangshao Culture, from 5000 to 3000 BCE, the
intensity of agriculture and the number of settlements in-
creased (Li et al., 2009; Tan et al., 2011). Later, the Long-
shan Culture emerged, from 3000 to 2000 BCE (Jin et al.,
2002). The significant increase in charcoal concentration and
the diversity of food utensils during this period indicate the
rapid development of an agriculture-based civilization (Jin
et al., 2002). From 2000 to 1000 BCE, the food demand of
the growing population led to further expansion of the area
of agricultural land (Zhao, 2004). In addition, more high-
yield crops, such as wheat, were planted in this period (pre-
Zhou and Western Zhou dynasties) (Zhao, 2004). After about
1000 BCE, the intensity of agricultural activity increased sig-
nificantly, with more natural vegetation being converted to
crop land due to innovations in agricultural technology (Jia,
2003). From about 1000 BCE to the present, the forest cover
in the Loess Plateau decreased by about 44 % (Zhao et al.,
2013).

2.3 Hydrology and hydrological stations

The yearly data from 22 hydrological stations are used
(Fig. 1c). The Wushan, Qin’an, Beidao and Linjiacun hydro-
logical stations are located in the upper reaches of the Wei
River (Fig. 1c), where the mean annual discharge and sed-
iment load account for 26 % and 30 % of the entire catch-
ment (from 1956 to 2000; Wang, 2013), respectively. Here,
the discharge mostly originates between the Beidao and Lin-
jiacun stations, while the sediment load is mostly produced in
the upper area of the Qin’an station (Fig. 1c) (Wang, 2013).

The Weijiaobao, Xianyang, Lintong and Huaxian hydrolog-
ical stations (Fig. 1c) are located in the middle and lower
reaches of the Wei River, which contribute about 48 % of the
discharge of the catchment (from 1956 to 2000; Zhang et al.,
2007). The downstream part of the Wei River, which includes
the Lintong and Huaxian hydrological stations (Fig. 1c), is a
typical sediment accumulation area (Gao, 2006).

The Jing River is the largest tributary. About 71 % of its
sediment is transported to the Wei River (from 1956 to 2015;
J. Zhang et al., 2020). There are nine hydrological stations
located in this river: the Hongde, Jiaqiao, Qingyang, Yuluop-
ing, Jingchuan, Yangjiaping, Jingcun and the Zhangjiashan
stations (Fig. 1c). Overall, 73 % of the discharge in the Jing
River catchment comes from the upper reaches of the Yangji-
aping station and from the reaches between the Yangjiaping,
Yuluoping and Zhangjiashan stations (from 1956 to 2015;
J. Zhang et al., 2020). The sediment load comes mainly from
upstream of the Yuluoping station, accounting for 54 % of
the sediment load in the Jing River basin (from 1959 to 2016;
Han, 2019).

For the Beiluo River, data from five hydrological stations
are used in this work: the Wuqi, Liujiahe, Jiaokou, Huan-
gling and Zhuangtou stations (Fig. 1c). Overall, 57 % of the
discharge in the Beiluo River catchment is produced between
the Liujiahe and Zhuangtou stations (from 1957 to 2009; Ran
et al., 2000, 2012). Most of the sediment load is produced in
the reaches upstream of the Liujiahe station, which accounts
for 90.6 % of the sediment load in the Beiluo River basin
(from 1957 to 2009; Zhang et al., 2017).

3 Materials and methods

3.1 Model summary

In order to simulate the trends of fluvial sediment load and
discharge changes under the impacts of land use and climate
change, we apply the Landlab landscape model (Hobley et
al., 2017; Barnhart et al., 2020) combined with an evapotran-
spiration model (Thornton et al., 2002) (Fig. 2). The models
are described in more detail in the work by Chen et al. (2021).

Model parameters are calibrated by tuning simulated dis-
charges and sediment loads to measured values at the hydro-
logical stations for the period from 1996 to 2016, using the
meteorological, land use and soil data. The tuning method
is an iterative calibration process that involves changing the
parameter from an initial value to the most appropriate value
to minimize the mismatch between the simulated and ob-
served hydrological data. For simplicity, only the most im-
portant model parameters are calibrated, which are the effec-
tive root depths of plants and the soil erodibility. The addi-
tional, less important, parameters such as biological param-
eters in the evapotranspiration model (Table S1 in the Sup-
plement) and the value of “n” (a scaling exponent) in the
Landlab SPACE model component (Shobe et al., 2017) (Ta-
ble S2) are provided by previous researchers (Thornton et
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Figure 2. Technology roadmap of the landscape evolution model.

al., 2002; Shobe et al., 2017). Details of the calibration pro-
cedure are included in Sect. 3.2. The calibrated model pa-
rameters are subsequently used in simulations for the period
from 6000 BCE to 1850 AD.

