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Vegetation community plays a pivotal role in various geomorphic processes. The growth of vegetation
intrinsically depends on the eAective shear stresses exerted by the Cow of material (e.g., water or soil)
along the slope. We comparatively assess the growth and decay of vegetation using linear and logistic
growth model coupled with a runoA erosion model. The linear growth model predicts a sharp decrease in
the non-dimensional vegetation proBle from the upper reach to the lower part along the slope. However,
the logistic growth model delivers a smooth gradual decrease in the vegetation extent. Additionally, we
propose a stochastic model to capture the role of internal and external factors in the dynamics of vegetation growth using two Gaussian noises. The steady probability distribution functions from the
stochastic model provide insights about the role of different noises on the reaction of the system and
suggest that bio-environmental factors are difBcult to segregate from one another.
Keywords. Vegetation; logistic growth model; shear stress; Gaussian noise; steady probability
distribution; earth surface process.

1. Introduction
Vegetation community is eDcient to enrich its
condition through growth, decay and sustenance
by virtue of the inherent physicochemical processes
(Wilson and Agnew 1992). The spatio-temporal
modulation in vegetation mass is greatly inCuenced
by the coupled amalgamation of the Cuvial
hydrodynamic regime, hillslope conBguration, climatic factors as well as soil cover that acts as a
feedback mechanism to modify the geomorphic
features on the earth’s surface (Tucker and Bras
1999). In addition to this, the response of

vegetation to the environmental elements aAecting
the geomorphic variabilities is rather quite complex with inherent nonlinearities and stochasticity
deep-rooted within the system.
The earliest vegetation growth model of forest
cover system was elaborated by Botkin et al.
(1972), where the environment was considered as
carrying capacity limited. Subsequently, over the
past few decades, there have been several significant contributions in exploring the vegetation
growth models utilizing various schemes. These
include linear models (Collins et al. 2004), exponential or logarithmic relationship between the
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plant cover and biomass (Flanagan et al. 2007;
Martinez et al. 2008) as well as predator-prey type
models (Tanner 1975; Yoshida et al. 2003; Kallay
and Cohen 2008). It is noteworthy to mention here
that our present work draws its inspiration from
the pioneering contributions by May (1976) and
Meron (2015) on logistic models and nonlinear
physics in ecological systems, respectively. Thornes
(1985) initiated the pioneering step of introducing
the concept of a coupled system for vegetation
growth. This formulation involved the coupling of
logistic growth of vegetation and slope dependent
erosion model. The intricate details of the evolution of vegetation have been further explored using
the CHILD numerical tool (Tucker et al. 2001) in
various hydro-climatic conditions which captures
certain complexities of the physical processes
involved therein.
Precise deterministic modelling of many realworld phenomena are a difBcult task owing to the
fact that various variables and parameters of the
system can behave randomly within a similar
environment. Therefore, in several instances, it
fails to incorporate this stochasticity of coupled
biophysical systems. Noise-induced phenomena for
vegetation growth and its resilience have been
widely examined by various scholars in different
hydro-climatic conditions. These studies include
the feedback mechanism involved in between soil
moisture (D’Odorico et al. 2005; Borgogno et al.
2007), water table (RidolB et al. 2006), stream
Cows (Camporeale and RidolB 2007), geomorphology (Muneepeerakul et al. 2007; Vesipa et al. 2015)
and riparian vegetation.
In this paper, we are focusing on the vegetation
dynamics along the Cuvial system which includes
the riparian vegetation, neglecting the inter-species
interaction. Furthermore, we have implemented a
steady-state stochastic model to analyse the bioenvironmental stochasticity and their eAect on the
steady-state distribution of vegetation cover. Our
results indicate that within a wide range of noise
level, the steady distribution does not lead to a
regime shift in the vegetation cover in the Cuvial
system.

