
Catena 242 (2024) 108125

Available online 3 June 2024
0341-8162/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

The imprint of coevolving semi-arid landscapes, soil, and vegetation on soil 
moisture and vegetation variability 

Ankur Srivastava a,b, Omer Yetemen a,c, Jose F. Rodriguez a, Nikul Kumari a,b, Patricia 
M. Saco d,a,* 

a Centre for Water Security and Environmental Sustainability and School of Engineering, The University of Newcastle, Callaghan 2308, Australia 
b Faculty of Science, University of Technology Sydney, Sydney, Australia 
c Eurasia Institute of Earth Sciences, Istanbul Technical University, Maslak 34469, Istanbul, Turkey 
d Faculty of Engineering & Information Technology, University of Technology Sydney, Sydney, Australia   

A R T I C L E  I N F O   

Keywords: 
Landscape evolution 
Soil moisture variability 
Vegetation variability 
Aspect-driven insolation 

A B S T R A C T   

Landscapes evolve through nonlinear interactions between soil, vegetation, and climate. In semi-arid ecosystems, 
soil moisture variability (SMV) and vegetation variability (VV) can be strongly related to landscape organisation 
induced by differences in insolation on opposing north-facing slopes (NFS) and south-facing slopes (SFS). Due to 
its complex interactions with various processes and factors, soil moisture and vegetation exhibit significant 
variability in both space and time. In this study, the Channel-Hillslope Integrated Landscape Development 
(CHILD) landscape evolution model (LEM), coupled to a dynamic vegetation model (BGM) and equipped with a 
spatially distributed solar radiation component is used. The model is used to investigate the implications of 
various soil, climatic, and geomorphic factors on SMV and VV over landscapes with different characteristics. The 
analysis of model results indicates that SMV and VV are more sensitive to changes in geomorphic (hillslope 
diffusion and uplift rate) and climate (solar radiation, precipitation) factors than to soil hydrologic factors 
(anisotropy, porosity, infiltration capacity, root depth, and pore size distribution) considered in this study. 
Spatial variability increases with decreases in hillslope diffusion, and with increases in uplift rates and latitude, 
while temporal variability has the same response to those factors, and also increases with precipitation. All of 
these factors contribute to larger difference in condition on NFS and SFS, which ultimately is reflected in SMV 
and VV. Slope-area, soil moisture-area, and vegetation-area relationships revealed that the difference in SMV and 
VV between NFS and SFS is more pronounced for smaller contributing areas, where NFS are steeper than SFS. 
They also show that the temporal variability of soil moisture and vegetation is less in SFS than in NFS.   

1. Introduction 

Soil-vegetation-topography interactions play a central role in the 
hydrologic cycle, as well as in the ecological and biogeochemical func
tioning of a catchment, particularly in semi-arid areas (Istanbulluoglu 
and Bras, 2006; Gutiérrez-Jurado et al., 2007; Reynolds et al., 2007; 
Hoekema and Sridhar, 2011; Saco and Heras, 2013; Yetemen et al., 
2010, 2015a, 2019; Istanbulluoglu et al., 2012; Baartman et al., 2018; 
Ding et al., 2018; Rossi et al., 2018; Casalini et al., 2019; Kumari et al., 
2019; 2020; Srivastava et al., 2019; 2022). These interactions control 
numerous processes that are of key importance for water resources 
problems, including for example evapotranspiration, streamflow re
gimes, and water-energy connections (Findell and Eltahir, 1997; Detto 

et al., 2006; Sridhar et al., 2006; Sehgal and Sridhar, 2019; Srivastava 
et al., 2020). Several biosphere–atmosphere processes are affected by 
soil moisture and vegetation conditions in semi-arid ecosystems (Pielke 
et al., 1998; Srivastava et al., 2021). In these ecosystems, a tight 
coupling between geomorphic processes and hydrological processes 
exists, which in turn shapes the landscape (Istanbulluoglu and Bras, 
2005). 

Soil moisture displays substantial spatial and temporal variability, 
which is modulated by topographic controls and, indirectly, by the 
geomorphic mechanisms that shape the landscape. It influences a wide 
range of earth system processes at various spatial and temporal scales 
(Vinnikov and Robock, 1996; Seneviratne et al., 2010; Evaristo et al., 
2015; Dari et al., 2019). Due to its key role in many of these processes, 
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numerous recent studies have focused on improving the understanding 
of the underlying processes governing soil moisture variability (SMV). A 
deeper understanding of SMV is essential for improving and developing 
the predictive models of catchment processes, particularly in water- 
limited ecosystems. Previous studies have shown that a wide variety 
of factors control the high degree of variability displayed by soil mois
ture both in space and time. From various modelling and field studies, it 
has been revealed that SMV is at its maximum when soils are interme
diately wet and that it decreases as the soils become wetter or drier 
(Western et al., 2003; Famiglietti et al., 2008; Ivanov et al., 2010; Sri
vastava et al., 2021). Many studies have demonstrated that the spatial 
variability of soil moisture is controlled by factors related to climate, 
topographic characteristics, vegetation, and soil properties (Nyberg, 
1996; Grayson et al., 1997; Vereecken et al., 2007; Martinez et al., 2008; 
Chen et al., 2014; Yetemen et al., 2015a; Srivastava et al., 2021). For 
example, Grayson et al. (1997) showed that SMV patterns display two 
preferred states, with short periods of transition between these states. 
The first state typically corresponds to dry conditions, when evapo
transpiration exceeds precipitation. In this case, the soil moisture 
pattern reflects the soil and vegetation differences (which control 
evapotranspiration), and only local terrain influences this pattern. The 
second state corresponds to wet conditions, when precipitation exceeds 
evapotranspiration, and topography becomes the dominant factor con
trolling SMV. However, there can be a combination of several factors 
which can interact and affect the variability in soil moisture. In their 
modelling study, Teuling and Troch (2005) demonstrated that spatial 
vegetation variability (VV) leads to SMV, particularly for dry periods. 
Similar findings are reported by Teuling et al. (2006) and Pan and Wang 
(2009). 

Vegetation growth is mostly controlled by the amount and avail
ability of soil moisture in space and time (Gutiérrez-Jurado et al., 2013; 
Zhou et al., 2013; Yetemen et al., 2015a; Srivastava et al., 2019); 
therefore, soil moisture is an important determinant in vegetation 
development, particularly in water-limited environments. Further, the 
shape of the topography at the hillslope or basin scale also affects soil 
moisture and vegetation distribution (Hack and Goodlett, 1960). Aspect 
variations and associated solar radiation effects also constitute a char
acteristic of the topography which affects the development of the 
vegetation type and density on opposing hillslopes (Yetemen et al., 
2015a). These aspect-driven vegetation differences are more profound 
in water-limited ecosystems, where vegetation growth is limited by soil 
moisture availability (Gutiérrez-Jurado et al., 2013). The vegetation 
differences which arise via aspect differences can be seen in different 
parts of the world, such as in the United States, Australia, Chile, Italy, 
Spain, and Israel (Kumari et al., 2019; 2020). Modelling efforts by Zhou 
et al. (2013) revealed that vegetation distribution is controlled by the 
effect of topographic-driven variations in soil moisture and potential 
evapotranspiration (PET) at the annual scale in Central New Mexico. 
Gutiérrez-Jurado et al. (2013) found that solar radiation controls the 
dynamics of PET and soil moisture across opposing hillslopes. Due to 
differences in soil moisture, vegetation differences are observed when 
comparing the vegetation cover and type on opposing hillslopes. These 
findings illustrate the interdependence between topography, microcli
mate, soil, and vegetation, which ultimately leads to a complex process 
of landscape coevolution (Srivastava et al., 2022). 

Geomorphic processes define the shape of a landscape, which in turn 
strongly affects the distribution of soil moisture and vegetation. The 
association between geomorphic processes and vegetation cover has 
been addressed in previous studies (Hack and Goodlett, 1960; Istan
bulluoglu and Bras, 2006; Gutiérrez-Jurado et al., 2007; Yetemen et al., 
2019; Anderson et al., 2013; West et al., 2014; Yetemen et al., 2015a,b). 
For example, Hack and Goodlett (1960) observed a clear connection 
between the hydrological, ecological, and geomorphological features of 
a landscape in Virginia, US. They found that 25 of the 45 vegetation 
species investigated strongly correlated with the soil moisture and 
topographic position, slope, and aspect. Several other studies have also 

shown the relationship between soil moisture and relative elevation, 
slope, and aspect (Burt and Butcher, 1985; Ding et al., 2018; Srivastava 
et al., 2021). Additionally, Caylor et al. (2005) showed that topographic 
features are closely linked to soil moisture distribution. 