3.1.1 Evapotranspiration model

The simulated vegetation types include deciduous broadleaf
forest, grassland and crops, the distributions of which are
shown in Sect. 3.3. Ecological parameters of deciduous
broadleaf forests and grasslands are based on the default val-
ues of the Biome-BGC model (White et al., 2000; Thornton
et al., 2002). They have previously been successfully applied
to the discharge and sediment load simulations in a tributary,
the Beiluo River catchment (Chen et al., 2021).

For the crops, we use the ecological parameters of win-
ter wheat, since that is the dominant crop type in the Wei
River catchment (Zhang et al., 1987). The soil nitrogen con-
tent, which is one of the required parameters in the model
for the areas covered by crops, is assumed to be constant
(0.0004 kgN m−2) to simulate the effects of fertilization (Qin
et al., 2010). The crop is irrigated twice during its growth
and the timing of irrigation depends on local farming prac-
tices (Zhang et al., 1987). The applied value of irrigation each
year is set equal to the mean annual value of irrigation in the

Wei River catchment after the 1990s (Liu, 2003). In the mod-
eling, similar to previous studies (Hu et al., 2011), 80 % of
the stems and leaves are removed each year to simulate the
harvest processes.

3.1.2 Spatial distribution of climate data

For the calibration simulations of the period 1996–2016, we
use the Kriging interpolation to compute the spatial distri-
bution of evapotranspiration and runoff. The meteorological
data used are the same as the previous simulations performed
in the Beiluo River catchment (Chen et al., 2021). These data,
from 20 meteorological stations located in and around the
catchment (Fig. 1c), are collected from the National Meteo-
rological Information Centre (Ren et al., 2016). Eight insola-
tion stations in and around the study area (Fig. 1a) are used
to obtain the insolation data. We select another six meteoro-
logical stations (Fig. 1c) to test the accuracy of data obtained
by this method. The predicted and measured data match well
(R2 > 95 %, Fig. S1 in the Supplement).

For the simulations of the Holocene (from 6000 BCE to
1850 AD), the spatial distributions of climatic inputs are
the same as those used in the calibration simulations. The
Holocene precipitation and temperature series are calculated
based on the annual precipitation reconstruction from Gong-
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hai Lake (F. Chen et al., 2015) and the air temperature re-
construction from the Mangshan Loess Plateau (Peterse et
al., 2011). The methods are the same as those used by Chen
et al. (2021). The calculated precipitation and air temper-
atures fit well with the reconstructed data from Beilianchi
Lake (C. Zhang et al., 2020, 2021) (Sect. S2, Fig. S2), which
is located in the northwestern part of the Wei River catch-
ment (Fig. 1a). Holocene atmospheric CO2 concentrations
are from the results of the Vostok ice core (Barnola et al.,
1995; Petit et al., 1999). Holocene insolation values are cal-
culated using the method of Laskar et al. (2004). The humid-
ity and the sunshine duration values are set equal to modern
values, because a sensitivity analysis has shown that variation
of these two parameters has a limited impact on the results
(Chen et al., 2021).

3.1.3 Anthropogenic land cover change

The changes in anthropogenic land use since the mid-
Holocene (Fig. S3) are obtained from the KK10 database,
which in turn is calculated from a global ALCC model that
is driven by population density and land suitability (Kaplan
et al., 2009, 2011). Land suitability takes into account that
agriculture develops first on the most productive crop lands
(Kaplan et al., 2009). The time series of the KK10 model
used is from 6000 BCE to 1850 AD. Because only the provin-
cial data from 221 BCE to 1850 AD (Zhao and Xie, 1988)
were available to calibrate the spatial patterns of population
changes in China used by Kaplan et al. (2009), there is an un-
certainty in the land use changes in our study region prior to
221 BCE. In previous simulations focusing on a tributary, the
Beiluo River catchment, Chen et al. (2021) applied a varia-
tion of 25 % for the ALCC from 6000 to 221 BCE to estimate
the impact of this uncertainty. This showed the uncertainty of
ALCC had a limited effect on the simulation results for dis-
charges and sediment loads.

