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Abstract

The complex interplay between climate change, the composition and density of surface
vegetation cover and physical surface processes has been a focus of scientific research in
the field of geomorphology for the last few decades. The classical approach for explaining
differences in topography only considers the influence of tectonic processes and lithological
material constants as endogenic forcings and the effect of precipitation as an exogenic
forcing, where the stabilizing effect of vegetation cover has mostly been neglected. To
develop a more complete view of the complex topographic system and incorporate the
dynamics between climate and vegetation, a numerical model framework consisting of a
dynamic vegetation model (LPJ-GUESS) and a landscape evolution model (Landlab) was
developed and tested against four different study areas situated in the Chilean Coastal
Cordillera on the basis of‚ available paleoclimate data. These study areas were chosen based
on homogeneous endogenic forcings, with a comparable tectonic uplift rate and the same
granodioritic lithology, all of which allow for better parameterization of surface processes.

Three main simulation experiments were conducted: 1. LPJ-GUESS simulations, which
gave insight about large-scale dynamic adjustments of vegetation cover and composition
for the respective climate zones. 2. Landlab simulations which were designed to reproduce
steady-state topographic metrics observed in the focus areas and to determine the reaction
of the topographic system to transient, external changes in precipitation or vegetation cover
3. Coupled simulations with direct feedback during model-runtime between LPJ-GUESS
and Landlab for the timeperiod since the last glacial maximum (21ka before present) to
present day.

The experiments show a complex reaction of both vegetation and topography to climatic
forcings, with absolute changes in vegetation cover not exceeding 10%, but large-magnitude
adjustments of plant composition due to changes in climate. Simulations show magnitudes
and time-scales of adjustment are highly dependent on initial catchment vegetation cover
and amount of annual precipitation received. Coupled simulations show large short-term
variations in catchment-mean erosion rates for very arid and very humid focus areas, while
areas with mediterranean climate show lesser magnitude fluctuations but a more pronounced
long-term decrease in mean erosion rates.

In summary, this thesis helps in understanding the complex climate-erosion interactions
by showing the nature of the threshold-controlled system which governs the reactions of
topography to natural changes in climate or vegetation cover.
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Zusammenfassung

Die komplexen Zusammenhänge zwischen klimatischen Änderungen, der Vergesellschaf-
tung und Wuchsdichte von Oberflächenvegetation und Erosionsprozessen sind schon seit
Jahrzehnten ein Fokus der Geomorphologie. Der klassische Ansatz, Unterschiede in To-
pographischen Gegebenheiten zwischen einzelnen Gebieten zu erklären war meist nur
gestützt auf die Auswirkungen von tektonischen Prozessen, lithologischen Materialkon-
stanten oder den erosiven Effekt von Niederschlag. Der stabilisierende Effekt einer Vegeta-
tionsbedeckung wurde hierbei meist vernachlässigt. Um eine allumfassendere Einsicht in das
komplexe System von Topographien und die Zusammenhänge von Klima und Vegetation zu
ermöglichen, wurde ein neues numerisches Modellsystem, bestehend aus einem dynamischen
Vegetationsmodell (LPJ-GUESS) und einem Landschaftsevolutionsmodell (Landlab) en-
wickelt und anhand von vier verschiedenen Gebieten in den chilenischen Küsten-Kordilleren
getestet. Diese Gebiete wurden ausgewählt anhand ihrer homogenen tektonischen Verhält-
nisse und derselben granodioritschen Lithologie, was eine genauere Quantifizierung der
freien Modelparameter erlaubt.

Drei Simulationsexperimente wurden durchgeführt: 1. LPJ-GUESS Simulationen, welche
Einblick in die großflächige Vegetationsdichte und Verteilung der Modelgebiete erlaubten.
2. Landlab Simulationen welche entwickelt wurden um den topographischen Gradienten
zwischen den Modelgebieten darzustellen und die Reaktion der Topographien auf externe
Änderungen des Niederschlags und der Vegetationsdichte zu bestimmen. 3. Gekoppelte
Simulationen mit einer direkten Rückkopplung zwischen LPJ-GUESS und Landlab zur
Simulationslaufzeit, für den Zeitraum zwischen dem letzten glazialen Maximum und den
heutigen Bedingungen.

Die durchgeführten Experimente zeigen eine komplexe Reaktion von Vegetation und
Topographien auf klimatische Einflüsse. Die maximalen Änderungen in kumulativer Vege-
tationsbedeckung überschreiten einen Wert von 10% nicht, während sich die relative Verge-
sellschaftung verschiedener Pflanzenarten stark anpasst. Weitergehend zeigen die Simula-
tionen, dass sowohl das absolute Ausmaß als auch der Zeitraum, welcher benötigt wird um
einen neuen Gleichgewichtszustand zu erreichen vom Initialzustand des Systems abhängt.

Zusammengefasst hilft diese Arbeit dabei die komplexen Zusammenhänge zwischen
Klima und Erosion besser zu verstehen indem das Schwellenwert kontrollierte System
welches die topographischen Reaktionen auf Änderungen in Klima und Vegetationsbedeck-
ung tiefer erforscht.
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1 Introduction

It has long been suspected that the appearance of biotic life on the Earth’s surface had
a considerable impact on the governing processes that determine the shape and structure
on our present-day topography. Deciphering the laws which apply to the complex system
of topographic evolution, is a step towards a more fundamental understanding about the
nature of the world that we see around us and is also mandatory for gaining insight into a
more sustainable approach of decision making to preserve the current state of the Earth.

While the general effect of vegetation cover as a ground stabilizing agent has been
recognized by previous generations and has a long history of research within the fields of
geomorphology, biogeography and agricultural engineering, the topic still poses a complex
and difficult problem with a lot of unanswered questions and not very well constrained
answers.

The main concept that anyone who wants to develop a integrated theory of the effect of
biota on surface processes needs to address, is the feedback between climatic processes which
have a direct and immediate effect on the erosion and transport of sediment, for example by
increasing overland flow runoff through increasing precipitation, and the biotic processes,
which have a indirect effect through accumulation of biomass on the Earth’s surface and
hence modulating the physical parameters of bedrock and sediment. This modulation is
generally thought of as to increase resistance to external eroding agents.

This thesis aims to further the knowledge on this topic by investigating the effect that the
introduction of vegetation cover has on the evolution of landscapes by integrated landscape
evolution modelling of study areas in the Chilean Coastal Cordillera. For this purpose, a
model framework was developed that encompasses both a dynamic vegetation model and
a landscape evolution model which were used to understand the sensitivity of landscape
topographies and erosion rates to both steady-state and transient forcings of precipitation
and vegetation cover and composition.

The structure of the thesis incorporates an introductory chapter which aims to give an
overview about the commonly accepted effects of vegetation cover on underlying landscapes,
the state-of-science and general theory behind numerical landscape evolution modelling and
dynamic vegetation modelling and the techniques and field areas that were utilized in this
study. This is followed by a chapter which describes the hypothesis and research questions
that were addressed during this study. The next chapter then shows the obtained results
which were the outcome of the work done in the form of manuscripts, either published or
in manuscript form. The last chapter then aims to summarize the obtained results and
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revisits the previous stated hypothesis for a discussion of the obtained knowledge and an
outlook for potential future work.

1.1 Effects of vegetation on surface processes

The effects that either a constant or a changing vegetation cover has on surface processes,
always needs to be viewed in the context of coeval climate change. Changes in precipitation
or temperature act as the drivers which create conditions that lead either to a steady-state
vegetation cover, which does not show large fluctuations over time, or disturbances that
lead to transient shifts in density, distribution and the composition of plant types within a
catchment.

An exception of this is the case of human induced land-use change (e.g large-scale
deforestation, monocultural agriculture) which lead to an increase in soil erosion rates since
the neolithic revolution, in catchments with large anthropogenic overprint [Hewawasam,
2003, Anselmetti et al., 2007, Kaplan et al., 2009, Williams, 2009]. While these effects have
a large impact on certain regions and are an important field of study on their own, this
thesis focuses on the natural changes of vegetation cover which accompany the changes in
climate since the last glacial maximum (21ka B.P) in the Chilean Coastal Cordillera.

The presence of vegetation influences the various physical or chemical processes either
directly, where plants have an active feedback on the material properties of the land surface
or indirectly, where the existence of vegetation leads to a modulation of other processes
which influence erosion and sediment transport. The next few paragraphs describe these
various direct and indirect mechanisms.

The most prominent direct feedback of vegetation on land surface is an increase in
slope and streambank stability [Operstein and Frydman, 2000, Simon and Collison, 2002,
Norris et al., 2008, Kokutse et al., 2016]. This is commonly attributed to root reinforcement
of soil cohesion which increases the shear-stress resistance and therefore the resistance to
erosion and transport of material [Kadlec, 1990, Roering et al., 2003, Fan and Su, 2008,
Preti and Giadrossich, 2009, Liang et al., 2017]. This leads to a higher resistance of root
penetrated surface material to both internal and external shear stresses which manifests in
higher critical slope angles for vegetated surfaces compared to bare, non-vegetated slopes
[Riestenberg and Sovonick-Dunford, 1983, Stokes et al., 2008, Eab et al., 2015]. In channels,
the effect of increased shear stress resistance leads to an increase in channel relief and less
lateral channel migration, due to higher stability of channel bank and bed material [Gran
and Paola, 2001, Murray and Paola, 2003, Nikora et al., 2008]
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Apart from this direct, mechanical effect that vegetation cover exercises on surface
materials, there exists an associated indirect, ecohydrological influence of surface process
modulation by vegetation. The existence of plants impacts the net water mass balance of a
specific surface area by enhancing flux of water vapour into the atmosphere by evapotranspi-
ration [Bosch and Hewlett, 1982, Costa and Foley, 1997, Zhang et al., 2001, Nachabe et al.,
2005]. Through the increase of microporosity and microfractures by root stems, vegetation
also increases the flux of water into subsurface water layers due to enhanced infiltration
and therefore negatively impacting hortonian runoff production [Dunne et al., 1991, 1995,
Descheemaeker et al., 2006]. In summary, these effects reduce water availability to overland
flow, which is directly associated with the erosion and transport of sediment [Hairsine and
Rose, 1992, Ludwig et al., 2005, Ebabu et al., 2019].

An additional indirect effect of vegetation cover, which is not directly linked to either
mechanical or ecohydrological properties, is the impact on erosion and transport of material
by stochastic processes which act on vegetated hillslopes. A ground covering canopy layer
acts in two ways: it disperses incoming rain droplets, therefore modifying maximum drop
size [Brandt, 1989] and it reduces impact velocity of rain droplets, if the canopy height is
below 1m [Stocking and Elwell, 1976, Geißler et al., 2012]. This reduces the amount and
distance of material transported by rainsplash erosion [Dunne et al., 2010, Saedi et al.,
2016] which, when viewed over a hillslope length scale, decreases the sediment flux from
hillslopes to adjacent river channels [Michaelides et al., 2009].

While there are other effects of vegetation cover on surface characteristics, e.g controls
on dominant sediment grain size for different vegetation covers [Yang et al., 2008], the
processes that were described in the previous paragraphs are the ones most dominantly
used for explaining large scale landscape response to vegetation cover and are therefore in
the focus of this thesis.