The shape of the landform is determined by hillslope processes such 
as fluvial- and diffusion-erosion. The effect of these geomorphic pro
cesses can be simulated using landscape evolution models (LEMs) 
(Tucker and Hancock, 2010; Baartman et al., 2013; Yetemen et al., 
2015a; Srivastava et al., 2022). The interaction between hillslope 
diffusion and fluvial erosion leads to distinct catchment features. As 
diffusive processes become more dominant (relative to fluvial erosion), 
drainage density decreases, which in turn can affect soil moisture. 
Additionally, geomorphic processes such as uplift rate, erosion, and 
deposition also affect topography through steepness and, therefore, the 
spatial patterns of SMV and VV. These processes can further be linked to 
the spatial distribution of vegetation and soil moisture through the 
slope-area relationship (Willgoose et al., 1991; Perera and Willgoose, 
1998; Hancock and Willgoose, 2001), which is the most commonly used 
geomorphic descriptor to analyze landscape shape and its interactions 
with ecohydrological processes. Knowledge of landscape development 
processes is crucial towards understanding landscape evolution, as these 
processes are integral in determining hillslope geometry, in driving SMV 
and VV and their response to climate and uplift rate (Carson and Kirkby, 
1972; Dietrich et al., 2003). Based on these previous findings, a wide 
variety of factors can be identified as key drivers of soil moisture and 
vegetation patterns; however, the role of geomorphic factors (shaping 
topography) and their interaction with climate, soil, and vegetation 
factors still remain unclear. 

Previous work by Srivastava et al. (2021) used the Bucket Grassland 
Model (BGM) (Istanbulluoglu et al., 2012) to analyse the effect of several 
key factors that regulate SMV for two distinct and temporally steady 
landscape morphologies. The current study examines soil moisture and 
vegetation variability on coevolving landscapes by considering the role 
of geomorphic processes, including uplift and hillslope diffusion. The 
Channel-Hillslope Integrated Landscape Development (CHILD) model 
(Tucker et al., 2001) and the BGM are used to simulate the evolution of 
the landscape for 800,000 years. This allows the dynamic vegetation to 
interact with geomorphic processes, to produce many different 
coevolving landscape morphologies, which enables a better under
standing of the effect of geomorphic factors on SMV and VV. In addition 
to the effect of geomorphic factors such as hillslope diffusion and uplift 
rates, the impact of climatic and soil factors on SMV and VV is also 
investigated. In light of the abovementioned facts, the following 
research objectives are framed: i) identify the crucial factors that control 
the spatial SMV and VV in semi-arid ecosystems over long timescales; 
and ii) examine the association between different factors affecting SMV, 
VV, and landscape morphology using slope-area, soil moisture-area, and 
vegetation-area relationships as they can be used to link ecohydrologic 
and geomorphic processes in different landscapes. 

2. Model structure 

The coupled CHILD + BGM model is used to investigate the effect of 
the various factors outlined above for a semi-arid catchment in the 
Sevilleta National Wildlife Refuge (SNWR) in central New Mexico 
(Tucker et al., 2001; Istanbulluoglu and Bras, 2005; Yetemen et al., 
2015b). The model captures the evolution of the terrain resulting from 
uplift and fluvial and diffusion processes, and accounts for effects of 
vegetation on erosion dynamics. Previous studies have used this coupled 
model for the simulation of geomorphic dynamics (Istanbulluoglu and 
Bras, 2005; Yetemen et al., 2015a; Srivastava et al., 2022), hillslope 
asymmetry (Yetemen et al., 2015a), and vegetation effect on landforms 
(Collin and Bras, 2010). 

A description of the CHILD + BGM model is provided below. 
Modelling details on climate forcing are described first, followed by a 
description of the formulation used for modelling geomorphic, soil 
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moisture, and vegetation processes. 

2.1. Rainfall forcing 

The Poisson rectangular pulse (PRP) rainfall model is modified for 
incorporation into the CHILD model, in order to generate the stochastic 
rainfall forcing (Eagleson, 1978). In the model, every storm event is 
considered to have three essential characteristics: storm intensity (p)
[LT− 1], storm duration, Tr [T], and inter-storm period, Tb [T]. The mean 
annual precipitation, (MAP), is expressed as (Collins and Bras, 2010): 

MAP = p⋅Tr⋅Ns (1) 

Where p and Tr represent the mean value of storm intensity and 
storm duration, and Ns [-] is number of storms in a year, computed as: 

Ns =
1

Tr + Tb
(2) 

Please note that the values of p and Tr in this study are selected based 
on the study regions (for semiarid conditions as explained in more detail 
the methodology section). 

2.2. Geomorphic processes 

Geomorphic processes are responsible for sediment transport across 
a basin. The continuity equation for sediment gives the rate of change in 
elevation and considers various geomorphic processes (e.g., uplift, 
hillslope diffusion, and fluvial erosion; Tucker et al., 2001). This can be 
expressed as follows: 

dz
dt

= U − ∇.qd − F (3)  

where z [L] and t [T] represent elevation and time, respectively. The first 
term on the right gives the uplift rate, U [LT− 1]; the second term states 
the divergence of volumetric sediment flux per unit width of hillslope 
diffusion, qd [LT− 1]; and the third term, F [LT− 1], provides the fluvial 
erosion function. The effect of elevation on hillslope diffusion is 
modelled as (Roering et al., 1999): 

qd =
Kd∇z

1 −

(
|∇z |
Scr

)2 (4)  

where Kd is diffusivity [L2T− 1] and Scr is the critical hillslope gradient. 
fluvial erosion, F, is computed as: 

F =

{
∇qf , where Dc > qf
Dc elsewhere (5)  

where ∇qf is the net divergence of sediment flux per unit width [LT− 1]; 
and Dc represents the detachment capacity [LT− 1], which gives the 

maximum rate of local erosion. Both detachment (Dc) and transport 
(

qf

)

capacity can be expressed as a power function of shear stress (Meyer- 
Peter and Müller, 1948; Nearing et al., 1999). The values of Dc and qf are 
computed using equations (15) and (16), respectively. 

Dc = kd
(
τeff − τcr

)dc (6)  

qf = kf
(
τeff − τcr

)fc (7)  

where kd and dc are the detachment-limited erodibility coefficient and 
exponent, respectively (Nearing et al., 1999); kf and fc are the transport- 
limited erodibility coefficient and exponent, respectively (Meyer-Peter 
and Müller, 1948); τeff (Pa) represents the effective shear stress; and τcr is 
the critical shear stress for sediment transport. Finally, τeff is represented 
with the boundary shear stress and scaled using Manning’s roughness 

coefficient ratio of vegetation (nv) and bare soil (ns), following the 
approach of Laursen (1958) and Istanbulluoglu and Bras (2005): 

τeff = τbs

(
ns

ns + nv

)3/2

(8) 

Roughness due to particular vegetation (nv) is represented as a power 
function of its reference vegetation cover, VR= 0.95, which has a 
roughness coefficient, nvR= 0.5, as used by Istanbulluoglu and Bras 
(2005): 

nv = nvR

(
Vt

VR

)ω

(9)  

where ω is the parameter that quantifies the relation between vegetation 
roughness and vegetation cover fraction (Vt). 