3.1.4 Initial topography

There are two layers in the LEM, a base layer and a surface
layer (Shobe et al., 2017). The surface layer consists of loose
material and is above the base layer, which is composed of
basement (i.e., bedrock and loess in different areas). The sur-
face layer is composed of sediment produced by hillslope
and fluvial processes. The material of the base layer is set on
the basis of the rocky types, consisting of loess, sandstone,
etc. (Fig. S4a).

The initial topography for the simulations is extracted
from the NASA SRTM 90 m digital elevation model (DEM)
(Rabus et al., 2003) and resampled to a spatial resolution of
1000 m for computational reasons. Since the river network
is disrupted after resampling, we resample the elevation of
the network separately and combine it with the previously
resampled DEM. Then, the steady-state topography is calcu-
lated over 5000 model years in order to remove DEM errors

in the fluvial network (e.g., Campforts et al., 2020; Sharma et
al., 2021; Chen et al., 2021). Subsequently, the elevation of
the base layer used in the Holocene simulations is set equal
to the steady-state topography. This assumption is reason-
able since recent studies have used the modern topography
to accurately simulate the soil erosion processes in the Loess
Plateau during the Holocene (Zhao et al., 2022a, b). Their
simulated soil erosion intensities are in good agreement with
the evidence provided from loess-paleosol profiles (Zhao et
al., 2022a) and sediment deposition rates in the Yellow River
Delta (Zhao et al., 2022b). In addition, because we use sim-
ilar erodibility for loess and sediment, the initial sediment
thickness (the thickness of the surface layer) is set to 0 m.

3.2 Calibration

Here, we present the calibrations of model parameters by fit-
ting the simulated discharge and sediment load to the ob-
served values at the hydrological stations (Fig. 1c). The dis-
charge and sediment load data from another seven hydrolog-
ical stations (Fig. 1c) are used for validation. Since our mod-
els do not consider the impacts of, e.g., dams and irrigation
systems, mean annual discharge and sediment load data mea-
sured at the stations are re-calculated into natural discharge
and sediment load data by using the method of double-mass
curves (DMCs). This method uses the correlation between
cumulative precipitation and annual discharge or sediment
load (Chang et al., 2016). Details are presented in the sup-
plemental materials (Sect. S1, Table S3). The calibrated pa-
rameters are the effective root depth of plants and the erodi-
bility of the base and surface layers. The calibration results
are accepted when the mismatch between the simulated and
observed discharges and sediment loads is less than 10 %.
This evaluation criterion was chosen based on the previous
simulation works (Carriere et al., 2019; Chen et al., 2021).

3.2.1 Effective root depth of plants

For the evapotranspiration model, we only calibrate the effec-
tive root depth, which is determined by the vegetation types
and soil environment (Vörösmarty et al., 1989), because it
has the largest impact on the evapotranspiration rates and soil
water content in the evapotranspiration model.

For the root depth calibration, the catchment is subdi-
vided into 16 sub-catchments (Fig. 1c). We use the present-
day precipitation and temperature, and fit the mean annual
discharge at the outlet of each sub-catchment (blue rectan-
gle in Fig. 1c). The initial effective root depths of plants
are set at 1.5 m for deciduous broadleaf forest and 1 m for
grass and crop lands, based on the average root depth in the
Loess Plateau (You et al., 2009). During the iterative cali-
bration processes we vary the root depth incrementally by
1 cm, while the difference between the initial root depths of
trees and grass/croplands is kept constant. After calibration,
the mismatches between the observed and simulated annual
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discharge at the calibration stations are between 0.48 % and
6.10 % (Fig. S5).

In order to validate the accuracy of our calibration results,
we further compare the differences between the predicted
and natural annual discharge at another seven hydrological
stations (orange rhombus in Fig. 1c). The results show that
the model predicts annual discharge with an error that ranges
between 0.35 % and 7.95 % (Fig. S5).

3.2.2 Erodibility

For the parameters in the Landlab model, we calibrate the
erodibility of the base and surface layers based on measured
annual sediment loads (Fig. 1c). The initial values of the base
layer erodibility are calculated based on the geological map
(Fig. S4a), which is extracted from a 1 : 250000 digital ge-
ological map of China (Zuo et al., 2018), and the bedrock
erodibility values used in the LAPSUS model (Schoorl and
Veldkamp, 2001). For the initial values of the surface layer
erodibility, we calculate the values with the method of Han-
cock et al. (2019), which uses the soil properties and the
NDVI data (normalized difference vegetation index). The
data of soil properties (Fig. S4b–e) come from the China
soil map, which in turn is collected from the Harmonized
World Soil Database (v1.0) (Nachtergaele et al., 2008). The
NDVI data (Fig. S4f) are based on the SPOT vegetation index
database of China (Maisongrande et al., 2004).