2. Methods and solution scheme
2.1 Deterministic vegetation growth model
We follow a modelling scheme on similar lines of
Tucker and Bras (1999). However, the present
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formulation takes into account the vegetation
proliferation as a logistic growth model that considers the growth of a particular vegetation species
is dependent on the existing fractional cover of
vegetation (Collins and Bras 2010).
2.1.1 Logistic growth model
Our modelling scheme utilizes logistic vegetation
growth (Collins et al. 2004) with a model of wash
proBle (Tucker and Bras 1999). Unlike the linear
growth models, the logistic model captures both
the aspects of reproduction limited as well as
resource-limited condition (Thornes 1990). In such
a scenario, the governing mathematical equation
becomes,
dVg
¼ Kvg V ð1  V Þ;
dt

ð1Þ

Vg is vegetation growth, Kvg is the rate of growth of
vegetation on the unvegetated surface. Reciprocal
of the vegetation regrowth rate implies the time
taken by a plant community for regrowth.
In a natural system, the plant community are
removed from the soil by various means. However,
for our model formulation, we consider that the loss
of vegetation is primarily by virtue of the channel
and the riparian processes. The simplest physical
process for removal of the vegetation cover will
depend on the excess shear stress. This can be
expressed as:

g
dVe
¼ Kvd V Rf s  sc ;
dt

ð2Þ

Ve denotes the vegetation erosion, Kvd is the
species-dependent erosion parameter, Rf is the
factor of friction, s and sc are the shear stress and
the eAective critical shear stress, respectively.
The eAective critical shear stress (sc ) is posed as
a sum of the critical shear stress for pure unvegetated surface (scs ) and the critical shear stress
under 100% vegetation cover (scv ).
sc ðV Þ ¼ scs þ V scv :

ð3Þ

Combining the erosion and growth terms
(equations 1 and 2), the governing equation
yields the following form:


d Vg  Ve
dV
¼
dt
dt

g
¼ Kvg V ð1  V Þ  Kvd V Rf s  sc :
ð4Þ
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2.1.2 Steady-state solutions
For simplicity purposes, we assume g = 1, i.e., the
erosion law follows a linear function. scs is considered as zero as we have idealized that bare soil
surface does not introduce any resistive shear
stress. All the physical quantities, which have been
taken into account to model the vegetation growth,
have been converted to non-dimensional quantities
for the ease of computation.
The Bnal form of the non-dimensional steadystate equation for fractional vegetation cover
(VCF) is



V  V 2 1 þ Nv Krv Neq x 0q þ V þ Nv V 2 ¼ 0;
ð5Þ
Nv is the vegetation number which describes the
growth relative to destruction. Krv signiBes the
friction coefBcient, Ne is the erosion number
that relates the shear stress with distance and q is
the non-dimensional exponent that explains the
non-linearity in the process involved.
The solution of equation (5) yields V ¼ 0 and
the other two roots are

V ¼

ﬃ

 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
Nv  Nv Krv Neq x 0q  ðNv  Nv Krv Neq x 0q Þ þ4Nv Krv
2Nv Krv

:

ð6Þ
The Brst solution (V ¼ 0) corresponds to the
speciBc condition, where there is no vegetation
along the slope. The positive root among the other
two roots has been considered for evaluation of the
VCF for steady-state logistic growth model since
there is no physical meaning of negative vegetation
cover. The steady-state solution of linear
vegetation growth model has also been evaluated
for the calibration procedure. The solution is
V ¼

1
1 þ Nv Neq x 0q

Tucker and Bras ð1999Þ: ð7Þ

2.2 Stochastic vegetation growth model
We consider two prominent sources of stochasticity
in the evolution of vegetation. The inherent characteristics of the vegetation community have been
coined as ‘intrinsic’ noise. On the other hand, the
external factors, viz., inhomogeneity in precipitation amount, spatial variation of temperature, soil
moisture retention capacity, ground-water table
variability, aspect of slope, etc., apparently serve

as ‘extrinsic’ noise. In subsequent sections, we
describe that the separation of the intrinsic and
extrinsic noise is difBcult owing to the fact of the
complex interrelationship between the external
and the internal factors and the system.
2.2.1 Formulation of stochastic model
The stochastic vegetation model with logistic
growth is driven by two white Gaussian noises: ðtÞ
and CðtÞ termed as additive (negative in magnitude) and multiplicative noise, respectively. Onedimensional Langevin equation with two correlated
Gaussian white noises ðtÞ and CðtÞ with a non-zero
correlation between the multiplicative and additive
(negative in magnitude) noises leads to
dV
¼ V þ C1 V 2 þ C2 V 3 þ V ðtÞ  CðtÞ;
dt