2.3. Soil moisture dynamics 

In CHILD, a water mass balance is kept, and water enters and exits 
the soil following processes of infiltration, transpiration, evaporation 
from bare soil, leakage, and lateral soil moisture flux. Soil moisture 
changes are modelled using a simple bucket model, in which gains are 
due to infiltration and losses occurs due to leakage and evapotranspi
ration. The soil water balance in the model is expressed as: 

ϕZr
ds
dt

= φa − χ(s) (10)  

where ϕ [-] is porosity of the soil, Zr [L] is the effective root zone depth, s 
[-] is the ratio of volumetric soil moisture, θ, to the porosity,ϕ, φa [LT− 1] 
is the rate of actual infiltration from rainfall, χ(s) is the rate of soil 
moisture losses from the soil: 

χ(s) = Lt(s)+ETa(s) (11) 

Lt [LT− 1] and ETa [LT− 1] are the rates of leakage and actual evapo
transpiration, respectively. (ETa estimation, including PET scaling, is 
detailed in Equation S1 of the Supplementary File). The leakage loss 
through the soil occurs when the soil moisture content exceeds field 
capacity, sfc, and is modelled using the approach of Laio et al. (2001): 

Lt(s) =
{

Ksat, s = 1
K(s) = Ksatsβ, sfc < s ≤ 1 (12)  

where Ksat [LT− 1] is saturated hydraulic conductivity and K(s) [LT− 1] is 
unsaturated hydraulic conductivity, respectively, β is pore size distri
bution. Total Leakage 

(
Lt = Lv + Lp

)
is divided into lateral (Lp) and 

vertical (Lv) components which depends on topographic gradient and 
soil properties. Lateral soil moisture transfer, Lp, in the direction parallel 
to the surface is computed as (Cabral et al., 1992): 

Lp = Lt

(
ArtanS

1 + ArtanS

)

(13)  

where Ar [-] is anisotropy ratio, the ratio of horizontal saturated hy
draulic conductivity to the vertical one, S [L/L] is surface gradient. The 
vertical component of the leakage which is trivial compared to Lp in 
highly anisotropic medium is computed as Lv = 1 − Lp. 

Both infiltration and saturation excess runoff are included in the 
model. Local runoff occurs where the sum of local rainfall rate and the 
run-on discharge from upstream cells, routed along connected flowpath 
cells, exceeds the infiltration capacity. Storage excess runoff occurs 
when the soil saturates during a rainfall event and thus any rain after 
that becomes surface runoff. Hence, φa is limited by three factors: the 
rate of water flux, infiltration capacity, and the available pore space in 
the root zone. In semi-arid ecosystems, the majority of the runoff is 
generally produced by the infiltration excess runoff mechanism (Collins 
et al., 2010), and the infiltration capacity is, therefore, the dominant 
factor for infiltration in this case. The infiltration capacity, φcap [LT− 1], 
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is dependent on vegetation cover (Dunne et al., 1991): 

φcap = φcap,bare(1 − Vt)+φcap,vegVt (14)  

where φcap,bare and φcap,veg are respectively bare soil infiltration capacity 
and fully-vegetated surface infiltration capacity, and Vt is [-] vegetated 
surface fraction. 

2.4. Vegetation dynamics 

The role of vegetation in shaping landforms and the effect of various 
factors on landform organisation are also analysed. Soil moisture and 
vegetation dynamics in CHILD are simulated for grass using a single 
layer bucket model which represents uniform soil moisture within the 
root zone and are distributed spatially using laterally connected ele
ments in the direction of flow. Each model cell is covered by grass (live 
and dead) and bare soil fractions, which are updated following every 
storm event. The net primary productivity (NPP) of grass biomass (g/ 
m2) is calculated as a function of interstorm evapotranspiration and 
water use efficiency (WUE) and then allocated to aboveground and 
belowground biomass compartments (Swenson and Waring, 2006), as 
follows: 

NPP = 0.75⋅(1 − μ)⋅ETa⋅WUE⋅ρw⋅ω (15)  

where μ is the ratio of exchange of CO2 from daytime to nighttime, ρw is 
the density of water (kg/m3), and ω is a conversion factor of CO2 to dry 
biomass (kg DM/kg CO2). The production of the sum of above-ground 
and below-ground grass biomass at the ecosystem scale is related line
arly with ETa through the use of water use efficiency, WUE, (ratio of 
biomass produced by plants to the amount of water transpired by a 
plant). The vegetation cover fraction, Vt [-], for total biomass is repre
sented by an exponential function, following Lee (1992): 

Vt = [1 − exp( − 0.75⋅LAIt) ] (16)  

where the leaf area index LAIt includes green and dead biomass. 

3. Methodology 

3.1. Study area and model calibration 

As mentioned before, the model is used to simulate conditions found 
at the Sevilleta National Wildlife Refuge (SNWR) site in central New 
Mexico (Yetemen et al., 2015b). SNWR is a semi-arid site with extensive 
data availability, and the model used in the current study (i.e., CHILD +
BGM) has previously been calibrated and validated for this site using 
observed runoff, soil moisture content in the top 30 cm, actual evapo
transpiration, and leaf area index (LAI) from the Moderate Resolution 
Imaging Spectroradiometer (MODIS) (Yetemen et al., 2015a). The 
SNWR has an annual rainfall of 250 mm, with almost 50 % of the rainfall 
occurring during the North American Monsoon (NAM) season (i.e., from 
July to September). The soil texture is loamy sand, with vegetation type 
consisting of grass with a root depth of 30 cm. Results from the simu
lated landscape morphology are tested in Yetemen et al., (2015a) using 
drainage density and hillslope asymmetry (HA) indices as the metrics to 
provide objective comparisons between modelled and actual field 
catchments. These metrics showed that the simulated landform patterns 
are consistent with the observed patterns, confirming that the model is 
capable of capturing the geomorphologic characteristics of the study site 
(Yetemen et al., 2015a). 

The current study uses the calibrated soil and vegetation parameters 
from this previous work of Yetemen et al., (2015a,b). The calibrated 
model is used to run simulations over a period of 800,000 years using an 
initial synthetic domain of 900 x 900 m (20 x 20 m resolution), with 
elevations ranging between 0 and 67 m, and drainage only permitted 
through a single side of the domain (as shown in Fig. 1). 

3.2. Numerical model settings 

A total of 38 simulations using the CHILD + BGM model are run for 
800,000 years, to enable sufficient time for the simulated landscapes to 
reach uplift-erosion equilibrium. The simulations are designed to anal
yse the effect of different factors which affect soil moisture, and how this 
response is conditioned by the vegetation and climate under which 
landscapes coevolve. 

Model simulations are designed to assess the effect of different key 
factors on SMV and VV (i.e., aspect, latitude, hillslope diffusivity, uplift, 
spatially uniform precipitation, elevation control on precipitation, 
anisotropy in hydraulic conductivity, porosity, pore-size distribution, 
infiltration rate, and root-zone depth). The parameters reported by 
Yetemen et al., (2015a) for both vegetation and geomorphic dynamics 
are used in this analysis for the control scenario (Table 1). The effect of 
the different factors known to modulate vegetation and soil moisture 
dynamics, is investigated by modifying the value of some key 

Fig. 1. Elevation map of modelled landscape morphology used in the design of 
the CHILD + BGM numerical experiments to analyse the SMV and VV (control 
scenario described in Table 1). The channels are generated using 2000 m2 as a 
threshold area. 

Table 1 
List of control factors and range of parameter values used to explore their effect 
on SMV and VV.  

Factors Control Scenario Other Scenarios 

Aspect Slope control on 
radiation 

Uniform radiation 

Latitude 34◦N 15◦N; 30◦N; 45◦N 
Hillslope diffusion 0.003 m2/y 0.0003 m2/y; 0.0090 m2/y; 

0.0150 m2/y 
Uplift rate 0.1 mm/y No uplift; 0.05 mm/y 
Spatially uniform mean 

annual precipitation 
(MAP) 

250 mm 200 mm; 300 mm; 400 mm; 500 
mm; 600 mm 

Elevation control on 
MAP 

250 mm 250–300 mm; 250–350 mm; 
250–400 mm; 250–450 mm; 
250–500 mm 

Anisotropy (Ar) 1 0.001; 0.01; 0.1; 10; 100; 1000 
Porosity (ϕ) 0.420 0.342; 0.410; 0.478 
Infiltration capacity (Ic) Bare soil: 12 mm/hr; 

Vegetated soil: 36 
mm/hr 

Bare soil: 12 mm/hr and 
Vegetated: 12 mm/hr; Bare soil: 
36 mm/hr and Vegetated: 36 
mm/hr 

Root zone depth (Zr) 0.3 m 0.2 m; 0.4 m; 0.5 m 
Pore size distribution 

(β) 
12.7 8.82; 11.76; 14.70 

Note: Factors used in the control scenario (second column of Table 1) correspond 
to those obtained from the calibration of the CHILD + BGM model for the SNWR 
study site in central New Mexico. This scenario is used as a reference for the 
comparison of SMV and VV among all scenarios on coevolving landforms. 
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parameters as shown in Table 1, which displays the parameters used in 
the simulations. The rationale for parameter selection is explained in 
detail below, and the choice/range of values was selected based on 
values reported in the literature (as explained in more detail below). 