Then, the erodibility of the base layer and surface layer
in each sub-catchment is adjusted until the simulated sed-
iment load matches the observed data at the hydrological
stations located at the sub-catchment outlet (blue rectangle
in Fig. 1c). After calibrations, the mismatches between the
observed and simulated annual sediment load at the calibra-
tion stations range from 0.01 % to 9.39 % (Fig. S6). For the
validation stations, the model predicts an annual sediment
load with an error that ranges between 1.50 % and 7.27 %
(Fig. S6).

3.3 Holocene simulations

Two model scenarios (a model with land use and climate
change, Normal, and a model without climate change, WCC)
are used in the Holocene simulations. The Normal scenario
uses reconstructed paleo-climate data and KK10 land use
data to model the spatial and temporal changes in water
and sediment discharges due to climate change and anthro-
pogenic land cover changes. The WCC scenario is used to
study solely the effects of land use change; the climatic con-
ditions are the same as those applied in the Normal scenario
from 6000 to 5500 BCE, and they are kept constant during
the simulation.

In order to demonstrate the effects of anthropogenic
land cover change on drainage hydrology, we calculate the
changes of discharge and sediment yield at the outlet as well
as their coefficient of spatial variation (CV, Eq. 1) for the

whole catchment.

CV=
1
xa

√√√√√ n∑
i=1

(xi − xa)2

n,
(1)

where, CV is the coefficient of spatial variation of the mean
annual discharge or sediment yield; xa is the average dis-
charge or sediment yield of the whole catchment; xi is the
discharge or sediment yield in the i grid cell, and n is the
total number of grid cells.

Next, the sensitivities of the mean annual discharge and
sediment yield as well as their spatial variation coefficients
to climate change are calculated based on the differences be-
tween the Normal and WCC scenarios (Eq. 2). Finally, the
calculated sensitivities are correlated with the different in-
tensities of human activity to reveal the impact of land use
change on the fluvial response mechanisms.

Sc =

∣∣∣∣difclimate-basic

1climate,

∣∣∣∣ (2)

where, Sc is the sensitivity of the simulation results to cli-
mate change. A higher value of Sc means a more sensitive
response; difclimate-basic is the difference between the simu-
lation results between the Normal and WCC scenarios. The
simulation results are the mean annual discharge, the CV of
the mean annual discharge, the mean annual sediment yield
and the CV of the mean annual sediment yield, resulting in
four different sensitivity values. 1climate is the difference
between the climate conditions for the scenarios. We use
the difference of precipitation between both scenarios as the
1climate parameter, since precipitation is the climate param-
eter that has the most significant impact on the simulation
results (Chen et al., 2021).

In the Holocene simulation, the time step is 1 year and the
spatial resolution is 1000 m. Since the temporal resolution
of the reconstructed Holocene climate data, especially for air
temperature, is around 500 years (Peterse et al., 2011), we set
the annual climatic parameters and anthropogenic land cover
constant for each 500-year interval for simplicity. Therefore,
the mean annual discharge or sediment yield are calculated
for each 500 years. For the modeling of discharge and sedi-
ment load, the distributions of natural plants are determined
by the pollen-based reconstruction of main vegetation types
in different geomorphic units in the Loess Plateau (Sun et
al., 2017). By associating the reconstructed vegetation data
with the modern geomorphic distribution map (Yang, 2000),
the natural plants in the Wei River catchment are grouped
into forest and grass (Fig. S7). The type of crop and its man-
agement parameters, such as soil nitrogen content and irri-
gations, were set the same as the modern values, because of
lack of available data. This assumption is reasonable because
wheat has been cultivated in the middle reaches of the Yel-
low River as early as the mid-Holocene (Dodson et al., 2013;
Zhuang and Kidder, 2014).
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Figure 3. Simulated mean annual runoff (a) and the time trend of sub-catchment mean annual discharge (b).