Among the first researchers to quantify the complex effect of vegetation cover on erosion
processes were Langbein and Schumm [1958] who recognized that the annual sediment load
of basins is a non-linear function of the mean annual precipitation that is received by the
corresponding catchments (Fig. 1, left side).

This non-linear relationship between sediment yield and precipitation shows the complex
interrelated processes which act on the surface of landscapes due to the constant competition
between precipitation, which is known as an increasing agent of erosion and vegetation
cover, which modifies ecohydrological properties and mechanical soil properties. The general
shape of this relationship was reproduced by various other studies that explored denudation
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Figure 1: Average annual sediment yield for catchments with varying values of effective precipi-
tation (after Langbein and Schumm [1958]). The data shows a distinct peak in sediment yield for
values of effective annual precipitation of 300 mm, which marks the boundary between desertic
conditions and grass dominated landscapes. Values of sediment yield decrease strongly for higher
values of effective precipitation although the slope of the curve decreases going to more humid
conditions. Right side shows depth-profile denudation rates modified from Schaller et al. [2018].
Colorcoding of biomes is equal to left panel. Data indicates same trend between denudation rates
and precipitation for the Eartshape study areas as the average sediment yield data from Langbein
and Schumm [1958]

rates across catchments situated in different climate zones (Fig. 1, right side; Schaller
et al. [2018]) which gives evidence for a non-linear relationship which governs the interplay
between surface processes and the combination of precipitation and vegetation cover.

Overall surface vegetation cover is, in most ecosystems, positively correlated with mean
annual precipitation [Xin et al., 2008] for plant compositions that show water-limitation
[Yu et al., 2003]. In certain bioecological systems, the density of vegetation cover is more
controlled and limited by temperature [Kong et al., 2017] but mean annual precipitation
and associated soil-moisture values always show a significant impact on growth rates and
vegetation stability except for very humid ecosystems where rainfall variability over short
time-scales does not lead to drying out of surface soil.

This interplay between the dependency of vegetation cover density to mean annual
precipitation, leads to a threshold behaviour where the increase of precipitation that is
required to significantly increase the surface vegetation cover gets larger for areas that
are situated in a more humid climate with high initial values of vegetation, compared
to sparsely-vegetated, arid areas [Schmid et al., 2018]. This is thought to lead to a in-
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equilibrium between water availability to geomorphic processes, which enhances erosion,
and an increase in surface vegetation cover, which restricts erosive processes and therefore
leads to the proposed relationship depicted in Fig. 1. The research carried out and described
in this thesis aims to give a better quantitative insight about the threshold behaviour of the
vegetation-precipitation relationship and how catchments in different climate zones react
to these boundaries.

In the next chapter, the methods that are used in this study are defined and the value
of numerical modelling as a tool for answering complex questions in a controlled, synthetic
environment is explained.

1.2 Landscape evolution modelling

As described in chapter 1.1, the interplay between climatic changes and changes in surface
vegetation cover, is complex and highly non-linear, which makes it difficult to distinguish
between the resulting topographic signals of individual processes that can be attributed
to one or the other of these competing effects. The dawn of dating techniques, based on
cosmogenic nuclides, that allow scientists to constrain erosion rates on short-timescales (103

- 105 yrs; Lal [1991], von Blanckenburg [2006]) for whole drainage systems makes it possible
to gain information about mean erosion rates for catchments located in different climate
zones and with varying climatic history. Since these erosion rates are still a composite of
both the effects of climate change and associated vegetation changes, methods are needed
to deconstruct those rates into their individual influences.

Numerical modelling has emerged as a valuable tool for not only understanding past
topographic evolution based on tectonics, lithology and climate change [Howard, 1997, Will-
goose, 2005, Tucker and Hancock, 2010] but also for understanding the effect of vegetation
cover on topographies [Collins and Bras, 2004, Istanbulluoglu et al., 2004, Istanbulluoglu
and Bras, 2005, Istanbulluoglu et al., 2008, Collins and Bras, 2010]. Process-based models for
computing topographic changes lead to a more precise understanding of the time-sensitive
evolution of landscapes, away from a purely descriptive, qualitative model approach to
a more precise, quantitative approach of determining individual rates of changes within
catchments (see Fig. 2).



1.2 Landscape evolution modelling 6

Figure 2: Left side of the figure (a.) shows a classic, conceptual form of qualitative landscape
evolution model which utilizes a purely descriptive approach to distinguish between a mature (top)
and old-age (bottom) landscape (modified from Tucker and Hancock [2010]). Right side (b.) shows
exemplary output of a modern landscape evolution model (Landlab) and depicts the evolution of
a landscape as a result of tectonic, fluvial and hillslope processes for different timeslices.

1.2.1 General model formulation

Landscape evolution models (LEM’s) make use of mathematical descriptions of natural
occurring processes to give insight about shape, patterns and rates within simulated model
domains. While the specifications between different LEM’s differ in terms of grid-meshing,
minimum and maximum resolution and incorporated processes, which makes certain LEM’s
more effective for specific tasks, most LEM’s can be described by three general equations:

• Mass Balance Equation

• Equation for erosion/transport by fluvial processes

• Equations for erosion/transport by diffusive hillslope processes

The mass balance equation therefore can be represented by a combination of these
governing processes:

δz(x, y)

δt
= U − δh(x, y)

δt
|fluvial −

δh(x, y)

δt
|hillslope (1)

where the term on the left is the overall topographic change over time, the first term
on the right is the tectonic uplift rate, the second term on the right represents the amount



1.2 Landscape evolution modelling 7

of elevation change over time due to fluvial processes and the last term on the right is the
amount of elevation change over time due to processes linked to diffusive hillslope processes.

Fluvial processes

The erosion of material through fluvial processes is generally represented with the stream-
power-model, which consists of a suite of equations, designated to provide a accessible,
numerically stable and computational feasible solution, yet capturing enough complexity
of the underlying processes to give testable, realistic answers. The basic equation of the
stream-power-model is a power law function of excess shear stress [Howard and Kerby, 1983,
Howard et al., 1994, Tucker and Slingerland, 1994, Howard, 1997, Ferguson, 2005]

E = ke(τb − τc)α (2)

where E is the incision rate of a bedrock channel, τb is the bed shear stress, τc is the
threshold bed shear stress that needs to be exceeded for detachment of bedrock, α is a
constant scaling exponent, which is depended on the main process of detachment of material
and ke is the the shear stress coefficient, which is used to describe the general efficiency of
fluvial processes in a specific tectonic and lithological setting [Lague et al., 2000, Snyder
et al., 2003, Robl et al., 2017]. Since the exact value of bed shear stress is hard to determine
in a natural setting, it is generally formulated as a derivation of the mannings equation as
a function of local bed slope and discharge [Istanbulluoglu et al., 2004]

τb = ρgnαbQ
αSβ (3)

where ρ is the density of water, g is the acceleration of gravity, nb is the mannings
roughness coefficient which is a metric of surface resistance to overland flow, S is total bed
gradient at each point in the channel and Q is the surface water discharge for each point in
the channel which can be represented as the drainage area A of each node times the received
precipitation (Q = A ∗ P ). Values α and β are positive, constant exponents. Combining
equation 2 with equation 3 leads to the classic version of the stream-power equation [Stock
and Montgomery, 1999]

δh(x, y)

δt
|fluvial = Kf (A ∗ P )mSn (4)
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where Kf is the coefficient of incision (Kf = keρgn
α
b ), A and S are the drainage area

and the bed slope for each node in the grid and m/n are process-dependent exponential
parameters.

This set of basic equations was used for numerous studies in landscape evolution mod-
elling and was tested to predict realistic results [Whipple et al., 1999, Lague, 2014, Harel
et al., 2016] for reproducing longitudinal river profiles and erosion rates.

Hillslope processes

Material flux on hillslopes in evolving landscapes represents a complex system which
encompasses a large variety of different processes that all tend to move sediment along
the topographic gradient which is initially set by the river networks [Burbank et al., 1996,
Larsen and Montgomery, 2012]. These processes are generally thought of as having a strong
stochastic nature (e.g tree-throw, rainsplash, bioturbation, frost cracking; Furbish et al.
[2009]) and differ in effectiveness between areas due to lithologic parameters and climatic
limits [Jones, 2001].

The most-common approach to integrate this variety of processes in a computational
effectice way for large-scale landscape evolution modelling is the formulation of hillslope
flux as a diffusive process which is dependent on the local topographic slope:

− δh(x, y)

δt
|hillslope = ∇qsd (5)

In the above equation, the term on the left side is the change in elevation at each point
in the landscape which is a result of diffusive hillslope processes and the term on the right
∇qsd is the divergence of sediment flux. This flux is most commonly denoted as being linear
dependent on local slope so that qsd can be formulated as a representation of Fick’s law of
diffusion

qsd = KdS (6)

In this representation of diffusive processes, qsd is equal to the sediment flux along a
hillslope, Kd is the diffusivity parameter which describes the efficiency of material transport
and S is the local slope, which is equal to the potential energy gradient, posed by differences
in topographic elevation (S = δz

δx
).

By combination of the fluvial and hillslopes erosion laws and substituting the respective
term in the mass balance equation (Eq. 1), the general formulation of elevation change at
each node per timestep can be derived:
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δz(x, y)

δt
= U −∇KdS −Kf (A ∗ P )mSn (7)

In this formulation, the change of topography within a landscape is mostly dependent
on the local slope S, the amount of precipitation P and the two parameters describing
efficiency of erosion and transport by hillslope and fluvial processes Kd and Kf . The next
chapter of the thesis goes into more detail about the possibilities to represent the effect of
vegetation on these surface processes within this basic model framework and the resulting
implications.

1.2.2 Representing vegetation in surface process equations

To enable researchers to make use of numerical models to predict landscape changes
as a function of not only climate but also of a static or dynamic vegetation cover, it is
necessary to formulate surface process equations which incorporate a metric that is related
to the density of vegetation within a landscape. This density is mostly expressed by one of
the following two metrics: leaf area index (LAI) or foliar projected vegetation cover (FPC).
There are other metrics, related to the density and type of vegetation, which can be used
to express individual physical processes (e.g root density and depth) [Baets et al., 2008],
but these are difficult to constrain by remote sensing and are mostly used in smaller-scale
engineering applications.

LAI gives a measurement of the total green leaf area per unit ground area (LAI =

Total LeafArea / Total GroundArea) which can be derived effectively as a function of the
normalized difference vegetation index (NDVI) by various remote sensing techniques [Kerr
and Ostrovsky, 2003, Peng Gong et al., 2003, Wang et al., 2005]. LAI is widely used in
the fields of ecology to estimate net primary productivity (NPP) since it directly relates to
the green above-ground biomass [Leverenz and Hinckley, 1990, Barigah et al., 1994, Clark
et al., 2007].