The role of solar radiation in the spatial and temporal distributions of 
vegetation and soil moisture, is investigated by including changes in 
aspect and latitude. Two different scenarios are designed to investigate 
this effect: i) slope control on radiation and ii) uniform radiation. For the 
slope control radiation case, solar radiation is spatially and temporally 
varied as a function of day of year, latitude, aspect, and slope throughout 
the domain. For the uniform radiation, solar radiation is assumed uni
formly distributed over the domain as a function of day of year and 
latitude. In this last scenario, every cell in the model domain receives an 
amount of solar radiation corresponding to that of a flat surface on that 
day. Latitude is a major factor for the availability of water as energy 
changes with the latitudinal variation of solar radiation. The role of 
latitude on SMV and VV is investigated for four scenarios with latitudes 
of 15◦N, 30◦N, 34◦N, and 45◦N. 

Geomorphic effects on SMV and VV are studied for different equi
librium landscapes obtained under coevolving dynamic vegetation ef
fects and different diffusion and uplift rates. The relative dominance of 
diffusive and fluvial drivers was investigated through changes in the 
following parameters: i) the hillslope diffusivity coefficient (Kdiff) and ii) 
the uplift rate. The effect of hillslope diffusivity was explored by 
generating four different synthetic landscapes (Fig. 2) obtained using 
diffusion coefficients ranging from low Kdiff = 0.0003 m2/y to high Kdiff 
= 0.0150 m2/y (Fig. 2). Hillslope diffusivity modulates the amount of 
dissection of a landscape by the channel network, which is also governed 
by a range of factors including climate, erosion rate, and hillslope 
morphology, and the roughness of the topographic surface (Dunne et al., 
1991; Thompson et al., 2010). Landscapes with longer and smoother 
hillslopes result from the dominance of hillslope diffusion, which affects 
flow accumulation (or contributing area) as also shown in Fig. 2. 

Uplift rate modulates topographic steepness, which in turn affects 
the distribution of solar radiation on hillslope elements. The role of 
uplift rate on SMV and VV is explored for three different cases (no uplift, 

low uplift rate [0.05 mm/y], and high uplift rate [0.10 mm/y]), as 
illustrated in Fig. 3 (a-c). These uplift rates are within the ranges of the 
long-term (~640 ka) average incision and denudation rate previously 
estimated for this region (Dethier, 2001). The joint effect of uplift, 
diffusion and fluvial erosion over time leads to dynamic equilibrium 
conditions. CHILD is forced with an uniform uplift rate obtained by 
averaging the erosion estimates from the study site. The hillslope 
diffusion and uplift rates considered in the current model are described 
in equations (3)–(5) of Section 2.2. 

Investigating how differences in precipitation influence landscape 
evolution can help to infer how landscapes may change in the future 
under different climate conditions. Model simulations are performed 
with six different mean annual precipitation (MAP) scenarios to evaluate 
the impact on SMV and VV. MAP scenarios were chosen to represent a 
range of conditions from a dry-climate state (MAP = 200 mm) to a wet 
climate state (600 mm) for a semi-arid region, such as the one consid
ered here. The input rainfall time series for each different MAP value is 
obtained using a random distribution model (as shown in Equation (1) 
and (2) that simulates rainfall events for the Southwestern US (Small, 
2005) so that, for example, the MAP = 600 mm scenario has more 
frequent and intense storms compared with the MAP = 200 mm scenario 
(Srivastava et al., 2022). The effect of elevation on rainfall is simulated 
using a linear orographic precipitation model for its simplicity and 
ability to represent the observed patterns in the Southwestern US 
(Osborn, 1984; Wainwright, 2005; Nearing et al., 2015; Srivastava et al., 
2021; 2022), in which the precipitation is scaled linearly as a function of 
elevation. Details on how MAP was incorporated in the model used for 
this study are provided through equations (1)–(2) in Section 2.1. 

Various studies have shown that soil properties such as porosity (ϕ) 
and anisotropy in hydraulic conductivity (Ar) are key drivers of SMV 
(Famiglietti et al., 1998; Vereecken et al., 2007), and can also affect 
landform shape and surface and subsurface processes (Ivanov et al., 
2008; Yetemen et al., 2015a; Ding et al., 2018). Additionally, in water- 
limited ecosystems, vegetation growth is highly influenced by the soil’s 
water holding capacity as the distribution and size of pores within the 
soil directly influence its ability to retain and store water (Geroy et al., 

Fig. 2. Plan views of the four different landscapes used obtained from the numerical experiments designed to investigate the role of hillslope diffusivity. a) Kdiff =

0.0150 m2/y, b) Kdiff = 0.0090 m2/y, Kdiff = 0.0030 m2/y, and d) Kdiff = 0.0003 m2/y. The colour scheme depicts the magnitude of the drainage area contributing to 
each cell. 
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Fig. 3. Simulated elevation maps for the three uplift scenarios used in the numerical experiments. a) No uplift (U = 0 m/y), b) medium uplift (U = 0.05 mm/y), and 
c) high uplift (U = 0.1 mm/y). 

Fig. 4. Methodology for the assessment of the effects of soil, climatic, and geomorphic factors on SMV and VV on coevolving landscapes. a) flow chart indicating the 
steps in the computations of SMV and VV; b) framework used to compute spatial soil moisture and vegetation variability. b1) modelled soil moisture and vegetation 
cover values from m (1936) pixels and n (4507) time steps; b2) computation of mean spatial soil moisture 〈θ〉, CV of spatial soil moisture CV〈θ〉, mean spatial 
vegetation cover 〈Vf〉 and CV of spatial vegetation cover CVVf for each time step; b3) CV〈θ〉 − 〈θ〉 plotted for all time steps (black dots) and binned averaged values 
(green dots) obtained from the soil moisture simulations (shown here for the control scenario); and b4) CVVf − 〈Vf〉 plotted for all time steps (black dots) and binned 
averaged values (green dots) obtained from the vegetation simulations (shown here for the control scenario). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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2011). Therefore, variations in the water holding capacity not only 
directly affect SMV but can also trigger feedbacks that can further affect 
the resulting SM patterns. To investigate how these two factors drive 
SMV and VV, simulations are performed using a range of values from a 
lower anisotropic (Ar = 0.001) to a highly anisotropic (Ar = 1000) soils, 
and from low porosity (ϕ = 0.342) to high porosity (ϕ = 0.478) soils. The 
mean of the observed porosity values (ϕ) reported in the literature for 
loamy sand is 0.410, with a standard deviation of 0.068 (Clapp and 
Hornberger, 1978). 

Local-scale variations in vegetation significantly affect SMV due to 
its effect on infiltration and root water uptake. Consequently, changes in 
infiltration capacity and root depth are also included in the current 
analysis. Field studies have shown that infiltration rate beneath plant 
canopies is higher than in intercanopy areas (e.g., Bhark and Small, 
2003). Hence, water recharge in the root zone and runoff production on 
the surface are modified by infiltration rates (Saco and Moreno de las 
Heras, 2013; Rossi et al., 2018). As a major consumer of soil moisture in 
semi-arid ecosystems, plants modify root-zone soil moisture through 
root water uptake. The increased availability of soil moisture in deeper 
soils can promote more vegetation cover on the surface and may in
crease the survival chance of vegetation during a drought period. The 
implications of varying infiltration capacities (between bare and vege
tated areas) are explored with different scenarios, as shown in Table 1. A 
30-cm root depth is used in the control scenario, but to assess the in
fluence of this factor on SMV, values ranging from 20 to 50 cm are also 
investigated. 

The impact of variations in soil water retention on SMV can be 
investigated by modifying the shape parameter of the van Genuchten- 
Mualem model (van Genuchten, 1980). The effect of the shape param
eter is captured by modifying the pore size distribution (β) on the 
Brooks-Corey model, which correlates with the soil’s clay content 
(Famiglietti et al., 1998; Vereecken et al., 2007) and affects the shape of 
the entire moisture retention capacity (particularly in the moisture 
range where most SMV occurs). In the current study, β values are 
selected following the study of Laio et al. (2001) (shown in Table 1). 