ð8Þ

where
C1 ¼ Nv  Nv Krv Neq x 0q  1;

ð9Þ

C2 ¼ Nv Krv :

ð10Þ

and

The Gaussian noises have zero mean and are
deBned as:
heðtÞeðt 0 Þi ¼ 2Ddðt  t 0 Þ;

ð11Þ

hCðtÞCðt 0 Þi ¼ 2adðt  t 0 Þ;

ð12Þ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
hðtÞCðt 0 Þi ¼ hðt 0 ÞCðtÞi ¼ 2k Dadðt  t 0 Þ;

ð13Þ

k denotes the degree of correlation between the
noises ðtÞ and CðtÞ; while D and a represent the
strength of the noises ðtÞ and CðtÞ, respectively.

2.2.2 Steady-state analysis
We derive the Fokker–Planck equation (FPE)
(Da-Jin et al. 1994; Ai et al. 2003; Li et al. 2015) for
estimation of the steady-state of probability density function corresponding to equation (8) which is
of the following form,
oPðV ; tÞ oAðV ÞPðV ; tÞ o2 BðV ÞPðV ; tÞ
¼
þ
; ð14Þ
ot
oV
oV 2
where Pðx; tÞ is the probability density and
pﬃﬃﬃﬃﬃﬃﬃ
AðV Þ ¼ V þ C1 V 2 þ C2 V 3 þ DV þ k Da;

ð15Þ
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ð16Þ

The stationary probability distribution of FPE is
given by
Z V
N
AðV 0 Þ
exp
dV 0 ;
ð17Þ
Pst ðV Þ ¼
0Þ
BðV Þ
B
V
ð
0
where N is a normalization constant. In addition,
the extrema of Pst ðV Þ obeys a general equation
Þ
AðV Þ  dBðV
dV ¼ 0. It leads to
pﬃﬃﬃﬃﬃﬃﬃ
C2 V þ C1 V þ ð1  DÞV  k Da ¼ 0:
3

2

ð18Þ

If k ¼ 0; then there exists no correlation between
the two types of noises. This shows that
there is no such dependency on (negative)
additive noise at the extrema position V ¼ 0 and
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
C  C12 4C1 ð1D Þ
of the stationary probability
V ¼ 1
2C2
distribution (SPD) of FPE for zero correlation
(k ¼ 0).
2.3 Modelling scheme and parameter estimates
It has been idealized in the present modelling
scheme that the linear or logistic model for vegetation erosion holds true for the riparian vegetation
(Dietrich et al. 2003). It is readily agreed that the
Nv value cannot be negative. Additionally, Nv does
not shoot up to high value as this parameter
characterizes the ratio between the destruction and
growth coefBcient. Therefore, we simulated the
non-dimensional vegetation cover considering Nv
values in between 0.1 and 100 keeping the interval
at 0.1. The erosion number Ne is primarily a
function of the uniform rate of erosion (E) and the
coefBcient of erosion (K) (Tucker and Bras 1999).
Considering homogeneity and constant critical
shear stress along the slope as well as a uniform and
constant erosion rate (E), we have relaxed the
eAectiveness of erosion number, Ne and assumed
that the value of Ne is 10. Further, it is worth
mentioning that we do not provide a calibration of
the model parameters, rather this study presents
generalized modelling schemes to compare between
the linear and logistic growth model.
The integral in equation (17) has been evaluated
numerically, with the logistic growth model and
varied noise parameters along with Nv . We have
plotted the curves of the SPD after varying the
value of one particular stochastic noise parameter
among k, D, a and Bxing the value of the other two