4 Results

4.1 Normal scenario

4.1.1 Runoff and discharge

The evolution of the simulated runoff and discharge from
6000 BCE to 1850 AD is shown in Fig. 3. The mean annual
runoff (catchment average) increases about 16.5 % during the
first 2000 years (6000 to 4000 BCE). A second increase of
around 6.7 % takes place from 2000 to 500 BCE (Fig. 3a).
Spatially, the simulated runoff rates show a gradual increas-
ing trend from north to south, which is caused by the dis-
tribution of mean annual precipitation. A low value occurs

in the middle reaches of the Jing River and the Beiluo River,
which may be caused by the high value of effective root depth
(Fig. S5) resulting in a locally high value of evapotranspira-
tion.

In each sub-catchment, the fluctuations of the mean annual
discharge are similar (Fig. 3b). The main contribution to the
discharge at the catchment outlet is provided by the down-
stream part of the Wei River (Fig. 3b1). During the Holocene,
the decreases in discharge in the sub-catchments belonging
to the main stream of the Wei River range from 13.2 % to
35.1 % (Fig. 3b1, Table 2). In the Jing River, the decreases in
discharge range from 20.2 % to 47.2 % in the sub-catchments
(Fig. 3b2, Table 2). In the Beiluo River sub-catchments, re-
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Figure 4. Sediment thickness (a) and the evolution of sub-catchment mean annual sediment yield (b).

ductions in discharge range from 29.6 % to 50.4 % (Fig. 3b3,
Table 2).

4.1.2 Sediment thickness and sediment yield

Figure 4 shows the distribution of sediment thickness and
the evolution of sediment yield in each sub-catchment. The
sediment thickness has a decreased trend from northwest to
southeast. The upper and lower reaches of the main stream of
the Wei River have a thin accumulation of sediment (less than
2 m) (Fig. 4a). A prominent sediment accumulation is simu-
lated in the lower reaches from 1000 BCE onward; its lateral
extension results from lateral channel migration (Fig. 4a).

For the main stream of the Wei River, the sediment flux
mainly comes from the Qin’an sub-catchment (Fig. 4b1).
There is no sediment yield at the outlet of the Wei River,
which indicates it is a sedimentation zone (Fig. 4b1). Sedi-
ment yields are higher in the Jing River than in other sub-
catchments; the maximum value is located in the Yuluoping
sub-catchment (Fig. 4b2). In the Beiluo River, the sediment
is mostly produced in the Wuqi and Liujiahe sub-catchments
(Fig. 4b3). The trends in mean annual sediment yield in each
sub-catchment are similar and had a total increase of 10–
30 times during the simulation (Fig. 4b, Table 3). Before
1000 BCE, the mean annual sediment yield had an approxi-
mately steady, linear increase in all sub-catchments (Fig. 4b).
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Table 2. The total difference in mean annual discharge in each sub-catchment from 6000 BCE to 1850 AD.

Main stream of Wei River Jing River Beiluo River

Wushan −13.2 % Hongde −37.3 % Wuqi −33.1 %
Qin’an −26.7 % Jiaqiao −20.2 % Liujiahe −29.6 %
Linjiacun −20.7 % Qinyang −37.3 % Jiaokou −39.9 %
Xianyang −31.1 % Yuluoping −44.7 % Zhuangtou −50.4 %
Huaxian −35.1 % Yangjiaping −22.7 %
Outlet −21.8 % Zhangjiashan −47.2 %

Table 3. The total difference of mean annual sediment load in each sub-catchment from 6000 BCE to 1850 AD.

Main stream of Wei River Jing River Beiluo River

Wushan +2519.9 % Hongde +1275.3 % Wuqi +1397.6 %
Qin’an +920.8 % Jiaqiao +3100.4 % Liujiahe +2407.5 %
Linjiacun +1687.5 % Qinyang +1007.0 % Jiaokou +1953.4 %
Xianyang +1506.7 % Yuluoping +1282.1 % Zhuangtou +1278.1 %
Huaxian +3126.9 % Yangjiaping +1396.5 %
Outlet +906.8 % Zhangjiashan +1411.1 %

Subsequently, they experienced a sharp increase between
1000 BCE and 1 AD. Then, a rapid decrease occurred after
1 AD (Fig. 4b).