3.3. Method of analysis 

The variability of the spatial patterns of soil moisture and vegetation 
cover fraction are computed and analysed following an approach similar 
to that presented in Srivastava et al. (2021), adapted to include the effect 
of coevolution (Fig. 4). As explained previously, CHILD + BGM is run for 
800,000 years using a rainfall input over the entire synthetic domain 
generated stochastically (as explained in section 2.1), and the last 100 
years of simulated soil moisture and vegetation cover are extracted for 
the spatial variability analysis (Fig. 4a). The spatial variability is ana
lysed using the approach displayed in Fig. 4b for the control scenario 
and discussed below. Fig. 4b1 represents the simulated soil moisture 
(and vegetation) data over the entire domain (including 1936 pixels) 
and the entire 100-year time-period (4507 time steps). To analyse the 
variability of soil moisture (and vegetation) over time, values of mean 
spatial soil moisture 〈θ〉, coefficient of variation of soil moisture CV〈θ〉, 
mean spatial vegetation cover 〈Vf 〉 and coefficient of variation of 
vegetation cover CVVf for each time step are computed using all cells in 
the synthetic domain (as illustrated in Fig. 4b2). The mean spatial 
variance of soil moisture and vegetation cover fraction are computed 
first to estimate the respective coefficients of variation CV〈θ〉 and CVVf . 
The black dots shown in Fig. 4b3 display the values of CV〈θ〉 as a function 
of 〈θ〉. Results from all time steps are binned (using 〈θ〉 intervals of 0.02) 
to obtain a clearer trend (green dots in Fig. 4b3) suitable for comparison 
with previous results (Ivanov et al., 2010; Yetemen et al., 2015a; Sri
vastava et al., 2021). Similarly, the black dots in Fig. 4b4 display the 
values of CVVf versus 〈Vf 〉. The same approach was used to compute 〈θ〉, 
〈Vf 〉, CV〈θ〉 and CVVf for other scenarios detailed in Table 1. In addition to 
the previous values and to capture the variability of the soil moisture in 

space (including areas with different aspects), the mean value of soil 
moisture and vegetation cover are computed for each pixel over the 
entire period. These values are referred to as mean temporal soil mois
ture θ and mean temporal vegetation cover Vf , respectively. 

4. Results and discussion 

4.1. Spatial variability of soil moisture 

The spatial variability of soil moisture is investigated by analyzing 
the relationship between 〈θ〉 and CV〈θ〉 for all controlling factors. The 
analysis showed that only four of the factors (solar radiation, latitude, 
hillslope diffusion, and uplift rate) had an effect on the spatial SMV 
(Fig. 5), while variability on the other factors (using the range of pa
rameters displayed in Table 1) showed negligible differences in SMV 
(Figure S1 in Supplementary File). 

As explained in section 3 and displayed in Fig. 5, the outcomes for 
each time step have been binned into intervals of 0.02 to improve the 
visualization of soil moisture patterns, providing a clearer picture of the 
spatiotemporal trends. A convex shape for the CV〈θ〉 − 〈θ〉 relation is 
obtained from the simulated soil moisture values for all factors, such 
that the maximum spatial variance occurs at mid-values of 〈θ〉. 
Furthermore, the dry end of 〈θ〉 corresponds to the domain of hygro
scopic water content and the permanent wilting point values 
(~0.04–0.07), while the wetter end falls within the domain of field ca
pacity and porosity values (~0.22–0.42). This CV〈θ〉 − 〈θ〉 relationship is 
consistent with previous studies reported in the literature (Famiglietti 
et al., 1999; Western et al., 2003; Ryu and Famiglietti, 2005; Wang et al., 
2017; Fan et al., 2019; Ivanov et al., 2010; Yetemen et al., 2015a). 

Fig. 5a shows the coefficient of the spatial variation of soil moisture 
plotted as a function of mean spatial soil moisture for the two radiation 
scenarios. Higher spatial variability in soil moisture can be observed for 
the slope control solar radiation case compared with the uniform solar 
radiation case. The maximum value of CV〈θ〉 for slope control radiation 
reaches ~ 0.13, which falls between the stomatal closure value (θ*) and 
field capacity (θfc); however, for the case considering uniform solar ra
diation, there is no obvious range of soil moisture content that maxi
mizes CV〈θ〉. The considerable variation in CV〈θ〉 of the slope control 
radiation can be attributed to the control of aspect and slope on solar 
radiation, and its effect on evapotranspiration in semi-arid regions. 
Fig. 5b displays the spatial variation of soil moisture as a function of the 
mean spatial soil moisture for the four different latitudes analysed (i.e., 
15◦N, 30◦N, 34◦N, and 45◦N). The plot shows that the 45◦N latitude 
exhibits the highest CV〈θ〉 compared to the remaining three latitudes. 
The CV〈θ〉 reaches a maximum in the intermediate range (~0.13) of the 
soil moisture values for all latitudes. The variability in spatial soil 
moisture increases from lower (15◦N) to higher (45◦N) latitudes. This 
trend can be also explained by changes in solar radiation, which in this 
case are due to the effect of latitude. For different latitudes, the avail
ability of water and energy changes as the global distribution of solar 
radiation varies from the equator to higher latitudes (Gerten, 2013), that 
highlights the effect of latitude on SMV(Yetemen et al., 2015b; Kumari 
et al., 2020; Srivastava et al., 2021). 

Fig. 5c shows the geomorphic effect of the landscape morphologies 
obtained using four different hillslope diffusion parameters, ranging 
from 0.0003 m2/y to 0.015 m2/y on the CV〈θ〉 − 〈θ〉 plot. The CV〈θ〉 for the 
case Kdiff = 0.0003 m2/y reaches a maximum at intermediate values of 
〈θ〉= ~0.10, while for the remaining three Kdiff cases, CV〈θ〉 reaches a 
maximum at 〈θ〉= ~0.17. It can be also observed that the highest spatial 
variability in soil moisture occurs for the lowest Kdiff case (0.0003 m2/y) 
and the lowest spatial variability in soil moisture is achieved for the 
highest Kdiff case (0.0150 m2/y). This can be attributed to the fact that 
landscapes with dominant diffusive erosion processes (Kdiff = 0.0090 
and 0.0150 m2/y) are relatively more uniform as observed from the four 
different synthetic landscapes created by varying the hillslope diffusion 
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and shown in Fig. 2. Landscapes that have a relatively higher spatially 
varibility and higher drainage density, found in fluvial-dominated do
mains result in larger spatial variability in soil moisture. Fig. 5d shows 
the results of CV〈θ〉 − 〈θ〉 for the three different uplift cases (0 mm/y, 0.05 
mm/y, and 0.1 mm/y) used in this study. The uplift case of 0.1 mm/y 
results in the highest spatial SMV, whereas the no uplift case has the 
lowest spatial SMV (also shown in Figure S2 of the Supplementary File). 
The CV〈θ〉 reaches a maximum in the intermediate range (~0.17) of soil 
moisture values for all three uplift cases used. This is due to uplift 
affecting topographic steepness, which in turn affects the distribution of 

solar radiation on hillslope elements. The increase in SMV in response to 
0.1 mm/y can be attributed to the enhancement of the insolation dif
ference between NFS and SFS due to greater uplift rates (Yetemen et al., 
2015a). 

In order to analyse more general trends in SMV integrating both 
space and time, the CV〈θ〉 (i.e., the value obtained as the mean of the time 
series of CV〈θ〉) was computed as a function of 〈θ〉 (i.e., mean of 〈θ〉) for 
different soil moisture controlling factors and plotted in Fig. 6. Latitude, 
hillslope diffusion and MAP are used to analyse the overall trends in 
CV〈θ〉versus〈θ〉. As seen in Fig. 6, the observed trends can be classified 

Fig. 5. Coefficient variation of spatial soil moisture content (CV〈θ〉) plotted as a function of mean spatial soil moisture 〈θ〉 over the entire domain for four different soil 
moisture controlling factors (a–d). The 〈θ〉 results for each time step are binned and plotted against CV〈θ〉. The dashed lines represent the different soil moisture states. 
hygroscopic water content (θh = 0.04), plant wilting point (θw = 0.07), incipient stomata closure (θ*= 0.13), and field capacity (θfc = 0.22) for the loamy sand soil 
(porosity = 0.42) used in the simulations. The green symbols represent the control simulations detailed in Table 1. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. CV〈θ〉 plotted as a function of 〈θ〉 over the entire domain for the selected soil moisture controlling factors. Five different MAP scenarios (represented by the 
different coloured circles) at three different latitudes (represented by the different circle sizes) and three different hillslope diffusion scenarios (represented by the 
different square sizes) are shown. The smaller circle sizes represent latitude 15◦N, the medium size is 30◦N, and the larger size is 45◦N, obtained for Kdiff = 0.003 m2/ 
y. The larger square represents the highest value of Kdiff = 0.0150 m2/y and the smaller one represents the lowest Kdiff = 0.0003 m2/y. Note that the hillslope 
diffusion case is shown for a MAP of 250 mm and a latitude of 34◦N. 