FPC is defined as the ratio between the vertically projected area of vegetated ground
to the total ground area (FPC = V egetatedArea / Total GroundArea) and ranges from
0% for barren, non-vegetated ground to 100% for completely vegetated ground. FPC can
be derived from LAI values following the Lambert-Beer-Equation [Prentice et al., 1993]:

FPC[%] = (1− exp(−0.5LAI)) ∗ 100 (8)



1.2 Landscape evolution modelling 10

The FPC value is commonly used in landscape evolution modelling due to its advantage
of a more representative parameter-space with values ranging between 0% and 100%, while
remote sensing derived LAI values do not fit in a fixed range of values and are therefore more
complex to interpret. The following paragraphs give an overview how the surface process
equations laid out in chapter 1.2.1 can be modified to incorporate FPC as a controlling
factor for erosion/transport effectiveness.

FPC dependency of fluvial process equations

Deriving equations for a vegetation cover influence of fluvial erosion processes is com-
monly done by building on the formulation of bed-shear stress (Eq. 3) by expanding the
concept of the mannings roughness parameter nb. This parameter is derived from the origi-
nal mannings equation which is used in surface hydrology to estimate the velocity of a fluid
flowing through a defined cross-section [Manning, 1891]

V =
1

n
R

2/3
h S1/2 (9)

With V being the average flow velocity, Rh being the hydraulic radius and S being the
local slope. The parameter n is a way of describing the resistance of a certain channel or
surface to the direct flow of a medium. n is dependent on a variety of factors including
channel shape, medium grain size, bed-form and bed-cover and therefore includes vegetation.
n has been empirically derived for different channel types and different vegetation covers
[Chow, 1959] and can therefore be used for describing the effects vegetation cover on the
effectiveness of erosion through overland flow. The n values for the total mannings roughness
of a surface can be expressed as a linear combination of different roughness values for the
according vegetation types, hence resulting in a value for n which encompasses all possible
plant-types found in the area of interest:

ntotal = nbase + nV eg.TypeI + nV eg.TypeII + ... (10)

With nBase being the determined roughness of the barren ground without vegetation
and nV eg.Type being the mannings value for the respective types of vegetation. Following this
approach, the combination of the mannings equation (Eq.9), the bed shear stress equation
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(Eq.3) and the stream-power equation (Eq. 4) yields (for more detailed derivation see Collins
and Bras [2004], Istanbulluoglu and Bras [2005], Schmid et al. [2018]):

δh(x, y)

δt
|fluvial = keρgn

m
total(

nBase
ntotal

)3/2(A ∗ P )mSn (11)

Which describes the change of elevation at each node not only as a function of the discharge
and local slope (compare Eq.4) but also with a dependency of the mannings value at each
node ntotal. Since the mannings values for different vegetation types only give a way of
describing flow resistance for a type of vegetation but not as a function of the density of
vegetation cover, the total mannings value ntotal is reformulated to be a function of FPC
of specific plant types:

ntotal = nbase+nRef,V eg.TypeI
FPCV eg.TypeI

FPCRef,V eg.TypeI
+nRef,V eg.TypeII

FPCV eg.TypeII
FPCRef,V eg.TypeII

+ ... (12)

Where nBase is the mannings value for barren ground, the different values for nRef are
mannings roughness values for a specific type of vegetation, values for FPC are surface
vegetation cover values for the specific plant type and FPCref values are vegetation cover
values for which the reference mannings roughness values are obtained (commonly choosen
to be a fully vegetated surface, FPCref = 100%). As with the standard formulation ob
mannings values (Eq. 10), this equation can be linearly expanded to encompass different
types of vegetation cover.

The combination of equations 11 and 12 gives a possibility to describe the fluvial erosion
of material as a function of the percentage vegetation cover values of different types of
vegetation and therefore provides a tool to numerically determine how the plant system
within a catchment influences the erosion by overland flow and the river network itself with
higher values of vegetation cover leading to less effective erosion of bedrock or sediment
through increases in the total mannings coefficient.

FPC dependency of hillslope process equations

This section intends to give an overview about the vegetation effect of diffusive hillslope
processes and how they can be represented in the equations for hillslope erosion laid out in
chapter 1.2.1. Compared to the numeric representation of vegetation effects in the fluvial
process equations with the mannings equation, there exists no common accepted framework
or parameter which directly describes the hillslope erosion and transport as a function of
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vegetation cover. Since the general accepted form of a hillslope transport law equals either a
linear or non-linear diffusion equation with topographic slope as the main driving gradient
(Eq. 5), it is possible to define a vegetation influence on the diffusivity parameter Kd, since
this parameter as derived from the first fick’s law of diffusion, gives a metric about the
mobility of mass or particles along a gradient [Foufoula-Georgiou et al., 2010].

There is ongoing discussion about the effect that vegetation has on the hillslope diffusion
coefficient. There is evidence that an increase in vegetation cover due to the stabilizing
effects of an increase in soil cohesion leads to a less effective transport of material along a
hillslope and therefore a negative relationship between Kd and FPC (see chapter 1.1, Jahn
[1989], Istanbulluoglu and Bras [2005]).

Other studies suggest that soil creep rates are higher for densely vegetated forest areas,
compared to arid areas with only sparse vegetation [Roering et al., 2002, Perron, 2017].
This is attributed to bioturbation and tree throw processes that have a higher occurrence
interval for areas with larger vegetation cover and potentially higher values for soil creep
initiated by rain splash, where the effect of higher precipitation outweighs the effect of
canopy shielding from vegetation.

This thesis focuses on the first case, where an increase in vegetation is negatively
correlated with the hillslope diffusivity factor Kd, since there exists better constrained
evidence as a foundation for the numerical implementation [Prosser and Dietrich, 1995].

The assumption that an increase in surface vegetation cover decreases hillslope diffusivity
is translated in a negative power law where Kd is a function of a baseline diffusivity Kb

which represents the maximum diffusivity for a barren landscape without the presence of
vegetation and an exponential which takes into account the FPC values for each node (for
further information see Schmid et al. [2018]) and a scaling factor α:

Kd = Kb exp
−(α∗FPC) (13)

This results in a equation for the elevation change over time due to hillslope processes
which is dependent on the local slope S and the percentage vegetation cover for each node:

− δh(x, y)

δt
|hillslope = −∇Kb exp

−(α∗FPC) S (14)

With the equations derived in this section for fluvial and hillslope processes as a function
of vegetation cover, it is possible to numerically investigate the effect of vegetation cover on



1.3 Dynamic vegetation modelling 13

Figure 3: Example model output of landscape evolution model (CHILD) with vegetation im-
plementation (from Istanbulluoglu and Bras [2005]). Left side shows simulation for unvegetated
conditions and right side for simulation with vegetated ground. The unvegetated landscape shows
a higher grade of dissection, lower slope and lower total elevation while the vegetated simulations
shows lower drainage density, higher relief and slopes.

large scale landscape evolution over time (see Fig.3). Table 1 provides an overview about
important parameters and their respective units.

1.3 Dynamic vegetation modelling

This section is designed to give an overview over common practices in dynamic vegetation
modelling and the applications within geomorphology. Predicting the evolution of the
density and composition of large-scale vegetation cover as a function of climate change,
nutrients and physiological traits is of interest in a variety of different fields ranging from
palaeontology, botany, agricultural engineering, climate research and geomorphology.

Especially in geomorphology, with the recent efforts to build a more extensive theoretical
basis of the effect of vegetation on topographic evolution, the development of global dynamic
vegetation models (GDVM’s) helps by creating the possibility to simulate transient effects
in the composition of vegetation types, vegetation structure, external vegetation dynamics
(e.g tree-throw, fire) and biochemical cycles of nutrients and water between plants and soil
[Fisher et al., 2010, Werner et al., 2018].
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Table 1: Model Parameters used for derivation of main equations.

Parameter Unit Description

U mm/yr Tectonic Uplift
dx, dy m Node Spacing
FPC % Foliar projected vegetation cover
ke m/yr(kg/m yr2)−p SPL scaling factor
τb kg * m−1 * yr−2 Bed Shear Stress
τc kg * m−1 * yr−2 Critical Shear Stress
ρ kg/m3 Water Density
g m/s2 Acceleration of Gravity

nbase s/(m(1/3)) Base Mannings Coeffcient
nRef s/(m(1/3)) Reference Mannings Coeffcient
nTotal s/(m(1/3)) Total Mannings Coeffcient
Q m3/s Water Discharge
A m2 Drainage Area
P mm Mean Annual Precipitation
S m/m Topographic Slope
α, β - Shear Stress Exponents
m, n - Stream Power Exponents
Kd m2 / yr Hillslope Diffusivity
Kb m2 / yr Baseline Diffusivity
Kf 1/m Fluvial Erodibility

While there exist many versions of different GDVM’s, this thesis focuses on a version of
the Lund-Potsdam-Jena General Ecosystem Simulator (LPJ-GUESS, Smith et al. [2001])
which was used in obtaining the presented results. This thesis aims to give a overview about
the general processes implemented into LPJ-GUESS and not a full explanation about the
underlying equations.

LPJ-GUESS is a individual-based second-generation vegetation model which incorpo-
rates forest-gap dynamics [Smith et al., 2001, Sitch et al., 2003]. The plant composition
within an model domain is simulated by means of plant functional types (PFT), which
represents different classifications of non-phylogenetic groupings of different plant species
that are classified by their reactions to external forcings, use of nutrients and resources,
growth form and photosynthetic pathway (C3 or C4) (see Fig. 4; Box [1996], Duckworth
et al. [2000]).

Biochemical processes (e.g plant respiration, photosynthesis, litter decomposition) and
hydrologial processes (e.g water flux through soil hydrology and stomatal regulation) are
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Figure 4: Example of plant functional type classification scheme (from Arneth et al. [2014]).
Upper left shows the fundamental and realized species performance over an environmental space
for different species. These niches are a function of cumulative plant traits (e.g stomata conductance,
depicted in illustration bottom left). Plant functional types (PFT’s) consist of a number of species
which show similar growth characteristics (and therefore the same species performance in the same
environmental space).

simulated on a daily timestep while larger-scale biotic processes (e.g plant establishment
and mortality, biomass allocation) are modelled on a yearly timescale.

PFT population density in LPJ-GUESS is a function of the establishment rate of new
individuals, the mortality rate of old individuals and loss of individuals through disturbances.
Establishment rate is calculated on the PFT cohort level, which represents a new age-class
of an individual PFT. Cohort establishment is dependent on a expected maximum rate
and a function which determines the maximum potential productivity of the forest floor,
which depends on shade that is cast on the floor by existing species, the soil water and
nutrient content and temperature. Therefore cohort establishment is most effective either at
the starting point of a simulation, with no large individuals present or after a disturbance
which creates unshaded space to establish new individuals.
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Mortality rate is determined as a stochastic function which determines the minimum
background mortality rate as function of the PFT cohorts current age and and maximum
expected life span of the observed PFT. Apart from the age-based mortality, a stress
mortality is implemented to represent risk of PFT death by non-optimal growth conditions.
This stress mortality is a function of a PFT-specific maximum potential productivity and
the individual leaf area index, which is a metric describing how a PFT makes use of its
growth potential.

Disturbances in LPJ-GUESS are manifold, ranging from draught to tree-throws and
fires. These events are modelled as random events with a defined probability and therefore
a case specific frequency distribution. Disturbance events kill all affected individuals and
make room for the establishment of new species cohorts.