parameters. Since, in the deterministic model, the
vegetation cover V is a function of the normalized
position x 0 , therefore in the stochastic model, SPD
has been considered as an implicit function of V
and x 0 . We chose various Nv values in order to
obtain the SPD. Although the higher Nv values
resulted in more than half of the fractional vegetation cover destruction, we aimed to observe the
eAect of the different noise level in different models.
3. Results and discussion
3.1 Steady-state non-dimensional vegetation
proBles and sensitivity of deterministic
model parameters
Our Bndings imply that the linear model exhibits a
rapid decline in the non-dimensional vegetation
cover as the value of Nv increases. It is duly noted
that for a small increase in Nv value (from 1 to 5),
the non-dimensional vegetation cover declines
*30–70% within a non-dimensional distance of less
than *1% of the total distance (Bgure 1). However, this rapid decline does not promote the
absolute removal of vegetation along the stream. It
is noteworthy to point out that the non-dimensional vegetation cover does not decline significantly after the initial rapid decline of the
vegetation. Additionally, for higher Nv values
([ 5), almost more than *90% of the vegetation is
removed within less than *1% of the total distance. The sensitivity of the non-dimensional vegetation portrays a significant difference in the
logistic growth model. Vegetation cover displays
unrealistic values, if Nv is very small (see Supplementary Bgure S1). The logistic growth model
shows a steady decrease in the vegetation cover
away from the watershed divide. The non-dimensional vegetation cover decreases *50% within
almost *40% of the total distance when Nv value
is set to 10 (Bgure 2). However, the decrease is
*70%, if the Nv value is set to 50 and it does not
vary considerably with an increase in the Nv value
(Bgure 2).
The main driving force of the vegetation growth
is assessed depending on the availability of moisture content, slope aspect (Stephenson 1998) or
land surface temperature (Weng et al. 2004). Nv is
the critical parameter which controls the growth as
well as decay of the vegetation simultaneously
and therefore it includes all of the aforemencv
) (as lump parameter).
tioned eAects (Nv ¼ KvdKs
vg
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Figure 1. Non-dimensional vegetation cover along the slope with a linear growth model. Note that the fractional vegetation
cover decreases at a rapid rate in the upper reach with an increase in Nv value.
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Figure 2. Non-dimensional vegetation cover along the slope for the logistic growth model for different values of Nv.

Inclusion of all of these aspects reduced the
complicated problem into a single vegetation
number. In our results, Nv reCects a very low
vegetation number as compared to most of the
model parameter values adopted in other studies
(e.g., Collins et al. 2004). We varied Krv values
and observed that a range in between 0.5 and 0.8
works reasonably good for both the models
(see Supplementary Bgure S2).
3.2 Role of noise-induced phenomena
in vegetation distribution
We present the eAect of the Gaussian noises, degree
of correlation between these two noises and the
vegetation number Nv parameter in Bgures 3–5. It
is interesting to point out in this regard that in all

three cases of the noise-induced system, the peak of
SPD shifts towards the left with an increase in the
magnitude of Nv . This feature is universal and
common because the vegetation number (Nv )
actually deBnes the ratio between decay and
growth parameters. Therefore, as Nv increases, the
vegetation cover decreases and the value of Pst ðV Þ
attains a peak for small vegetation cover. In other
words, the overall vegetation cover disappears for a
high value of Nv . However, the change in the
strength of the noises with low Nv values do not
aAect the position of the maxima of the SPD.
Figure 3 represents the eAect of the strength of
the multiplicative noise ðDÞ that acts as a constructive force by increasing the vegetation cover.
We Bnd Pst ðV Þ is weakly aAected by the strength
of D when the degree of k and the strength of a is

15
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Figure 3. Plot of Pst(V) (probability density) and fractional vegetation cover for different values of multiplicative noise and Nv.
We Bxed k = 0.1 and a = 0.5.