A. Srivastava et al.                                                                                                                                                                                                                             



Catena 242 (2024) 108125

9

into three different types: i) change in 〈θ〉 (increase in the x direction) 
without change in CV〈θ〉; ii) change in CV〈θ〉 (increase in the y direction) 
without substantial change in 〈θ〉; and iii) increase in both the 〈θ〉 and 
CV〈θ〉 (increase in both the x and y direction). Fig. 6 shows that for 
changes in MAP at a given latitude, the 〈θ〉 increases but the CV〈θ〉 does 
not show large variations, with the values for a latitude of 15◦ slightly 
increasing while the values for 45◦ slightly decreasing. Each increment 
of 100 mm in MAP results in an increase of ~ 0.015 in 〈θ〉. The second 
trend illustrated in Fig. 6 shows the effect of changes changing Kdiff, 
which has a significant impact on CV〈θ〉, but it does not affect the 〈θ〉
when constant values of MAP and latitude are considered. These results 
indicate that the variability is higher for the lowest hillslope values of 
diffusion, Kdiff (0.0003 m2/y) due to the denser channel network, higher 
drainage density and dissections (as shown in Fig. 2), which in turn lead 
to steeper NFS than SFS (Srivastava et al., 2021). 

The last trend with variations in both directions (i.e., an increase in 
〈θ〉, as well as in CV〈θ〉) is obtained when considering the effects of 
latitude and precipitation. It can be observed in Fig. 6 that a MAP of 400 
mm at a latitude of 45◦N leads to wetter soil moisture values than those 
obtained for a MAP of 500 mm at a latitude of 15◦N. For the equal values 
of MAP, the CV〈θ〉 values at latitude 45◦N are eight times greater than 
those at latitude 15◦N. For example, the CV〈θ〉 value for MAP = 400 mm 
at 45◦N is ~ 0.14, while at 15◦N, the CV〈θ〉 value is ~ 0.02. Towards the 
higher latitude (45◦) for all MAP values (i.e., 200, 300, 400, 500, and 
600 mm), the CV〈θ〉 value rises significantly. This occurs because soil 
moisture at any latitude is driven by aspect-controlled solar radiation, 
which increases with increasing latitude, from 15◦N to 45◦N (Gutiérrez- 
Jurado et al., 2013; Yetemen et al., 2015a; Srivastava et al., 2021). The 
combined effect of MAP and latitude also produces a pattern of 
decreasing CV〈θ〉 with increasing MAP for the higher latitudes, but a 
slightly increasing trend of CV〈θ〉 with increasing MAP for the lower 
latitudes. This different behaviour can be associated with high differ
ences between NFS and SFS radiation conditions for the high latitudes 
that get gradually smoothed out by higher values of precipitation (and 
soil moisture), whereas the slight increase in CV〈θ〉 might be due to larger 
effects of temporal variability for larger values of MAP, as differences 
between NFS and SFS are not important. Interestingly, extrapolation of 
the trends of CV〈θ〉 for large MAP and 〈θ〉 and for the different latitudes 
shows a convergence towards a value of CV〈θ〉 of about 0.09, which is 
about twice the asymptotic value of the spatial coefficient of variability 
CV〈θ〉 (Fig. 5b). Because CV〈θ〉 includes both temporal and spatial vari
ability, this would indicate that the temporal variability for high values 
of soil moisture is of about the same magnitude as the spatial variability. 

4.2. Spatial variability of vegetation 

This section shifts the focus to understanding how different factors 
affect the spatial variability of vegetation cover. Fig. 7 shows the rela
tionship between CVVf and 〈Vf 〉 after binning the last 100 years duration 
obtained from model simulations. It is important to note that 〈Vf 〉 rep
resents the mean spatial vegetation cover state in response to the MAP of 
250 mm (except for Fig. 7e and 7f). It can be observed from the 
CVVf − 〈Vf 〉 relationship that the lowest CVVf is observed at the wet end, 
with high 〈Vf 〉; whereas, the highest CVVf occurs for low 〈Vf 〉 for all cases 
except uniform radiation (Fig. 7a). 

Results for CVVf − 〈Vf 〉 for the slope-controlled solar radiation and 
uniform solar radiation scenarios are shown in Fig. 7a. Slope-controlled 
radiation displays the highest spatial variability in vegetation cover, 
with a maximum value of CVVf = ~0.8, while uniform radiation reveals 
an almost negligible variation in CVVf . This behaviour can be attributed 
to the aspect and slope controls on solar radiation, which play a vital role 
in influencing vegetation distribution. The higher CVVf is due to the 

difference in insolation between the NFS and SFS, which is intensified 
for low 〈Vf 〉 values. Solar radiation plays a key role in the spatial dis
tribution of vegetation due to its impact on soil moisture (Gutiérrez- 
Jurado et al., 2007; Martinez et al., 2008; Bass et al., 2017; Yetemen 
et al., 2015a; Srivastava et al., 2019; Srivastava et al., 2021). 

The comparison of the CVVf − 〈Vf 〉 relationship from simulations for 
the four different latitudes used in the study (i.e., 15◦N, 30◦N, 34◦N, and 
45◦N, Fig. 7b) reveals that the highest latitude (i.e., 45◦N) exhibits the 
highest CVVf compared with the remaining three latitudes for 〈Vf 〉 up to 
~ 0.3. Thereafter, the variability in CVVf for all of the latitudes decreases 
and tends to zero. The CVVf values for 45◦N ranges from 0.1 to 1.0. 
Similar to the pattern observed for CV〈θ〉 − 〈θ〉 for the different latitudes, 
the CVVf increases with an increase from the lower latitude (15◦N) to
wards the higher latitude (45◦N) due to the distribution of solar radia
tion. The least spatial variability is observed at 15◦N, as the differences 
in incoming solar radiation on the NFS to the SFS are attenuated (Gerten, 
2013; Gutiérrez-Jurado et al., 2013; Yetemen et al., 2015b). 

Fig. 7c illustrates the results of CVVf − 〈Vf 〉 for the four different Kdiff 
scenarios, where Kdiff = 0.0003 m2/y displays the highest spatial vari
ability in vegetation cover, with itsCVVf = 1.1, while the lowest CVVf 

occurs for Kdiff = 0.015 m2/y. There is a considerable difference between 
the value of CVVf for Kdiff = 0.0003 m2/y and that for the other hillslope 
diffusion cases (Kdiff = 0.003, 0.009, 0.015 m2/y) up to 〈Vf 〉 = ~0.3. The 
CVVf difference diminishes after 〈Vf 〉= ~0.3 for all of the four different 
Kdiff cases. The high CVVf for 0.0003 m2/y can be attributed to the 
landscape shape (shown in Fig. 2), which is dominated by fluvial erosion 
processes that lead to higher drainage density. Diffusive erosion pro
cesses, on the other hand, which are dominant for Kdiff = 0.015 m2/y, 
lead to low CVVf . It is noteworthy that fluvial erosion-dominated land
scapes exhibit lower drainage areas and relatively higher spatial vari
ability compared to other landscapes. Consequently, these landscapes 
showcase a greater degree of heterogeneity in vegetation cover. The 
interplay between landscape characteristics, erosion processes, and 
drainage patterns gives rise to this varibaility. 

Regarding uplift rates effects (Fig. 7d), the high uplift rate (0.1 mm/ 
y) is associated with higher CVVf compared to the other uplift cases of 
0.05 mm/y and no uplift. The highest value (CVVf = ~0.8) is observed 
for the high uplift case, while the no uplift case exhibits considerably 
lower variation in the CVVf − 〈Vf 〉 pattern than the other two cases. The 
CVVf increases for low 〈Vf 〉 (~0.1) and gets attenuated for high 〈Vf 〉. This 
can be attributed to the fact that uplift is a function of topographic 
steepness, and as uplift increases, the mean elevation of the topography 
increases (Tucker et al., 2001). 