Since the highly stochastic nature of these modelled processes makes it difficult to make
predictions for a specific modelled region, LPJ-GUESS simulates vegetation dynamics on
a defined number of replicate patches. A patch size is defined so that a large individual of
a PFT that is simulated still has influence over the defined area and usually has a value
of 1000 m2. While the individual patches can show large variations in PFT composition
and density due to stochastic disturbances, the values of a sufficient number of patches
will converge towards a mean value that is a function of input parameters and boundary
conditions.

1.4 The Earthshape project

The research that is presented in this thesis was conducted within the framework of a
integrative DFG-sponsored research project "Earthshape: Earth Surface Shaping by Biota"
(www.earthshape.net), which focuses on the research questions of how different types of
biotic life affect physical and chemical processes in the Earths critical zone and therefore
contribute in shaping the Earth’s surface.

The underlying goal of the Earthshape project is a synthesis from several sub-projects
that work on different time and spatial scales, from small-scale, short-term microbiological
processes to large-scale, long-term geomorphic processes. In order to achieve comparable
results, all sampling for different sub-projects was performed in four study areas along the
Chilean Coastal Cordillera (see Fig. 5).

The four study areas, chosen as research grounds, show traits that make them ideal
for quantifying the respective scientific questions since they show a distinct North-South
orientation along the Chilean Coast and span over approximately 15◦latitude (approx. 1500
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km) and therefore capture a large variation in climatic and ecological gradient. Furthermore
they show no signs of recent glaciations since LGM conditions and no significant differences
in the respective tectonic and lithologic setting. This allows topographic comparisons
between the areas without the need to correct for or include glacial overprint, different
uplift rates or physical and chemical material properties of the bedrock.

The Earthshape study areas include (from North to South): Pan de Azucar (26◦S),
which is situated near the city of Chanaral, is a arid, desertic environment with sparse
vegetation, mainly consisting of cacti and shrubs and a total ground cover of approximately
10%. Present day mean annual precipitation and temperature is approximately 10 mm and
18◦C.

The study area of Santa Gracia (30◦S), located NE of the city of La Serena, is situated
in a semi-arid climate zone with a mean annual precipitation of approximately 156 mm
and a mean annual temperature of 14.9◦C. Vegetation consists mainly out of shrubs and
cacti with a total vegetative ground cover of approximately 30%.

La Campana study area (32◦S) is located NW of Santiago de Chile. It is situated in
a mediterranean climate zone with a approximate annual precipitation of 360 mm and a
annual temperature of 14◦C. Vegetation is dense with a ground cover of approximate 70%
and a rich composition of species from evergreen sclerophyllus trees to a variety of shrubs
and grasses.

Most southern area Nahuelbuta, located East of the city of Angol shows a temperate
climate with a annual precipitation of 1400 mm and annual temperature of 8.1◦C. Vegetation
is very dense with an almost 100% ground cover and consists of a broad variety of trees,
shrubs and grass.
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Figure 5: Map of Earthshape study areas that were used in this thesis. Northern area Pan de
Azucar shows very arid, desertic environment with only sparse vegetation. Santa Gracia is situated
in a semi-arid enviroment with patchy vegetation, mostly consistent of shrubs and cactii. La Cam-
pana area shows a mediterranean climate with forest-like vegetation. Southern area Nahuelbuta
lies in a humid climate zone with very dense, nearly full, vegetation cover with a rich and diverse
composition of different trees, shrubs and grasses.
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2 Examined Hypothesis and conceptual approach

While the previous chapters explained the general concepts of biogeomorphology and
the methods and study areas used in obtaining the presented results, this chapter gives
explanations about the main hypothesis that were the foundation of this study and the
conceptual approach that was used for determining the validity of the following hypothesis.

(I) The effects of vegetation cover on surface processes occur over temporal
and spatial scales shorter than geologic processes (e.g. rock uplift, cli-
mate change). However, short term vegetation effects on topography are
recorded over geologic timescales in the form of variations in different
topographic metrics (e.g relief, slope, channel steepness)

(II) Climatic change since the last glacial maximum has lead to an increase
in the density and changes in the composition of vegetation cover and
has a measurable stabilizing effect on catchment properties such as mean
erosion rates, relief or slope in the Chilean Coastal Cordillera.

In the next subsections, a more detailed view of the initial assumptions and the approach
which was chosen for answering these hypothesis is given. The more complete outcome of
the conducted research is given in chapter 3 in the form of two published manuscripts and
one manuscript that is in preparation.

2.1 Hypothesis (I): Vegetation cover controls over topographic

evolution

Steady State Catchment Conditions affected by Vegetation cover

The stabilizing effect of vegetation cover on the Earth’s surface has long been recognized
as was described in chapter 1.1. Although this knowledge was utilized widely within the
fields of eco-engineering and agricultural engineering [Norris et al., 2008, Fattet et al., 2011,
Vannoppen et al., 2017], the stabilizing effect that changes in vegetation cover exerts on
topographies at the catchment level was so far mostly qualitatively described and the
sensitivities of topographic forcings to shifts in the density and composition of vegetation
cover were not constrained within the context of realistic climatic changes [Collins and
Bras, 2004, Istanbulluoglu and Bras, 2005, Murray et al., 2008].
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Figure 6: Normalized catchment-mean topographic metrics (Slope, Relief, Channel Steepness)
for Earthshape focus areas. Topographies show increase in topographic metrics going from N to
S with highest values for La Campana study area. Going further south, metrics decline towards
Nahuelbuta study area.

This thesis aims to advance the understanding of the diverging effects of precipitation
and surface vegetation cover on landscape evolution by exploring the assumption thatwhile
the effects of vegetation cover on surface processes occur on shorter timescales
than geologic processes, their resulting effects are still on a magnitude large
enough to be recorded in different topographic metrics.

This assumption is supported by the shape of the gradient of topographic metrics
between the different Earthshape study areas (see Fig. 6) which shows a distinct peak in
the observed topographic metrics (slope, relief and channel steepness). These occurring
differences in topographies are generally attributed to changes in either tectonic uplift,
lithologic parameters or large-scale fault processes. Since the Earthshape study areas are
assumed to not differ drastically in these endogenic characteristics, the topographic gradient
is proposed to be a result from exogenic forcings, specifically the competition between
precipitation and vegetation cover.

The previous stated assumption was tested by incorporating realistic, satellite-derived
values of vegetation cover and mean annual precipitation for each Earthshape study area
into a landscape evolution model with modified algorithms to represent the rate of surface
processes as a function of vegetation cover (presented in Schmid et al. [2018]). The resulting
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Figure 7: Conceptual model of the feedback loop between increases in mean annual precipitation,
surface vegetation cover and erosion(from Jiongxin [2005]). Annual precipitation is positively
correlated with the intensity and therefore erosivity of runoff. Precipitation is also positively
correlated with ground biomass and vegetation cover which has a negative effect on erosion intensity,
therefore the direct correlation between precipitation and erosion intensity can not clearly be defined
since it depends on the individual dominating contributions of vegetation and precipitation.

topographic metrics of the synthetic model domains were analysed and compared to the
satellite derived topographic metrics shown in Fig. 6

Threshold controlled reactions to transient changes in vegetation cover and
precipitation

It is generally believed that the stabilizing effect of vegetation cover in combination
with the eco-hydrological properties of a mature vegetation within a landscape lead to an
decrease in drainage density and hillslope curvature and an increase in total and local relief
and mean catchment slopes until a certain threshold in mean annual precipitation is reached,
where the system goes from vegetation-dominated to discharge dominated [Collins and Bras,
2010, Schmid et al., 2018]. At this threshold value of precipitation, the plant ecosystem is not
longer water-limited which leads to no significant increase in vegetation while precipitation
increases [Asner et al., 2005]. This leads to an direct increase in overland flow and therefore
capacity to erode and transport sediment and hence decreases in topographic relief and
slope.
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Figure 7 shows an generalized flowchart of the feedback loop between precipitation,
vegetation and erosion intensity where + and - symbols indicate positive or negative corre-
lation. Increases in annual precipitation generally show positive correlation with the growth
of vegetation biomass and therefore the erosion-resistance of vegetation which in turn has
a negative effect on erosion intensity. Simultaneously, an increase in precipitation has a
positive correlation with the intensity of single, large precipitation events and therefore
maximum runoff, which shows a large positive effect on erosion intensity [Dadson et al.,
2003]. Therefore, the direct effect of changes in annual precipitation on erosion intensity
can be positive or negative, depending on the threshold between vegetation dampening of
erosion processes and runoff-induced increases in erosion rates. Therefore the assumption is
stated that the magnitude and direction of the reaction of catchment topography
and erosion rates to transient changes in precipitation and associated changes
in vegetation cover is a function of the initial climatic and vegetative conditions
of a specific area.

This assumption was tested by a two-way approach laid out in Werner et al. [2018] and
Schmid et al. [2018] by conducting dynamic vegetation model runs to determine a realistic
long-term value of vegetation cover change for the Earthshape study areas, which were
then implemented into the landscape evolution model, with empirically derived associated
precipitation changes to quantify the magnitude and rate of topographic changes and
changes in erosion rates for different scenarios.

2.2 Hypothesis (II): LGM - PD climatic differences control catch-

ment erosion rates

To gain insight knowledge about the long-term effect that climatic shifts exert on
catchment topographies, it is important to derive topographic evolution as a function of
realistic climate data and the associated changes in surface vegetation cover and composition
to evaluate realistic magnitudes of topographic changes due to a climatic history. Since the
derivation of a high resolution, large-scale dataset which contains histories of vegetation
cover values for different global positions is non-trivial and most of the available datasets
only cover biotic histories for shorter periods and show gaps, which are result of sedimentary
conditions [Grosjean et al., 2003], a numerical approach for determination of vegetation
cover within a catchment was chosen.

Climate change from the LGM to present day has been constrained using a combination
of proxy-based reconstructions and different numerical climate simulations (see Fig. 8, Mutz



2.2 Hypothesis (II): LGM - PD climatic differences control catchment erosion rates 23

Figure 8: Simulated differences in mean annual precipitation for LGM to Pre-Industrial (PI)
conditions for South America (modified from Mutz et al. [2018]). Symbols indicate proxy-based
reconstructions which correspond with the model-predicted precipitation deviations. Black box
outlines location of Earthshape study areas. Data shows wetter conditions for LGM timeslice
compared to PI timeslice, with increasing intensity going from N to S



2.2 Hypothesis (II): LGM - PD climatic differences control catchment erosion rates 24

et al. [2018]). For the Earthshape study areas, these different methods predict a general
trend of higher annual precipitation values for LGM conditions compared to pre-industrial
(PI) times. The LGM-PI difference of annual preciptiation gets more pronounced going from
N to S with with values of approximately 350 mm/yr more precipitation at LGM conditions
at the northern boundary of the Earthshape study areas to approximately 800 mm/yr
increase in LGM precipitation at the southern boundary. There is further evidence from
Maldonado and Villagrán [2006] that the climatic variations in Chile (analyzed at 32◦S)
show large variations in the time interval between 9000 and 2000 years before present, which
were accompanied by shifts in plant composition from arboreal types to open, shrub-land
types.