4.2 The difference of model results for the two scenarios

The spatial distributions of mean annual runoff in the Normal
and WCC scenarios are similar (Figs. 3a and S8A). How-
ever, the evolution of simulated mean annual runoff (catch-
ment average) has fluctuations in the Normal scenario while
it increases almost linearly in the WCC scenario (Figs. 3a
and S8A). Compared to the Normal scenario (Fig. 3b), the
discharge yields of the sub-catchments belonging to the
southeastern part (such as Zhangjiashan and Zhuangtou) in-
crease appreciably in the WCC scenario (Fig. S8b). The com-
parison of the mean annual discharge (catchment average)
and its spatial variation coefficient for these two scenarios
show that the impacts of climate change on the temporal and
spatial trends of discharge start to increase after 1 AD (more
than 20 %) (Fig. 5a and b).

In both the Normal and WCC scenarios, a large accumu-
lation occurs in the middle reaches of Jing River at about
4000 BCE and in the downstream part of the Wei River
around 1000 BCE (Figs. 4a and S9a). However, the sediment
thickness in the northern part of the catchment is thicker in
the Normal scenario than in the WCC scenario (Figs. 4a
and S9a). In the WCC scenario (Fig. S9b), the sediment
yields of the sub-catchments located in the northwestern part
(such as Jiaoqiao, Qinyang) are larger compared to the Nor-
mal scenario (Fig. 4b). Based on the comparison of the re-
sults of the Normal scenario with those of the WCC scenario,
the intensity of the impact of climate change on the mean
annual sediment yield (in the Normal scenario) increases to

some extent after 1 AD (more than 20 %, Fig. 5c). The spatial
variation coefficients of sediment yield in the two scenarios
are almost the same during the simulation (less than 20 %,
Fig. 5d), which indicates that climate change has limited im-
pact on the spatial characteristics of sediment yield.

5 Discussion

5.1 A regime shift around 1000 BCE

The sediment thickness distribution in the Normal scenario
shows a significant increase in the lower reaches of the main
Wei River after 1000 BCE (Fig. 4a, black rectangle). The
mean annual sediment yield in each sub-catchment also ex-
periences a large increase at the same time (Fig. 4b). Since
the comparisons between the Normal and WCC scenarios
showed the changes of climate variations would cause a sig-
nificant decrease for both mean annual discharge and sedi-
ment yield after 1000 BCE (Fig. 5), the increments of sedi-
ment thickness and sediment yield should be a consequence
of the large increase of the land use around the 1000 BCE.
This is in agreement with the evaluation of accelerated soil
erosion due to human land use change in the Loess Plateau
recorded by colluvial components in Holocene loess–soil
sequences (Huang et al., 2006), dike breaches (He et al.,
2006), temporal changes of sedimentation rate from the Yel-
low River Delta (Zhao et al., 2013) and previous modeling
of the Beiluo River tributary of the Yellow River (Chen et
al., 2021). The onset of the human-dominant soil erosion in
our simulations (∼ 1000 BCE) could be earlier than the infer-
ences from the sedimentation rate records in Beilianchi Lake
(see the location in Fig. 1a; ∼ 600 AD; Zhang et al., 2019)
and simulated soil erosion rate in the middle reaches of Yel-
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Figure 5. Comparison of mean annual discharge yield (a), CV of discharge yield (b), mean annual sediment yield (c) and CV of sediment
yield (d) for the Normal and WCC Scenarios.

low River (∼ 1 AD; Zhao et al., 2022a, b). These differences
may be caused by the spatial variations of the development of
agriculture in the Loess Plateau (Zhuang and Kidder, 2014;
Yu et al., 2016).

However, the contribution of climate change to the annual
discharge and sediment yield does show some increases af-
ter 1000 BCE (Fig. 5). Therefore, these changes would be a
signal indicating the change in sensitivity of the fluvial catch-
ment to climate change as a result of increasing ALCC.

Figure 6 shows the trend of sensitivity to climate change
of mean annual discharge and sediment yield and their co-
efficient of spatial variation. The sensitivity alters abruptly
when the areal extent of land use exceeds a certain thresh-
old (Fig. 6). When the areal extent is low (< 30 %), the sen-
sitivity to climate change declines steadily with increasing
areal extent (and thus also with time; Fig. 6). The sensitivity
fluctuates when the areal extent is between 30 % and 50 %
(Fig. 6). However, when the areal extent of land use is high
(> 50 %), starting at ∼ 1000 BCE, the sensitivity increases
with increasing areal extent (Fig. 6) indicating a regime shift
of the fluvial catchment.