Bxed corresponding to any Bxed value of Nv . The
prominent cause of the similarity of different SPD
is primarily due to the normalization factor that
stretches the vegetation cover from 0 to 1. The
SPDs can be distinguished distinctly for a small
value of vegetation number ðNv ¼ 4Þ while on the
other hand, when it is increased to 80, the SPDs are
barely separable and they trace out nearly the
same path. At low vegetation cover (\*0.35)
Pst ðV Þ decreases; on the contrary at high vegetation cover (in the range of *0.4–0.8), it increases
as the strength of D is increased. As the value of Nv
increases, the difference in Pst ðV Þ is indistinguishable as the destruction of vegetation is further
enhanced with higher decay coefBcient. This
reCects the fact that the vegetation cover along the
transect is not significantly inCuenced by the
multiplicative noise, when Nv value is quite high.
This high value of Nv sets the stage for a certain
extinction of vegetation. One can appreciate
another fact that with increasing Nv , Pst ðV Þ for
higher vegetation cover is revealed to be always
high.
The role of the additive noise (negative in magnitude) strength ðaÞ on the SPD with a Bxed value
of k and D has been demonstrated in Bgure 4. With
increasing the strength of a, we observed that the
peak of the Pst ðV Þ reduces for any value of Nv .
Although the magnitude of Pst ðV Þ decreases for
lower vegetation cover, the probability is actually

quite high for a higher vegetation cover (see
Bgure 4). Therefore, as the strength of a is
increased, the magnitude of Pst ðV Þ for small vegetation cover decreased while for high vegetation
cover it increased. This is indicative of the fact that
the additive noise (negative in magnitude) is
actually equalizing the vegetation distribution
along the proBle by reducing the Pst ðV Þ estimate at
small vegetation cover. Figure 5 illustrates the
eAect of correlation between the two Gaussian
noises on the SPD. It is evident that as the correlation strength ðkÞ increases, the probability for the
smaller vegetation cover values increases, then
drops sharply around 30% of vegetation coverage.
For smaller values of Nv (see for Nv = 4), Pst ðV Þ
increases for lower vegetation cover (* \0.35) and
then decreases when the fractional vegetation
cover is higher ([*0.4–0.5). This implies that
higher values of k promote the destruction of
the overall vegetation pattern. Interestingly, we
observed that on increasing the strength of k at low
Nv value, the position of the peak of Pst ðV Þ remains
stationary.
3.3 Implications of the proposed model
We have compared the two end-member models of
vegetation growth and observed that the logistic
model of vegetation growth is more realistic in the
Cuvio-riparian system. Our modelling study does
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Figure 4. Plot of Pst(V) (probability density) and fractional vegetation cover for different values of additive noise (negative in
magnitude) and Nv by Bxing k = 0.1 and D = 0.4.

Figure 5. Plot of Pst(V) (probability density) and fractional vegetation cover to illustrate the eAect of correlation between the
two Gaussian noises and Nv, where the strengths D and a have been Bxed to be 0.3.

not aim to calibrate the model parameters due to
unavailability of high-precision vegetation data
along a slope. We suggest that the logistic growth
model is a more realistic one in terms of the rate of
decay of vegetation along the slope. The most
suitable model parameters for the linear growth
scheme underestimates the vegetation cover in the
upslope region while it overestimates the vegetation cover in the downslope (see Bgure 1) stretch.