Since this data suggests that the climatic conditions in Chile show not only a variation
in mean annual precipitation and mean annual temperature [Mutz et al., 2018] but also in
the composition and density of vegetation cover and these processes are known to affect the
shape and formation of topographies, the assumption is stated that there is a distinct,
area-specific reaction of landscapes to the climatic change since the last glacial
maximum and today, which is specific to the climatic and biotic setting the
catchment is located in.

To test this assumption, a fully coupled model framework was built which incorporates
a full-cycle feedback between LPJ-GUESS and Landlab at each timestep of the model
simulation. This gives insight about the dynamic allocation and spatial differences of
vegetation cover within a landscape and the associated topographic shifts. Simulation were
conducted for climate data from LGM to PD for four Earthshape study areas. The dedicated
manuscript is in final stage of preparation and the latest version is attached in section 3.2.1
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3 Scientific results

The following section presents the scientific results for the previously addressed hy-
pothesis which were tested and analysed in three publications. Two of them are already
accepted and published, a third one is currently in a late stage of preparation and soon to
be submitted. The latest version of the manuscript is presented.

3.1 Vegetation cover controls over topographic evolution

3.1.1 Declaration of contributions to joint publication

This subsection of the dissertation has been published in Earth Surface Dynamics as
part of a set of companion papers and is available online and through open-access under
https://doi.org/10.5194/esurf-6-829-2018 for Part 1 and https://doi.org/10.5194/esurf-6-
859-2018 for Part 2. The full citations of both companion publications are:

Werner, C., Schmid, M., Ehlers, T. A., Fuentes-Espoz, J. P., Steinkamp, J.,
Forrest, M., Liakka, J., Maldonado, A., and Hickler, T.: Effect of changing vege-
tation and precipitation on denudation – Part 1: Predicted vegetation com-
position and cover over the last 21 thousand years along the Coastal
Cordillera of Chile, Earth Surf. Dynam., 6, 829-858,
https://doi.org/10.5194/esurf-6-829-2018, 2018.

Schmid, M., Ehlers, T. A., Werner, C., Hickler, T., and Fuentes-Espoz, J.-P.:
Effect of changing vegetation and precipitation on denudation – Part 2: Pre-
dicted landscape response to transient climate and vegetation cover
over millennial to million-year timescales, Earth Surf. Dynam., 6,
859-881, https://doi.org/10.5194/esurf-6-859-2018, 2018.

The original manuscripts are provided in sections 3.1.2 and 3.1.3. In the following
paragraphs, the exact author contributions for the respective publications are laid out.
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Part 1: Predicted vegetation composition and cover over the last 21 thousand
years along the Coastal Cordillera of Chile

Nine authors contributed to this joint work: Christian Werner (CW), Manuel Schmid
(MS), Todd Ehlers (TE), Juan-Pablo Fuentes-Espoz (JF), Joerg Steinkamp (JS), Mathew
Forrest (MF), Johan Liakka (JL), Antonio Maldonado (AM) and Thomas Hickler (TH).
Todd Ehlers and Thomas Hickler build up the initial theoretical framework of this study
and were primary investigator for the research grant. Christian Werner and Manuel Schmid
build up the design of simulations and paper hypothesis. Christian Werner carried out
the simulations and data preparation with help from Matthew Forrest, Johan Liakka and
Antonio Maldonado. Christian Werner and Manuel Schmid performed data analysis and
interpretation. Manuscript preparation was done by Christian Werner with help from
Manuel Schmid and input from all co-authors. Detailed contributions are provided in table
2

Table 2: Author contribution (in %) of manuscript Effect of changing vegetation and precipitation
on denudation – Part 1: Predicted vegetation composition and cover over the last 21 thousand years
along the Coastal Cordillera of Chile. Paper has been published at 08.10.2018

Author
Author
position

Scientific
ideas [%]

Data
generation [%]

Analysis &
Interpretation [%]

Paper
writing [%]

CW 1 30 60 50 60
MS 2 20 40 30 20
TE 3 30 0 0 5
JF 4 0 0 5 0
JS 5 0 0 5 0
MF 6 0 0 5 0
JL 7 0 0 0 5
AM 8 0 0 0 5
TH 9 20 0 5 5
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Part 2 - Predicted landscape response to transient climate and vegetation cover
over millennial to million-year timescales

Five authors contributed to this joint work: Manuel Schmid (MS), Todd Ehlers (TE),
Christian Werner (CW), Thomas Hickler (TH) and Juan-Pablo Fuentes-Espoz (JF). Todd
Ehlers and Thomas Hickler build up the initial theoretical framework of this study and
were primary investigators for the research grant. Manuel Schmid build up on this by
developing the numerical framework and the general modelling workflow. Simulation setup
and post-processing and interpretation of results, including statistics and visualization was
done by Manuel Schmid with input from Todd Ehlers and Christian Werner. Manuscript
preparation was done by Manuel Schmid with input from Todd Ehlers, Christian Werner
and Thomas Hickler. Detailed contributions are provided in table 3

Table 3: Author contribution (in %) of manuscript Effect of changing vegetation and precipitation
on denudation – Part 2: Predicted landscape response to transient climate and vegetation cover
over millennial to million-year timescales. Paper has been published at 08.10.2018

Author
Author
position

Scientific
ideas [%]

Data
generation [%]

Analysis &
Interpretation [%]

Paper
writing [%]

MS 1 40 80 60 60
TE 2 40 10 30 20
CW 3 5 10 10 10
TH 4 10 0 0 5
JF 5 5 0 0 5
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Abstract. Vegetation is crucial for modulating rates of denudation and landscape evolution, as it stabilizes
and protects hillslopes and intercepts rainfall. Climate conditions and the atmospheric CO2 concentration, here-
after [CO2], influence the establishment and performance of plants; thus, these factors have a direct influence
on vegetation cover. In addition, vegetation dynamics (competition for space, light, nutrients, and water) and
stochastic events (mortality and fires) determine the state of vegetation, response times to environmental pertur-
bations and successional development. In spite of this, state-of-the-art reconstructions of past transient vegetation
changes have not been accounted for in landscape evolution models. Here, a widely used dynamic vegetation
model (LPJ-GUESS) was used to simulate vegetation composition/cover and surface runoff in Chile for the Last
Glacial Maximum (LGM), the mid-Holocene (MH) and the present day (PD). In addition, transient vegetation
simulations were carried out from the LGM to PD for four sites in the Coastal Cordillera of Chile at a spatial
and temporal resolution adequate for coupling with landscape evolution models.

A new landform mode was introduced to LPJ-GUESS to enable a better simulation of vegetation dynamics
and state at a sub-pixel resolution and to allow for future coupling with landscape evolution models operating at
different spatial scales. Using a regionally adapted parameterization, LPJ-GUESS was capable of reproducing
PD potential natural vegetation along the strong climatic gradients of Chile, and simulated vegetation cover
was also in line with satellite-based observations. Simulated vegetation during the LGM differed markedly from
PD conditions. Coastal cold temperate rainforests were displaced northward by about 5◦ and the tree line and
vegetation zones were at lower elevations than PD. Transient vegetation simulations indicate a marked shift in
vegetation composition starting with the past glacial warming that coincides with a rise in [CO2]. Vegetation
cover between the sites ranged from 13 % (LGM: 8 %) to 81 % (LGM: 73 %) for the northern Pan de Azúcar
and southern Nahuelbuta sites, respectively, but did not vary by more than 10 % over the 21 000 year simulation.
A sensitivity study suggests that [CO2] is an important driver of vegetation changes and, thereby, potentially
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landscape evolution. Comparisons with other paleoclimate model drivers highlight the importance of model
input on simulated vegetation.

In the near future, we will directly couple LPJ-GUESS to a landscape evolution model (see companion paper)
to build a fully coupled dynamic-vegetation/landscape evolution model that is forced with paleoclimate data
from atmospheric general circulation models.

1 Introduction

On the macroscale, it has been suggested that sediment yields
from rivers exhibit a nonlinear relationship with changing
vegetation (Langbein and Schumm, 1958). Although this re-
lationship is controversial (e.g., Riebe et al., 2001; Gyssels et
al., 2005), previous work highlights that vegetation is likely
a first-order control on catchment denudation rates (Acosta
et al., 2015; Collins et al., 2004; Istanbulluoglu and Bras,
2005; Jeffery et al., 2014). While relatively simple vegeta-
tion descriptions have been included in landscape evolution
modeling (LEM) studies (Collins et al., 2004; Istanbulluoglu
and Bras, 2005), these descriptions do not include explicit
representations of plant competition for water, light, and nu-
trients or stand dynamics which are key to determining the
progression of vegetation state.

Dynamic global vegetation models (DGVMs) were cre-
ated as state-of-the-art tools for representing the distribu-
tion of vegetation types, vegetation dynamics (forest suc-
cession and disturbances by, e.g., fire), vegetation structure,
and biogeochemical exchanges of carbon, water, and other
elements between the soil, the vegetation, and the atmo-
sphere (Prentice et al., 2007; Snell et al., 2014). Interactions
with the climate system have been a special focus, includ-
ing both the transient response to climatic changes and using
DGVMs as land–surface schemes of Earth system models
(i.e., Cramer et al., 2001; Bonan, 2008; Reick et al., 2013;
Yu et al., 2016). DGVMs are instrumental for understand-
ing the impact of future climate change on vegetation (i.e.,
Morales et al., 2007; Hickler et al., 2012) as well as study-
ing feedbacks between changing vegetation and the climate
(i.e., Raddatz et al., 2007; Brovkin et al., 2009). In addition,
DGVMs have been utilized to better understand past vegeta-
tion changes, ranging from the Eocene (Liakka et al., 2014;
Shellito and Sloan, 2006) and late Miocene (Forrest et al.,
2015) to the Last Glacial Maximum (LGM; ∼ 21000 BP)
and the mid-Holocene (MH, ∼ 6000 BP) (i.e., Harrison and
Prentice, 2003; Allen et al., 2010; Prentice et al., 2011; Bragg
et al., 2013; Huntley et al., 2013; Hopcroft et al., 2017).
Using these models, it has been shown that vegetation of-
ten responds with substantial time lags to changes in climate
(Hickler et al., 2012; Huntley et al., 2013). Such transient
changes are likely to influence erosion rates and catchment
denudation. Acosta et al. (2015) showed that 10Be-derived
mean catchment denudation rates are lower for steeper but
vegetated hillslopes in the Rwenzori Mountains and the

Kenya Rift flanks than the erosion rates for sparsely vege-
tated, lower-gradient hillslopes within the Kenya Rift zone.

Jeffery et al. (2014) investigated how interdependent cli-
mate and vegetation properties affect central Andean topog-
raphy. They found that the mean hill slope gradient corre-
lates most strongly with the percent vegetation cover, and
that climate influences on topography are mediated by veg-
etation. On a shorter timescale, Vanacker et al. (2007) de-
termined that the removal of natural vegetation due to land
use change significantly increases sediment yield from catch-
ments, while catchments with high vegetation cover (natural
or artificial) return to their natural benchmark erosion rates
after reforestation.