These changes in sensitivity are associated with the change
in the geographic center of land use change, which shifts
from northwest to southeast in the catchment, and thus the
different shifts of vegetation to crops (Fig. S3). In the catch-
ment, the natural vegetation is made up of forest and grass

(Fig. S7), which is converted to cropland. Runoff in grass-
land is more sensitive to climate change than runoff in crop-
land, whereas runoff in forest is less sensitive than runoff in
cropland (Mao and Cherkauer, 2009). The main vegetation
change in the catchment during the period from 6000 BCE
to around 3000 BCE is from grass to crop in the western and
northern parts of the catchment (Fig. S3), which leads to the
decreased sensitivity of the catchment discharge and sedi-
ment yield and their spatial variations, CV, to climate change
(Fig. 6). From around 3000 to 1000 BCE, the sensitivity first
sharply increases and then decreases rapidly, which shows its
instability. This may be caused by changes in other parame-
ters, such as air temperature (Fig. S2), which are not consid-
ered. From 1000 BCE onward, the major anthropogenic veg-
etation changes are from forest to crop in the southeastern
part of the catchment (Fig. S3), which results in the increase
in the sensitivity (Fig. 6).

5.2 Coupling between ALCC by human settlement and
floodplain development

The shift of the geographic center of land use change, which
causes the change in sensitivity of the Wei River catchment
to climate change, could be a result of the increase of the
areal extent of land use. Figure 7 shows a good correla-
tion between the spatial distribution of sediment accumula-
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Figure 6. Sensitivity of discharge and sediment yield to changes in climate due to the increasing areal extent of land use with time. The
colors of dots indicate the simulated time; 50 % land use area corresponds to 1000 BCE.

tion and the distribution of archaeological sites during the
mid-Holocene (Yu et al., 2016). Sediment accumulation and
floodplain construction first occur in the downstream part,
and then expand to the northwestern part becoming concen-
trated in the upstream part in the western section of the CLP,
in the Qi’an and Yangjiaping sub-catchments (Fig. 7a). This
pattern of expansion is consistent with the spatial trend in the
growth of the number of archaeological sites during the same
period (Yu et al., 2016).

This correlation can be explained by the spatially asyn-
chronous development of floodplains, caused by migration of
sediment waves in the catchment. The floodplains provided
ideal locations for initial settlements (Clevis et al., 2006).
These new settlements, in turn, would have led to an increase
in local land use, which, in turn, would result in higher sed-
iment yields. These sediments are then transported further
and accumulated downstream, which results in floodplain de-
velopment there and thus provides new suitable places for
further human settlement (Fig. 8). The settlements built on
floodplains near rivers that were forced by population in-
crease and the predominance of wheat farming have been
common in the middle reaches of the Yellow River since the
Late Bronze Age (∼ 1000 BCE) (Zhuang and Kidder, 2014).

Therefore, the asynchronous development between human
settlement, ALCC and floodplain development shifts the ge-
ographic center of land use change as the areal extent of
land use increases. This resembles niche construction the-
ory (NCT) from biological and ecological systems (Laland

et al., 1996, 1999, 2001; O’Brien and Laland, 2012). NCT
places emphasis on the capacity of organisms, in this case
humans, to modify their environment and thereby act as co-
directors of their own and other species’ evolution (Laland et
al., 2001; Spengler, 2021).

6 Conclusions

Land use change in the Wei River catchment in the Chi-
nese Loess Plateau (CLP) not only has a significant direct
impact on discharge and sediment yield, but also alters the
resilience of this fluvial catchment to climate change. The
sensitivity of the catchment to climate change decreases with
increasing amounts of areal extent of land use, as long as it
is less than 30 %, when the increase in areal extent is dom-
inated by a change from grass to cropland. The sensitivity
increases when the areal extent of land use exceeds 50 % of
the catchment around 1000 BCE. During this increase in ex-
tent, the main vegetation cover changed from trees to crops.
This regime shift can be seen by the significant sediment ac-
cumulation in the lower reaches starting around 1000 BCE.
Our simulation results also suggest that there is a shift of the
geographic center of land use change caused by a coupling
between early land use, sediment accumulation and resultant
floodplain development: new settlements on floodplains lead
to further increases in sediment yield and floodplain forma-
tion further downstream.
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Figure 7. The spatial correspondence between the location of sediment aggradation (a) and archaeological sites (b, Yu et al., 2016) during
the mid-Holocene.
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Figure 8. Conceptual model for the relationship between expansion of agriculture and fluvial floodplain aggradation.
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