Results for the six MAP scenarios ranging from 200 mm to 600 mm 
(Fig. 7e) show that CVVf increases with MAP. In contrast, no significant 
variations can be observed in the CVVf − 〈Vf 〉 relation for the elevation 
control MAP scenarios considered in Fig. 7f (for latitude 34◦N). As seen 
in the remaining figures, changes in anisotropy ratio, root zone depth, 
porosity, infiltration capacity, and pore-size distribution lead to no 
significant changes in the CVVf − 〈Vf 〉 plots (as shown in Fig. 7g–k the 
dots for different values of the parameters depicted in each sub-figure 
are either very similar or undistinguishable). 

4.3. Impact of geomorphic factors on temporal variability of soil moisture 
and vegetation 

The results and analysis presented in this section were designed to 
further explore the impact of geomorphic factors on soil moisture and 
vegetation variability. In addition to the previous results and to capture 
the variability of the soil moisture in space (including areas with 
different aspects), as explained in section 3.3, the mean temporal soil 
moisture, θ, and the mean temporal vegetation cover, Vf , are computed 
for each pixel over the entire period and organized into mean temporal 
soil moisture-area and mean temporal vegetation cover-area plots. In 
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Fig. 7. Coefficient of the spatial variation of vegetation cover, CVVf , plotted as a function of spatial mean soil moisture, 〈Vf〉, over the entire domain for the eleven 
different soil moisture controlling factors (a–k). These 〈Vf〉 results for each time step are binned and plotted against CVVf . Green symbols represent the simulations for 
the control scenario detailed in Table 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 8. Slope-area (first column), mean temporal soil moisture-area (θ, second column), and mean temporal vegetation-area (Vf , third column) plotted for the NFS 
and SFS for the three different uplift cases (0, 0.05, and 0.1 mm/y). The blue dots represent values for the NFS and the red dots depict values for the SFS in all the 
plots. Note that the black dots in the slope-area represent all values of slope without binning, whereas they represent values for the east- and west-facing hillslopes in 
the soil moisture-area and vegetation-area plots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 9. Slope-area (first column), mean temporal soil moisture-area (θ, second column), and mean temporal vegetation-area (Vf , third column) plotted for the NFS 
and SFS for four different hillslope diffusivity cases (Kdiff = 0.0003, 0.003, 0.009 and 0.015 m2/y). The blue dots represent values for the NFS and the red dots depict 
values for the SFS in all the plots. Note that the black dots in the slope-area represent all values of slope without binning, whereas they represent values for the east- 
and west-facing hillslopes in the soil moisture-area and vegetation-area plots. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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addition, slope-area (S-A) diagrams are used to visualise geomorphic 
process dominance over the topography. 

Figs. 8-11 show the simulated values of slope (S), mean temporal soil 
moisture (θ), and mean temporal vegetation cover fraction (Vf ) plotted 
as a function of contributing drainage area (A) for different uplift rates, 
hillslope diffusion coefficients, latitudes, and MAP values, respectively. 
In order to capture the role of aspect (which critically affects evapo
transpiration), each pixel is classified into four cardinal directions 

measured clockwise: North = 315◦–360◦ and 0◦–45◦; East = 45◦–135◦; 
South = 135◦–225◦; and West = 225◦–315◦. The binned averages of S, θ, 
and Vf are calculated for pixels grouped into these four cardinal groups 
for the analysis and plots are presented below. It is important to note 
that the figures display the long-term temporal mean of soil moisture 
content (θ), whose values (0.095–0.16) are lower than the 〈θ〉 values, 
which spans the range 0.060–0.33 (Fig. 5). Similarly, the range of values 
of Vf (0.17–0.38) are smaller than those of 〈Vf 〉 (0.06–0.7) (Fig. 7). This 

Fig. 10. Slope-area (first column), mean temporal soil moisture-area (θ, second column), and mean temporal vegetation-area (Vf , third column) plotted for the NFS 
and SFS for the three latitude cases (i.e., 15◦N, 30◦N, and 45◦N). The blue dots represent values for the NFS and the red dots depict values for the SFS in all the plots. 
Note that the black dots in the slope-area represent all values of slope without binning, whereas they represent values for the east- and west-facing hillslopes in the 
soil moisture-area and vegetation-area plots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 11. Mean temporal soil moisture θ and mean vegetation cover Vf plotted as a function of contributing drainage area without binning (showing all 1936 pixels) 
for four different aspects: north-, south-, east-, and west-facing slopes for the entire domain for 200, 400, and 600 mm MAP. 
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is due to the fact that 〈θ〉 and 〈Vf 〉 represent the spatial averages over the 
entire domain at each time step and capture the variability induced by 
seasonal differences in rainfall inputs, PET demand and ETa over time, 
which is larger than the one induced by spatial soil moisture and 
vegetation distribution (at least over this relatively small domain). 

Fig. 8a–c show two distinct features characteristics in the S-A dia
grams. A slightly positive or negligible S-A gradient can be seen for 
A<~103 m2

, which corresponds to hillslopes with lower contributing 
areas where diffusion erosion processes are dominant. Thereafter, a 
negative S-A gradient can be observed for A>~103 m2 where fluvial 
erosion processes become dominant. This result is consistent with the 
slope-area trends outlined in previous studies (Istanbulluoglu et al., 
2008; Yetemen et al., 2010). Fig. 8d–f and 8 g–i show that a decreasing 
soil moisture and vegetation cover trend is observed for the NFS moving 
towards the outlet (increasing contributing drainage areas and 
decreasing slopes); while reverse trend (i.e., increasing mean soil 
moisture content and vegetation cover) is observed for the SFS as 
drainage area increases. With an increase in uplift rates the range in 
mean soil moisture and vegetation cover values also increase. The range 
of soil moisture values increases from 0.1 to 0.11 for U = 0 mm/y to ~ 
0.095 to 0.134 for U = 0.1 mm/y. A similar increasing trend in the range 
of values is observed for vegetation cover, from ~ 0.19–0.23 for U = 0 
mm/y to ~ 0.17 to 0.33 for U = 0.1 mm/y, respectively. 

The difference in steepness between NFS and SFS increases for 
A<~104 m2 and becomes more pronounced for higher uplift rates. This 
difference is reflected in the mean soil moisture (Fig. 8d–f) and the mean 
vegetation cover trends (Fig. 8g–i). As the slope steepens, the amount of 
solar radiation received on NFS during autumn and winter decreases, 
reducing PET and therefore enhancing soil moisture and vegetation 
cover. The SFS experience the opposite effect, that is, for steeper slopes 
the amount of solar radiation received during autumn and winter in
creases, increasing PET and decreasing soil moisture availability more 
than for the NFS. This difference in PET from incoming solar radiation 
creates considerable variation in Vf on the NFS and SFS. This finding in 
the current study is consistent with other field and modelling studies 
which show a higher rate of PET on SFS and a lower rate on NFS 
(McMahon, 1998; Bass et al., 2017; Yetemen et al., 2015a; Srivastava 
et al., 2021). 

Regarding diffusivity dominance, the S-A plot for Kdiff = 0.0003 m2/y 
(Fig. 9a) shows that the negative trend between slope and contributing 
drainage extends to the entire range of contributing areas. In this case, 
the entire domain is dominated by fluvial processes, and the landscape 
has a wider range of soil moisture (~0.09 to 0.158; Fig. 9e) and vege
tation cover (~0.15 – 0.36; Fig. 9i) compared with all of the other Kdiff 
cases. This can be attributed to the higher drainage density of landscapes 
dominated by fluvial processes (as seen in Fig. 2). Fig. 9b for Kdiff =

0.003 m2/y, shows a slightly positive relationship in S-A (A<~103 m2), 
which unlike the previous case, indicates the presence of erosion 
dominated by diffusion processes. From the figure, a negative gradient 
for A>~103 m2 can also be observed, which shows the presence of 
fluvial erosion dominated processes as contributing area increases. 
Therefore, the landscape with Kdiff = 0.003 m2/y is having spatial areas 
in which one of the processes (diffusion or fluvial erosion) is dominant, 
which tends to reduce the range of mean temporal soil moisture (Fig. 9f) 
and mean temporal vegetation cover (Fig. 9j) variability as compared to 
the case with Kdiff = 0.0003 m2/y. The range of mean soil moisture 
values in this case varies from ~ 0.09 to 0.138, and mean vegetation 
cover varies from ~ 0.16 to 0.31. Fig. 9c–d show that as diffusion pro
cesses increase (as Kdiff increases from 0.009 m2/y to 0.015 m2/y), the 
range of mean temporal soil moisture (Fig. 9g–h) and vegetation cover 
(Fig. 9k–l) continues to decrease. The range of mean temporal soil 
moisture decreases from ~ 0.009–0.12 for 0.009 m2/y to ~ 0.09–0.11 
for 0.015 m2/y, respectively. A similar trend is observed for the vege
tation cover for the 0.009 m2/y and 0.015 m2/y cases. 