However, past vegetation changes are not only the result
of changes in climate. The atmospheric CO2 concentration
[CO2] has varied substantially throughout Earth’s history
(i.e., Brook, 2008) and is an important factor limiting pho-
tosynthesis and plant growth (i.e., Hickler et al., 2015). A
glacial [CO2] of approx. 180 ppm is close to the CO2 com-
pensation point of about 150 ppm for C3 plants (Lovelock
and Whitfield, 1982), which implies that the majority of all
plants on Earth were severely CO2-limited in the LGM rel-
ative to present day (PD). Vegetation models tend to over-
estimate the forest cover during the last glacial if they do
not account for the strong limiting effect of [CO2] (Harri-
son and Prentice, 2003). Furthermore, changes in [CO2] also
affect stomatal conductance and, thereby, plant water stress,
plant productivity, and the hydrological cycle (Gerten et al.,
2005). Although the magnitude of so-called “CO2 fertiliza-
tion effects” is still highly debated (Hickler et al., 2015), the
physiological effects of [CO2] might be important drivers of
landscape evolution.

While DGVMs are, in principle, very widely applicable,
simulation setups do require modification and calibration for
particular applications. For regional applications, DGVMs
should be tested against present-day data in the study region
and process representations should be adapted to specific
conditions (Hickler et al., 2012; Seiler et al., 2014). Climate
data for simulations of paleovegetation often originate from
global climate models (GCMs), which have a rather coarse
grid cell resolution. Hence, spatial downscaling is necessary
to derive climatic drivers at an adequate scale.

This study is part of the German EarthShape priority re-
search program (https://www.earthshape.net, last access: 15
September 2018), which investigates how biota shapes Earth
surface processes along the climatic gradient of the Coastal
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Figure 1. (a) Distribution of major vegetation zones in Chile the and location of the four EarthShape SPP focus sites: Pan de Azúcar,
Sta. Gracia, La Campana, and Nahuelbuta (“Temp” represents average annual temperature, “Precip” represents average annual precipitation
– data: ERA-Interim 1960–1989, and “FPC” represents foliage projected cover (MODIS VCF v6, total vegetation cover, 2001–2016 average,
Dimiceli et al., 2015). Vegetation zones are based on Luebert and Pliscoff (2017). (b) Elevation of the model domain.

Cordillera of Chile. Here, we describe the climate data pro-
cessing and vegetation modeling approach, and report re-
sults of simulations for the last 21 000 years. Specifically, we
(a) develop a regionally adapted setup of LPJ-GUESS that
also includes improvements in the sub-grid representation of
vegetation (required for future coupling), (b) simulate poten-
tial natural vegetation (PNV) for Chile for present day (PD),
MH, and LGM climate conditions, and (c) conduct transient
simulations for four focus sites (Fig. 1a) at a monthly res-
olution spanning the full period from the LGM to the PD.
Furthermore, we (d) investigat the effect of [CO2] and the
use of different paleoclimate data for vegetation simulations
of the LGM, and (e) explor the relationship between vege-
tation state, vegetation cover, and simulated surface runoff.
A companion paper (part 2, Schmid et al., 2018) presents a
sensitivity analysis of how transient climate and vegetation
impact catchment denudation. This component is evaluated
through the implementation of transient vegetation effects for
hillslopes and rivers in a LEM. Although the approaches pre-
sented in these two companion papers are not fully coupled,
the results of predicted vegetation cover change derived from
our vegetation simulations provide the basis for the magni-
tudes of change in vegetation cover implemented in the com-
panion paper. Together, these two papers provide a concep-
tual basis for understanding how transient climate and vege-

tation could impact catchment denudation. As a follow-up to
these two studies we plan to couple the vegetation and LEMs.

2 Background

Climate and vegetation are key controls of the surface pro-
cesses that shape landscapes. This is due to the fact that
precipitation enables the transport of sediment down-slope,
while vegetation cover has the ability to protect hillslopes
from erosion due to root cohesion, obstruction of overland
flow, and protection from splash erosion. Vegetation char-
acteristics (i.e., composition and cover, which vary substan-
tially by life-form, rooting, and phenological strategies) are
not constant in space and time and vary with climate, topog-
raphy, and soils. Furthermore, environmental forcing such
as temperature, precipitation, radiation, and [CO2] change
over longer timescales and lead to different vegetation as-
semblages, potentially differing vegetation cover, and thus
protection from erosion.

2.1 Climate of Chile

Chile’s location bordering the Pacific Ocean, its vast merid-
ional extent of 4345 km, and its steep topographic longitudi-
nal profile (Fig. 1b) result in highly variable climatic con-
ditions. The large-scale subsidence of air masses over the
southeast Pacific Ocean and other regional factors (e.g., rel-
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ative cold coastal ocean currents) yield extremely arid desert
conditions in northern Chile with as little as 2–20 mm of
annual precipitation (Garreaud and Aceituno, 2007). In the
south, a 1000 km long narrow band of Mediterranean-type
climate exists on the western side of the Andes (Armesto et
al., 2007). According to a general bioclimatic classification
by Luebert and Pliscoff (2017), the tropical/Mediterranean
boundary is located from 23◦ S (coast) to 27–28◦ S (in-
land) and the Mediterranean/temperate boundary is located
at 36◦ S (in both the Chilean Coastal and Andes mountain
ranges) to 39◦ S (the “Central Depression”), while the tem-
perate/boreal boundary is found from 50.5 to 56◦ S. From
a climatologic standpoint, the Mediterranean bioclimatic re-
gion has a warm temperate climate dominated by winter rain
(the mean annual precipitation varies from 300 to 1500 mm
from north to south, respectively) and hot, dry summers
with dry periods varying from 7 months (north) to less than
4 months (south) in duration (Uribe et al, 2012). To the
south, midlatitude westerly winds and orographic uplift by
the coastal mountains and the Andes lead to an annual pre-
cipitation of up to 3000 and 5000 mm, respectively (Veblen et
al., 1996). El Niño occurrences generally lead to above aver-
age precipitation rates in the austral winter and spring in the
Mediterranean zone and reduced precipitation at 38–41◦ S in
the following austral summer (Garreaud and Aceituno, 2007;
Montecinos and Aceituno, 2003).

2.2 Vegetation of Chile

Considering the ecological divisions of South America
(Young et al., 2007), Chile is represented by three noticeable
areas: the Peruvian–Chilean desert, Mediterranean Chile,
and the moist Pacific temperate area. These areas reflect
the main floristic characteristics and vegetation types of the
country; moreover, the distribution of vegetation within these
areas is constrained by thermal and hydrological climatic fac-
tors that vary according to latitude and longitude (see Table 1
for an outline of the characteristic species, the biome classi-
fication, and modeled vegetation types). In the north, lon-
gitudinal variations in climate are the result of geomorpho-
logical and ombroclimatic changes. Between 17 and 28◦ S,
the coastal zone is exposed to the influence of fog and oro-
graphic precipitation, allowing vegetation such as columnar
cacti (Eulychnia genera) and a diverse group of shrubs (e.g.,
Nolana, Heliotropium, Euphorbia, Tetragonia) and succu-
lents (e.g., Deuterocohnia, Tillandsia, Puya, Neoporteria) to
develop (Luebert and Pliscoff, 2017). To the west, and be-
tween the Chilean Coastal and the Andes mountain ranges, a
hyper-arid desert zone exists, which is characterized by the
absence of rainfall or coastal-fog water inputs; therefore, no
vascular plants are usually found in this area. However, with
punctual water inputs due to local substrate conditions, such
as the presence of a water table, some halophytic shrubs (e.g.,
Prosopis sp.) can develop (Luebert and Pliscoff, 2017). Veg-
etation in the Andes mountain range is constrained by al-

titude due to the decrease in temperature and the increase in
precipitation. The major development regarding vegetation is
observed at intermediate altitudes where shrubs tend to dom-
inate (Luebert and Pliscoff, 2017).

Vegetation increases to the south with increasing winter
precipitation (Rundel et al., 2007), allowing Mediterranean-
type shrubland and woodland ecosystems to develop. In these
ecosystems various plant species, commonly denominated
sclerophyllous plants, have small, rigid, xeromorphic leaves
adapted to hot, dry summers and wet, cool winters (Young et
al., 2007). Sclerophyllous woodlands and forests extend from
30–31 to 37.5–38◦ S (Fig. 1a) and range from xeric thorn
savanna elements to dense herbaceous cover in the Central
Depression, whilst evergreen sclerophyllous trees and tall
shrubs are found at higher elevations in which mesic con-
ditions predominate. In these ecosystems, slope aspect can
modify local moisture conditions, affecting the structure and
composition of vegetation (Luebert and Pliscoff, 2017). To
the south, these vegetation types transition into temperate
deciduous Nothofagus forests (Maule or Nothofagus park-
lands. The dominant species in these areas being Nothofa-
gus obliqua, N. glauca, and N. alessandrii) at the Coastal
Cordillera and lower Andes ranges, before forming a broader
vegetation zone (Donoso, 1982; Villagrán, 1995). The decid-
uous Nothofagus forests then grade into mixed deciduous–
evergreen Nothofagus forests at 36◦ S (Young et al., 2007).
With increasingly hydric conditions evergreen broad-leafed
species begin to dominate forest stands at approximately
40◦ S and form the Valdivian rainforest (the northernmost
rainforest type, ranging from 37◦45′ to 43◦20′ S) with high
biomass and arboreal biodiversity and evergreen, deciduous,
and needleleaf species (Veblen, 2007). Further south, the less
diverse North Patagonian rainforest is mainly dominated by
Nothofagus betuloides (Veblen, 2007) and transitions into
the Magellanic rainforest at approx. 47.5◦ S and Magellanic
moorland with waterlogged soils and a poor nutrition sta-
tus at the coast (Arroyo et al., 2005). Cold deciduous forests
stretch from 35 to 55◦ S along the Andes covering cooler
and dryer sites as compared to the coastal rainforests. These
forests occur at altitudes of approx. 1300 m and gradually de-
scend to sea level in Tierra del Fuego (Pollmann, 2005). In
Tierra del Fuego and east of the low Andes in southern Patag-
onia a gramineous steppe exists (Moreira-Muñoz, 2011), and
a high-Andean steppe also extends north at higher altitudes.

3 Methods

3.1 Vegetation model

The Lund-Potsdam-Jena General Ecosystem Simulator (LPJ-
GUESS; Smith et al., 2001, 2014) is a state-of-the-art dy-
namic vegetation model that also simulates detailed stand dy-
namics using a gap-model approach (Bugmann, 2001; Hick-
ler et al., 2004). The model is developed by an interna-
tional community of scientists and has been used in more
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Table 1. Major vegetation zones, associated plant functional types (PFT), and representative species (modified after Escobar Avaria, 2013;
Luebert and Pliscoff, 2017; the letters a–e are given to help the reader identify the PFT and the representative species).

Biome Plant functional type Species

Arid shrubland
Matorral
Sclerophyllous woodland

(a) Temperate evergreen shrubs (TeEs).
(b) Temperate raingreen shrubs (TeRs).
(c) Temperate broad-leaved evergreen
sclerophyllous trees (TeBEitscl).