In fact, this model is more applicable to the
region(s) with very high slope adjacent to the
watershed divide and does not support to sustain
the vegetation cover. Logistic growth model
depicts the nature of VCF distribution to be more
realistic because of its inherent property of growth
in resource-limited condition. It is noteworthy to
point out that the Nv value can be higher in the
logistic growth model. Physically, this signiBes
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that despite of being continuously removed by
the Cuvial processes (water), the vegetation still
continues to grow.
All characteristic curves of Bgures 3–5 indicate
that the multiplicative noise does not act as a drift
term unlike discussed in Ai et al. (2003). The
vegetation community rather remains stationary
with a Bxed peak value of Pst ðV Þ. However, one
can consider the additive noise (negative in magnitude) as a diffusive term which results in a
reduction of the vegetation growth and Cattens the
peak of Pst ðV Þ. We also observed that the position
of the maxima of Pst ðV Þ is by no means aAected by
the strength of these noises. Therefore, we suggest
that the intensity of different Gaussian noises does
not significantly drive the system to eAective
growth or destruction. However, most importantly
these noises eAectively reshape the SPD by
decreasing or increasing the magnitude of Pst ðV Þ at
a certain extremum of vegetation cover. Segregation of the intrinsic and the extrinsic factors in the
evolution of vegetation is difBcult due to their
complicated intertwined behaviour. When the
internal factors predominantly inCuence the system, it results in an increase in the vegetation
growth and consequently the VCF. The external
factors, on the contrary, delay the spread of the
vegetation cover.
Additionally, we observed that the value of
Pst ðV Þ at higher vegetation cover is also higher
when we increased the strength of a. Our results
are on similar lines as that of the observations
reported by Ai et al. (2003). This could be attributed to the erosion model and the steady distribution of the vegetation proBle. In the erosion
model, the erosion rate increases from the
upstream to downstream. Therefore, the rate of
vegetation destruction is lower in the upstream
part. Further, the amount of vegetation cover is
also higher in the upper region. We suspect that
the combined eAect of higher vegetation cover and
the lower erosion rate in the upper part results in
lower sensitivity of the vegetation destruction. The
deterministic vegetation growth model can further
be veriBed using high-resolution digital elevation
model (DEM) and fractional vegetation cover
dataset (at least sub-meter spatial resolution) over
a larger spatial scale, which may lead to the calibration of the model parameters. It can be achieved
either using Lidar dataset or photogrammetric
methods for DEM (Berthier et al. 2014; Crosby
et al. 2020) and multi-spectral dataset for vegetation cover (Hu et al. 2014; Yan et al. 2019).
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3.4 Revisiting the modelling assumptions
In general, channels are devoid of vegetation owing
to the fact that the Cuid motion does not promote
any vegetation growth. The excess shear stress
model, used in numerous other studies has been
previously implemented as an idealized case of
transport and incision process within the channel
(Baldwin et al. 2003; Whipple 2004). However,
numerical models take into consideration a single
transport law for both the channel as well as the
surface wash processes (Dietrich et al. 2003).
Idealized value of Ne is another simpliBcation of
the erosion model as we do not consider the substantial change in the erodibility aspect downslope.
Erodibility at a regional scale varies significantly if
the landscape encounters a set of different lithology
or climatic condition. Similarly, we do not consider
that the friction factor Krv changes substantially in
order to retain the simplistic approach of our
robust model. We have also kept it constant
keeping in view that the scale of the transect of
vegetation proBle is relatively small enough to be
idealized as a constant friction condition.
The major issue with the logistic formulation is
that the model does not implicate V ¼ 1 at x ¼ 0.
It is duly acknowledged as a small limitation of our
model formulation with the logistic growth. In
spite of this, our model solution presents a more
realistic non-dimensional vegetation proBle than
the existing linear model. Additionally, we do not
intend to present sensitivity of the growth, decay,
friction, lithologic and noise parameters and this is
beyond the scope of the present work. However,
the sensitivity analysis can shed light on the role of
noise levels on the steady distribution. The most
important simpliBcation of the present model is
the use of the lumped parameter Nv that incorporates growth, decay and shear stress aspects. This
implies that the slope is dominated only by a
particular type of vegetation and there is no
interspecies interaction. We have lumped the factors of multiple species into one vegetation number
and have not considered any model for intra- or
inter-species competition.
We have characterized the multiplicative noise
as a positive role-playing agent, while the additive
noise plays a weakening role. One can argue about
the character of these noises and may idealize them
differently. Additionally, it is nearly impossible to
segregate the internal and external factors that
lead to environmental stochasticity. Factors such
as solar radiation, precipitation or soil nutrients
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generally augment the growth of the vegetation
cover. However, anomalous amount and intensity
(in case of an extreme event) of these factors may
lead to probable destruction of vegetation cover as
well. For example, increased rainfall can lead to a
higher runoA which can eventually result in vegetation destruction. Similarly, the intrinsic character of the vegetation species can simultaneously
increase or decrease the vegetation cover along a
slope.