The plots in Fig. 10a–c show that as latitude increases (from 15◦N 

towards 45◦N), the difference between the gradient of the NFS and SFS 
tends to be more pronounced. The patterns of mean soil moisture and 
vegetation as a function of contributing area (Fig. 10d-f and 10 g-i) are 
overall similar to those depicted in Figs. 8-9. 

The range of θ values corresponding to the smaller drainage areas 
(~400 m2) is wider for all of the latitudes, and decreases for higher 
drainage areas, showing that the role of aspect diminishes with 
increasing drainage area. In addition, when comparing the plots for 
increasing latitudes (from 15◦N to 45◦N), the range of values of Vf and θ 
increases and the magnitude of vegetation cover on the NFS becomes 
larger compared with that on the SFS. The range of Vf at 15◦N varies 
between 0.14 and 0.18 (Fig. 10g), which is lower than for 34◦N 
(0.16–0.32; shown in Fig. 10h) and 45◦N (0.16–0.33; shown in Fig. 10i). 
Higher latitudes increase the difference in incoming solar radiation on 
opposing hillslope aspects (Zou et al., 2007; Yetemen et al., 2015b); 
hence, the range of values of Vf and θ are wider than for the lower 
latitudes. 

As MAP increases from 200 to 600 mm, the range of mean soil 
moisture and vegetation cover widens (particularly for small contrib
uting areas), and the difference in soil moisture magnitude between the 
NFS and SFS becomes larger (Fig. 11). The ranges of θ and Vf for 200 mm 
vary between ~ 0.099–0.12 (Fig. 11a) and ~ 0.14–0.24 (Fig. 11b), 
respectively, which are lower than the corresponding ranges for 400 mm 
(i.e., ~0.11–0.16 (Fig. 11c) and 0.25–0.43 (Fig. 11d)). The ranges for θ 
and Vf are the highest for 600 mm, varying between 0.14 and 0.19 
(Fig. 11e) and 0.35–0.55 (Fig. 11f), respectively. 

5. Conclusions 

This study focuses on understanding soil moisture variability (SMV) 
and vegetation variability (VV) in both space and time within simulated 
coevolving landscapes in semiarid ecosystems obtained using a land
scape evolution model coupled with an ecohydrological model (CHILD 
+ BGM). In order to identify key controlling factors on SMV and VV we 
analyse a range of geomorphic, climatic and soil characteristics and 
parameters. 

Solar radiation, latitude, hillslope diffusion, and uplift rate emerge as 
the most significant controls of spatial SMV and VV, while the other 
factors investigated (MAP, anisotropy, porosity, root zone depth, infil
tration capacity and pore size distribution) lead to much lower impacts. 
For all cases analysed, the maximum spatial soil moisture variability 
occurred at intermediate values of the spatial average soil moisture, 
which is consistent with previous results (Srivastava et al. 2021, and 
references therein). The key role of aspect induced solar radiation on the 
spatial variability of both soil moisture and vegetation, is demonstrated 
as variability in simulations with slope-controlled solar radiation are 
remarkably higher than simulations those with uniform solar radiation 
(which show almost no variability). The impact of solar radiation is also 
highlighted by results from simulated landscapes at different latitudes, 
as the effect of solar radiation increases with latitude and is reflected by 
an increase in variability in both space and time (as explained in section 
4.1), as higher latitudes amplify the difference in incoming solar radi
ation in opposing hillslope aspects (i.e., south versus north facing 
slopes). 

In terms of geomorphic impacts, our study shows that landscapes 
generated under low uplift rates display less spatial variability than 
those under high uplift rates and that diffusive erosion dominated 
landscapes exhibit lower variability in soil moisture and vegetation 
cover than those in which fluvial erosion processes are prevalent, i.e., 
lower diffusivity (Kdiff) values. These results are also linked to the effects 
of aspect-controlled solar radiation, as landscapes that coevolve to 
generate a steeper or more dissected topography tend to have more 
pronounced differences in solar radiation between south and north 
facing slopes, which leads to differences in soil moisture and vegetation 
cover. 
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This relation between high/low diffusivity and low/high variability 
in soil moisture is also highlighted by the analysis of time averaged 
spatial statistics (spatial averaged soil moisture, and spatial averaged 
variation coefficient), which indicates that landscapes with the same 
mean average soil moisture (determined by MAP and latitude) can 
display lower/higher spatiotemporal variability due to higher/lower 
diffusivity values. 

The analysis of time averaged spatial statistics also reveals patterns 
of the effects of climatic factors (i.e., MAP and latitude). For a given 
value of diffusivity (Kdiff) and uplift, the combination of MAP and lati
tude determines the values of mean average soils moisture and spatio
temporal variability. While the main effect of latitude is the increase in 
variability and the main effect of MAP is the increase in mean average 
soil moisture, combination of both effects can produce situations of 
higher soil moisture for a lower MAP in landscapes at mid-latitudes 
compared to those at the tropics. 

Further confirmation of the effects of aspect-controlled radiation was 
obtained by analysing the slope-area diagrams and their relation to soil 
moisture and vegetation cover dynamics along hillslopes, showing the 
impact of topographic steepness and solar radiation distribution on 
these variables. We explored the influence of uplift rates, diffusivity, 
latitude and MAP on SMV and VV (in terms of variability of the time 
average values), revealing that the impacts on temporal variability in 
soil moisture and vegetation cover are more important for the smaller 
contributing areas (up to 2x104 m2) that have higher slopes (more than 
10-1), and are more pronounced in north than in south facing slopes. 
This phenomenon comes from the enhanced insolation difference be
tween north and south facing slopes resulting from increased uplift 
rates, decreased diffusivity, increased latitude and increased MAP, 
thereby amplifying the SMV and VV dynamics. These findings resonate 
with existing field and modelling studies (McMahon, 1998; Bass et al., 
2017; Yetemen et al., 2015a; Srivastava et al., 2021) that emphasise the 
higher rate of potential evapotranspiration on south facing slopes 
compared to north facing slopes. 

There are several limitations in the current study as a result of the 
type of scenarios investigated and some of the model assumptions. Our 
scenarios do not include the effect of changes in relative humidity, air 
temperature and seasonality associated to changes in latitude. We have 
initially assumed that their effect on PET would be relatively homoge
neous at the spatial scale analysed, but they can certainly vary with 
altitude even at small spatial scales, and therefore affect SMV and VV. 
Another limitation is that we do not consider the effect of snowfall. We 
have deliberately neglected latitudinal changes in temperature and 
precipitation in order to focus on model sensitivity to solar radiation, but 
future studies could explore the effects of snowfall on the results to 
enhance the accuracy and applicability of the findings. 

In terms of model assumptions, our simulations consider spatially 
uniform soil hydraulic properties (e.g., porosity, soil texture), which 
may result in underestimation of SMV. Our model can underestimate 
SMV during wet periods when near saturation conditions tend to occur 
everywhere. In this situation the spatial variability of soil porosity will 
lead to (small) non-zero SMV that our simulations do not capture. Our 
model simulations also assume spatially uniform vegetation type and 
properties. In the current model setup grass is considered as the only 
vegetation type, which may result in underestimation of SMV, as 
different vegetation types with different phenology are likely to occur in 
slopes with different aspects. 

Future efforts should be directed at incorporating more complex 
ecosystems such as shrublands and forests. Integration of multiple plant 
types and the inclusion of competition among tree, grass, and shrub 
vegetation will introduce new research avenues important to under
standing regional water, sediment, and nutrient balances in semi-arid 
ecosystems. 

These results highlight the significance of aspect-controlled differ
ences in soil moisture and vegetation variability, which need to be 
accounted for in hydrology studies and the development of landscape 

indices (like the wetness and/or connectivity indices). These findings 
are very relevant for the parametrization of sub-grid soil moisture and 
vegetation variability in Earth System Models. They also have important 
implications for the verification of remotely sensed soil moisture and 
vegetation products. 
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