(a) Colliguaja odorifera, Porlieria chilensis, Fluorensia
thurifera, Heliotropium stenohyllum.
(b) Retanilla trinervia, Trevoa quinquinervia, Acacia
caven, Prosopis sp.
(c) Quillaja saponaria, Lithraea caustica, Peumus boldus,
Cryptocarya alba.

Temperate “Maule” forest Temperate summergreen deciduous
trees (TeBStm, TeBSitm).

Nothofagus alpine, N. glauca, N. obliqua, N. alessandrii.

Valdivian rainforest (incl.
North Patagonian
rainforest)

(d) Temperate broad-leaved evergreen
trees (TeBEtm, TeBEitm).
(e) Temperate needle-leaved evergreen
trees (TeNE).

(d) Embothrium coccineum, Weinmannia trichosperma,
Nothofagus dombeyi, N. nitida, Eucryphia cordifolia,
Drimys winteri, Laureliopsis philippiana, Aextoxicon
punctatum, Luma apiculata, Persea lingue, Amomyrtus
luma, Lomatia hirsuta.
(e) Fitzroya cuppressoides, Pilgerodendron uviferum, Sax-
egothaea conspicua, Podocarpus nubigena, Araucaria
araucana.

Magellanic rain-
forest/woodlands

Boreal broad-leaved evergreen trees
(BBE).

Nothofagus betuloides (in hyper-humid areas).

Cold deciduous for-
est/woodlands

Boreal broad-leaved summergreen
trees (BBS).

Nothofagus pumilio, N. antarctica (in humid areas).

No dominant biome Boreal evergreen shrub (BEs). Bolax gummifera, Azorella selago.

(High-Andean) Steppe Herbaceous vegetation (C3G). Great floristic variability (from north to south): Chaetan-
thera sphaeroidalis, Nastanthus spathulatus–Menonvillea
spathulata, Oxalis adenophylla–Pozoa coriacea,
Nassauvia dentata–Senecio portalesianus, Nassauvia
pygmaea– Nassauvia lagascae.

than 200 peer-reviewed international publications, including
model evaluations against a large variety of benchmarks such
as vegetation type distribution, vegetation structure and pro-
ductivity, as well as carbon and water cycling at regional
to global scales (https://www.nateko.lu.se/lpj-guess, last ac-
cess: 15 September 2018). Vegetation development and func-
tioning is based on the explicit simulation of photosynthesis
rates, stomatal conductance, phenology, allometric calcula-
tions, and carbon and nutrient allocation. The model simu-
lates the growth and competition of different plant functional
types (PFT, see Bonan et al., 2002) based on their competi-
tion for space, water, nutrients, and light. Population dynam-
ics are then simulated as stochastic processes that are influ-
enced by current resource status, life history, and demogra-
phy for each PFT. To enable a representative description of
average site conditions within a landscape each grid cell is
simulated as a number of replicate patches in order to allow
different (stochastic) disturbance histories and development
(successional) stages (see Hickler et al., 2004; Wramneby et

al., 2008). Fire occurrence is determined by the model using
temperature, fuel load, and soil moisture levels (Thonicke et
al., 2001). Soil hydrology in LPJ-GUESS is represented by
a simple two-layer bucket model with percolation between
layers and deep drainage (see Gerten et al., 2004).

Vegetated surface area and runoff are affected by a range
of model parameters in LPJ-GUESS. In “cohort” mode, an
average individual from each PFT with a given age and de-
velopment status is used to characterize vegetation state. De-
pending on PFT-specific parameters (i.e., maximum crown
area, sapling density, allometric properties, leaf-to-sapwood
area), age, and competition for light, water, space, nutrients,
and demographic processes (establishment and mortality) in-
dividual cohorts can develop different states.

Using Eq. (1), we approximate the fraction A of the land
surface covered by vegetation using the foliar projected cover
(FPC) – the vertical projection of leaf area onto the ground
(see Wramneby et al., 2010). In LPJ-GUESS the FPC is de-
rived from daily leaf area index (LAI, the leaf area to ground
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area ratio, m2 m−2) summed for all simulated PFTs (n refers
to the number of PFTs) using the Lambert–Beer extinction
law (originally proposed by Monsi and Saeki in 1953 for the
estimation of light extinction in plant canopies, see transla-
tion in Monsi and Saeki, 2005; Prentice et al., 1993):

A [%]=

(
1.0− exp

(
−0.5×

n∑

i=0
PFTLAI

))
× 100. (1)

Thus, depending on the composition of PFTs and the distur-
bance regime, varying levels of ground cover can be simu-
lated that not only reflect the environmental conditions but
also vegetation diversity and development.

In addition, the hydrological cycle is also affected by PFT-
specific interception and transpiration rates that are a func-
tion of PFT-specific parameters and the development stage.
Thus, vegetation modulates infiltration via interception (that
is a function of vegetation cover) and runoff (via plant up-
take and transpiration of water) under the given environmen-
tal constraints. In LPJ-GUESS water enters the top soil layer
as precipitation until this layer is fully saturated (excess wa-
ter is lost as surface runoff, and evaporation removes water
from a 20 cm sub-horizon of the top layer). During precip-
itation days, water can percolate from the top to the lower
layer until the lower layer is saturated (excess water is lost as
drainage). In addition, water from the lower layer can drain
as baseflow with a fixed drainage rate (Gerten et al., 2004;
Seiler et al., 2015). The model does not consider lateral wa-
ter movement between grid cells nor does it take routing in
a stream network into account (in this study we report the
surface runoff component only).

3.2 Landform classification

To bridge the gap in spatial resolution between LPJ-GUESS
(typical spatial resolution of 0.5◦×0.5◦) and the LEM Land-
lab (Hobley et al., 2017; Schmid et al., 2018, typical spa-
tial resolution ∼ 100 m) and facilitate the future coupling of
these models, we introduced the concept of landform disag-
gregation of grid cell conditions to smaller sub-pixel entities
(Figs. 2, B1). The advantages of introducing sub-pixel enti-
ties as opposed to simply performing higher-resolution simu-
lations are twofold. Firstly, higher-resolution simulations re-
quire climate forcing data of the desired output resolution
that are not available for the intended simulation periods or
region (and are not generally available for past time periods).
Secondly, using sub-pixel entities incurs smaller additional
computation costs than higher-resolution simulations.

Sub-pixel entities, hereafter termed “landforms”, were de-
rived for each grid cell using SRTM1-based elevation mod-
els (Kobrick and Crippen, 2017). Pixels from the elevation
model (30 m spatial resolution) were classified based on
their elevation (200 m bands) and their association with to-
pographic features (ridges, mid-slope positions, valleys, and
plains – based on slope and aspect), and similar pixels were

Figure 2. Schematic procedure of simulations. Coarse resolution
model driving data (1) is disaggregated using a high-resolution
elevation model and topographic landform classification (2), and
the ecosystem model LPJ-GUESS then simulates vegetation state
and dynamics using the landform classification to simulated
topographic-adjusted patch composition (3). Vegetation cover and
surface runoff results can then be passed on to a coupled landscape
evolution model (LEM) (not implemented in this study, see Schmid
et al. (2018) for a description of the LEM).

grouped to form the landforms. The elevation of the land-
forms was used to modify the temperature at a given land-
form. Using the elevation difference between the average el-
evation of a landform as derived from the high-resolution
elevation model and the reference elevation obtained from
the 0.5◦×0.5◦ grid, a temperature delta was calculated using
the lapse rate from the International Standard Atmosphere
model of −6.5 ◦C km−1 (e.g., Vaughan, 2015). However, it
should be noted that this lapse rate is a global average rate
that can substantially differ from local conditions and over
multiple timescales (ranging from sub-daily to climatologi-
cal), as it is controlled by various atmospheric thermodynam-
ics and dynamics (i.e., radiative conditions, moisture content,
large-scale circulation conditions). While a higher lapse rate
would potentially be a better approximation for drier sites
(e.g., Pan de Azúcar), this might not be the case for other
sites or past time periods with different atmospheric condi-
tions. Furthermore, the lack of defining environmental data
and a mismatch of scales prohibits the use of more specific
regional lapse rates in our simulations.

The slope and aspect were utilized to adjust the incoming
radiation received by the landform (see Appendix B). The
general topographic features were used to modify the depth
of the lower soil layer (deeper soils in valleys and on plains,
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shallow soils on ridges) and to identify areas (valleys and
plains) with a newly implemented time-buffered deep-water
storage pool that is only accessible by tree PFTs. The classi-
fication resulted in 2 to 56 (the mean was 17) landforms for
each grid cell depending on the topographic complexity.

In the proposed future coupled model, we envisage that
the landform classification will be performed using eleva-
tion information from the LEM. The resulting per-landform
(but non-spatially explicit) vegetation simulation results will
be matched back to spatially explicit grid cells in the LEM,
which will allow us to bridge the scale gap between the two
models.

In the simulations presented here, all classified landforms
with an area > 1 % of the total land area in a grid cell were
simulated using 15 replicate patches each, and simulation re-
sults were aggregated by area-weighting the results to the
grid cell level. For a summary of the implementation details
see Fig. B1.

3.3 Parameterization of plant functional types and
biome classification

In a previous study Escobar Avaria (2013) implemented the
first regional simulation for Chilean ecosystems (also using
LPJ-GUESS) for present day (PD) climate conditions using a
region-specific parameterization, which the presented study
adapts and builds upon. Eleven PFTs – three shrub types,
seven tree types, and one herbaceous type – were defined in
order to describe the major vegetation communities of Chile
(Table C1). The definition of these PFTs are generally based
on the proposed macro-units of Chilean vegetation (Luebert
and Pliscoff, 2017) and follow the concept of representa-
tive/or dominant species for describing a physiognomic unit.
Apart from growth habit and associated traits, PFTs were de-
signed to differentiate between leaf morphology and strategy,
shade-tolerant and shade-intolerant varieties, their adaption
to water access (mesic, xeric type), and root distribution. An
overview of major eco-zones, associated PFTs, and represen-
tative species is given in Table 1.

Using a biomization approach (see Prentice and Guiot,
1996 for the general concept), we classified the simulated
PFTs into discrete vegetation types (referred to as biomes
throughout the paper; see Fig. C1 for details of the classifi-
cation procedure). Based on LAI thresholds and the ratio of
certain key PFTs or PFT groups (i.e., boreal tree PFTs, xeric
PFTs) to their peers, a cascading decision tree was imple-
mented that led to 11 biomes resembling the general vege-
tation zones of Chile (Fig. 1a), but also included additional
biome classes to capture the finer nuances of transitions be-
tween semi-arid and mesic vegetation communities and open
woodlands. To keep the number of vegetation types reason-
able we designed multiple decision paths for biomes that ex-
ist as dense forest ecosystems but also transition into lower
canopy woodlands or transition into more open woodlands
(i.e., Magellanic forest, cold deciduous forest; see Fig. C1).

The classification was conducted at the landform level after
the simulated 15 patches were averaged, and the grid cell
classification was derived from picking the area-dominant
class of the landforms of a grid cell.