4. Concluding remarks
In this study, we have proposed and presented the
solutions for a logistic growth model of vegetation
and a novel stochastic model with two Gaussian
noises. We aDrm that the logistic growth model
presents a more realistic vegetation proBle. The
vegetation number obtained from the model needs
further investigation to interpret the interaction
between the growth and the decay of the vegetation community. Additionally, there is a need to
investigate the model parameters with high-resolution vegetation data. Biological evolution is
always regarded as a stochastic system and this
provided us with the motivation for exploring the
eAect of random noises in the vegetation growth
along a slope proBle. The Gaussian noises and their
correlation parameter implicate a stable change in
the SPD. Additionally, in the context of the noise
level, we have chosen that the vegetation growth
system does not shift towards immediate sporadic
growth or extinction. We observed the anomalous
eAect of the additive noise (negative in magnitude),
which needs further investigation in the near
future. On a closing note, we conclude that the
eAects of different intrinsic and extrinsic noises are
quite difBcult to separate out due to the complex
interrelationship between the environment and the
biological community.
Acknowledgement
Logistic support from Indian Institute of Technology (IIT) Gandhinagar is gratefully acknowledged.
Author statement
All authors have contributed equally in formulating
the problem and preparation of this manuscript.

References
Ai B Q, Wang X J, Liu G T and Liu L G 2003 Correlated noise
in a logistic growth model; Phys. Rev. E 67(2) 022903.
Baldwin J A, Whipple K X and Tucker G E 2003 Implications
of the shear stress river incision model for the timescale of
postorogenic decay of topography; J. Geophys. Res. Solid
Earth 108(B3).
 , Pitte

Berthier E, Vincent C, Magnusson
E, Gunnlaugsson A
P, Le Meur E, Masiokas M, Ruiz L, P
alsson F, Belart J M C
and Wagnon P 2014 Glacier topography and elevation
changes derived from Pl
eiades sub-meter stereo images;
The Cryosphere 8(6) 2275–2291.
Borgogno F, D’Odorico P, Laio F and RidolB L 2007 EAect of
rainfall interannual variability on the stability and resilience of dryland plant ecosystems; Water Resour. Res.
43(6).
Botkin D B, Janak J F and Wallis J R 1972 Some ecological
consequences of a computer model of forest growth; J. Ecol.
60(3) 849–872.
Camporeale C and RidolB L 2007 Noise-induced phenomena in
riparian vegetation dynamics; Geophys. Res. Lett. 34(18).
Collins D B G and Bras R L 2010 Climatic and ecological
controls of equilibrium drainage density, relief and channel
concavity in dry lands; Water Resour. Res. 46(4).
Collins D B G, Bras R L and Tucker G E 2004 Modeling the
eAects of vegetation-erosion coupling on landscape evolution; J. Geophys. Res. Earth Surface 109(F3).
Crosby C J, Arrowsmith J R and Nandigam V 2020 Zero to a
trillion advancing earth surface process studies with open
access to high-resolution topography; Dev. Earth Surface
Process. 23 317–338.
Da-Jin W, Li C and Sheng-Zhi K 1994 Bistable kinetic model
driven by correlated noises: Steady-state analysis; Phys.
Rev. E 50(4) 2496.
Dietrich W E, Bellugi D G, Sklar L S, Stock J D, Heimsath A
M and Roering J J 2003 Geomorphic transport laws for
predicting landscape form and dynamics; Geophys.
Monogr.-Am. Geophys. Union 135 103–132.
D’Odorico P, Laio F and RidolB L 2005 Noise-induced
stability in dryland plant ecosystems. Proc. Natl. Acad.
Sci. USA 102(31) 10,819–10,822.
Flanagan D C, Gilley J E and Franti T G 2007 Water Erosion
Prediction Project (WEPP) Development history, model
capabilities and future enhancements; Trans. ASABE
50(5) 1603–1612.
Hu B, Li J, Wang J and Hall B 2014 The early detection of the
Emerald Ash Borer (EAB) using advanced geospacial
technologies; ISPRS Int. Arch. Photogram. Remote Sens.
Spatial Inf. Sci. XL-2 213–219, https://doi.org/10.5194/
isprsarchives-XL-2-213-2014.
Kallay M and Cohen Y 2008 The simplest predator–prey
model; Ecol. Model. 218(3) 398–399.
Li C, Jia Z-L and Mei D-C 2015 EAects of correlation time
between noises on the noise enhanced stability phenomenon
in an asymmetric bistable system; Front. Phys. 10(1)
95–101.
Martinez A S, Gonz
alez R S and Tercßariol C A S 2008
Continuous growth models in terms of generalized logarithm and exponential functions; Phys. A Stat. Mech. Appl.
387(23) 5679–5687.

15

Page 10 of 10

May R M 1976 Simple mathematical models with very
complicated dynamics; Nature 261(5560) 459–467.
Meron E 2015 Nonlinear Physics of Ecosystems; CRC Press.
Muneepeerakul R, Rinaldo A and Rodrıguez-Iturbe I 2007
EAects of river Cow scaling properties on riparian width and
vegetation biomass; Water Resour. Res. 43(12).
RidolB L, D’Odorico P and Laio F 2006 EAect of vegetation–water table feedbacks on the stability and resilience of
plant ecosystems; Water Resour. Res. 42(1).
Stephenson N 1998 Actual evapotranspiration and deBcit
biologically meaningful correlates of vegetation distribution
across spatial scales; J. Biogeogr. 25(5) 855–870.
Tanner J T 1975 The stability and the intrinsic growth rates of
prey and predator populations; Ecology 56(4) 855–867.
Thornes J B 1985 The ecology of erosion; Geography 70(3)
222–235.
Thornes J B 1990 The interaction of erosional and vegetational dynamics in land degradation spatial outcomes; In:
Vegetation and Erosion: Process. Environ., pp. 41–53.
Tucker G, Lancaster S, Gasparini N and Bras R 2001 The
channel-hillslope integrated landscape development model
(CHILD); In: Landscape Erosion and Evolution Modeling,
Springer, pp. 349–388.

Corresponding editor: N V CHALAPATHI RAO

J. Earth Syst. Sci. (2021)130:15
Tucker G E and Bras R L 1999 Dynamics of vegetation and
runoA erosion. A 3D computer simulation model of drainage
basin and Coodplain evolution theory and applications;
Tech. Report US Army Corps. of Eng. Const. Eng. Res.
Lab., Champaign, IL.
Vesipa R, Camporeale C and RidolB L 2015 Noise-driven
cooperative dynamics between vegetation and topography
in riparian zones; Geophys. Res. Lett. 42(19) 8021–8030.
Weng Q, Lu D and Schubring J 2004 Estimation of land
surface temperature–vegetation abundance relationship for
urban heat island studies; Remote Sens. Environ. 89(4)
467–483.
Whipple K X 2004 Bedrock rivers and the geomorphology of
active orogens; Ann. Rev. Earth Planet. Sci. 32 151–185.
Wilson J B and Agnew A D 1992 Positive-feedback switches in
plant communities; Adv. Ecol. Res. 23 263–336.
Yan G, Li L, Coy A, Mu X, Chen S, Xie D, Zhang W, Shen Q
and Zhou H 2019 Improving the estimation of fractional
vegetation cover from UAV RGB imagery by colour
unmixing; ISPRS J. Photogram. Remote Sens. 158 23–34.
Yoshida T, Jones L E, Ellner S P, Fussmann G F and Hairston
N G 2003 Rapid evolution drives ecological dynamics in a
predator–prey system; Nature 424(6946) 303–306.