3.4 Environmental driving data and modeling protocol

The climate forcing data for LPJ-GUESS is derived from
TraCE-21ka (Liu et al., 2009), which is a transient cou-
pled atmosphere–ocean simulation from LGM to PD using
the Community Climate System Model version 3 (CCSM3;
Collins et al., 2006). In this study we present time-slice sim-
ulations for the LGM, MH, and PD (1960–1989), using per-
petual climate forcing data from 30-year monthly climatolo-
gies (Fig. 3). In addition, we show results from a transient
model simulation that utilizes the full time-series data from
the LGM to PD. All simulations were preceded by a 500-year
spin-up period with de-trended climate data until vegetation
and soils reached steady state. For time-slice simulations the
last 30 years of the simulation were used.

Monthly temperature, precipitation, and downward short-
wave radiation from the TraCE-21ka dataset (resolution T31;
∼ 3.7◦) were downscaled to a 0.5◦× 0.5◦ spatial resolution
and bias-corrected using a monthly climatology from the
ERA-Interim reanalysis (Dee et al., 2011, years 1979–2014).
We used an additive bias correction for the temperature and
multiplicative corrections for the precipitation and shortwave
radiation (see Hempel et al., 2013; this technique was also
used in, e.g., O’ishi and Abe-Ouchi, 2011). The multiplica-
tive corrections for the precipitation and radiation are neces-
sary because these fields can not have negative values. The
resulting bias-corrected anomalies were subsequently down-
scaled to the ERA-Interim grid using a bilinear interpolation
technique. The number of rain days within each month (used
by LPJ-GUESS to distribute monthly precipitation totals to
daily time steps internally) was derived from the monthly
mean precipitation in the TraCE-21ka data and the day-
to-day precipitation variability from ERA-Interim (see Ap-
pendix A). The [CO2] for each simulation year was obtained
from Monnin et al. (2001) and Meinshausen et al. (2017).
A comparison climate dataset for the LGM (referred to as
ECHAM5 in this paper) was provided by Mutz et al. (2018).
Soil texture data used for bare-ground initialization of the
model was obtained from the ISRIC-WISE soil dataset (Bat-
jes, 2012) and a default soil depth of 1.5 m (0.5 m topsoil,
1 m subsoil) was assumed.

We simulated vegetation dynamics using the process-
based dynamic vegetation model LPJ-GUESS (Smith et al.,
2001) version 3.1 (Smith et al., 2014) with the model addi-
tions outlined above. The model runs were carried out with-
out nitrogen limitation, using the CENTURY carbon cycle
model (see Smith et al., 2014). Patch destroying disturbance
and establishment intervals were defined as 100 and 5 years,
respectively, and fire dynamics were enabled. Further details
of the PFT specific parameterizations are given in Table B1.
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Figure 3. (a) Average annual temperature and (b) precipitation derived from the downscaled and bias-corrected TraCE-21ka transient
paleoclimate data (Liu et al., 2009) for the Last Glacial Maximum (LGM), mid-Holocene (MH), and present day (PD) time slices (data
is the average of 30 year monthly data; 1 represents Pan de Azúcar, 2 represents Sta. Gracia, 3 represents La Campana, and 4 represents
Nahuelbuta).

The transient site-scale model runs were only conducted for
the four focus sites of the EarthShape SPP due to (i) comput-
ing resource constraints, (ii) better comparability with other
EarthShape SPP work (see Schmid et al., 2018), and (iii) bet-
ter interpretability.

4 Results

In this study we present data from two types of simulations.
First, we show results for time-slice (LGM, MH, PD) sim-
ulations. Direct model results (simulated LAI of individual
PFTs) are presented first (Sect. 4.1) and then aggregated to a
biome representation for easier visualization and comparison
(Sect. 4.2). Next, foliar projected cover and surface runoff
are investigated (Sect. 4.3). Then, we present results from
the transient LGM-to-PD site simulations (Sect. 4.4), and fi-
nally a sensitivity analysis of the effect of [CO2] levels un-
der LGM climate conditions on vegetation composition and
cover is carried out (Sect. 4.5).

4.1 Distribution of simulated plant functional types

Vegetation communities (expressed as assemblages of PFTs
in LPJ-GUESS) establish spatially depending on (a) environ-
mental controls, (b) competition, and (c) stochastic events
(i.e., fire incidents and mortality). An overview of the simu-
lated vegetation distribution expressed as the simulated LAI
for each PFT under PD climate conditions is given in Fig. 4
(for key PFT properties see Table C1; the PFT distribu-
tion maps for the MH and the LGM are given in the Sup-
plement as Figs. S1 and S2 for completeness). Temperate
broad-leaved evergreen trees (TeBEtm, TeBEitm; t represents

shade-tolerant, it represents shade-intolerant, and m repre-
sents mesic) dominate the coastal and central areas from lat-
itudes 40 to 46◦ S but also extend north into the Mediter-
ranean zone. Further to the north, temperate broad-leaved
summergreen PFTs (TeBStm, TeBSitm) occur, with the shade-
tolerant type dominating a relative small area between 37
and 40◦ S. Northward, and in coastal areas, the sclerophyl-
lous temperate evergreen PFT (TeBEitscl; scl represents scle-
rophyllous) starts to dominate, and with dryer conditions the
total LAI (LAItot) is dominated by evergreen and raingreen
shrubs (TeEs, TeRs; s represents shrub). South of 40◦ S, and
in higher terrain as well as further north, boreal broad-leaved
summergreen and evergreen tree PFTs (BBSitm, BBEitm) as
well as boreal evergreen shrubs (BEs) establish. In the An-
dean ranges and (to a lesser extent as secondary components)
in the lowlands and coastal ranges from 35 to 50◦ S, tem-
perate needle-leaved evergreen trees (TeNE) are simulated.
Herbaceous vegetation (C3G) dominates LAItot at high alti-
tudes along the Andean ranges and is also a substantial con-
tributor to the total LAI in the Mediterranean zone (30 to
38◦ S). Herbaceous vegetation also contributes to a lesser ex-
tent in most other regions, except for in the hyper-arid desert
areas. LAItot is highest in the zone from 36 to 50◦ S. While
LAI decreases substantially at sea level towards the Atacama
Desert, higher values of the LAI are found further north at
higher altitudes (see inset in Fig. 4).

4.2 Distribution of simulated biomes at LGM, MH, and
PD

The simulated biome distribution changes spatially (Fig. 5a),
vertically (Fig. 5b), and over time. Under PD climate, the
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Figure 4. Spatial and altitudinal distribution of modeled plant functional types (PFT) for present-day climate conditions (LAI is the leaf
area index – units m2 m−2; the altitudinal subplot represents zonal mean LAI; the red line represents the average elevation). PFTs are as
follows: TeBEtm/TeBEitm (temperate broad-leaved evergreen trees; t is shade-tolerant, it is shade-intolerant, m is mesic), TeBEitscl (tem-
perate broad-leaved evergreen trees; scl is sclerophyllous), TeBSim/TeBSitm (temperate broad-leaved summergreen trees), TeEs (temperate
evergreen shrubs; s is shrub), TeRs (temperate raingreen shrubs), TeNE (temperate needle-leaved evergreen trees), BBSitm (boreal broad-
leaved summergreen trees), BBEitm: (boreal broad-leaved evergreen trees), BEs (boreal evergreen shrubs), C3G (herbaceous vegetation).
The number 1 represents Pan de Azúcar, 2 represents Sta. Gracia, 3 represents La Campana, and 4 represents Nahuelbuta.

simulated Valdivian temperate rainforests extend from 38
to 46◦ S at the coast and transition into the Magellanic
forests/woodlands, that are dominated by the boreal PFTs. A
small zone of deciduous “Maule” forest occurs to the north
of the Valdivian rainforest at meso-temperate climates. With
even dryer and warmer conditions the sclerophyllous wood-
land type establishes and (as the fraction of trees and LAItot is
reduced even further with increasing temperatures and even
lower annual rainfall) eventually give way to shrub domi-
nated matorral and finally the arid shrubland biome type. The
cold deciduous forest type is classified for parts of Tierra
del Fuego, and at higher elevations in the lower Andes in
Patagonia. It also forms larger zones at altitude between 30
and 40◦ S. Mesic woodland occurs between 34 and 30◦ S at
altitude (above the sclerophyllous woodland zone dominat-
ing the lowlands), and high-Andean steppe occurs between
18 and 30◦ S. A cold desert is present above the tree line in
Patagonia and the highest Andean ranges, whereas hot desert
(LAItot < 0.2) is simulated for areas from 20 to 26◦ S. The
model was able to simulate the general distribution of the

biomes of Chile for most regions (Figs. 1a, 5), although ac-
curacy for the occurrence of deciduous PFTs was low (de-
ciduous “Maule” forest and cold deciduous forest, also pre-
viously reported by Escobar Avaria, 2013).

Owing to the similarity in climatic conditions (Fig. 3), the
distribution simulated for the MH does not differ substan-
tially from the PD (Table 2). The northern border of sclero-
phyllous woodland shifts to approx. 34◦ S, giving way to a
matorral zone. In addition, the cold deciduous forest biome
covers larger areas in Patagonia at the expense of Magel-
lanic woodland (+27.5 % and−9.1 %, respectively; Table 2).
However, the spatial and vertical distribution of biomes for
the LGM is markedly different (Fig. 5a, b). The substan-
tially lower temperatures (Fig. 3) lead to an expansion of
cold deserts up to 45◦ S (coastal areas) and 40◦ S (higher al-
titudes), respectively. The boreal PFT dominated Magellanic
woodland biome is substantially reduced in extent (16.5 % in
the LGM versus 32.6 % in the PD of simulated area, Table 2)
and is shifted further north (40 to 45◦ S at the coast, 43 to
35◦ S at higher altitudes inland). The area covered by tem-
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Figure 5. (a) Spatial and (b) altitudinal distribution of biomes for Last Glacial Maximum (LGM), the mid-Holocene (MH), and the present
day (PD) (for the biome classification decision tree see Fig. C1).

Table 2. Areal extent of biomes in the simulation domain (units:
percent of total area).

LGM MH PD

Desert 53.7 12.6 7.6
Arid shrubland 1.9 4.5 5.6
Matorral 1.2 3.9 2.3
Steppe 13.6 11.6 12.4
Sclerophyllous woodland – 5.6 8.7
Deciduous “Maule” forest 0.4 2.1 2.1
Mixed forest 0.4 0.4 0.6
Valdivian rainforest 4.1 11.2 13.4
Mesic woodland 6.6 2.9 2.7
Cold deciduous forest 1.7 15.3 12
Magellanic forest/woodland 16.5 29.8 32.6

perate rainforest is restricted to a small lowland area from
36 to 40◦ S, and the larger areas of cold deciduous forest
at altitude are also substantially smaller (Fig. 5b; Table 2).
Lowland steppe and mesic woodland biomes are simulated
instead of matorral and sclerophyllous woodlands, and desert
cover larger areas of the high-Andes to the north.

4.3 Foliar projected cover and surface runoff

The percentage of ground covered, and thus shielded from
strong denudation, and surface runoff (as a major driver of
erosion rates) are both influenced by the composition and
state of vegetation communities. Therefore, we evaluate the
regional and temporal changes of these important variables
as simulated by LPJ-GUESS for the LGM, MH, and PD time

slices. The simulated LAI of PFTs can be aggregated and
converted to foliar projected cover (see Eq. 1); thus, this al-
lows us to estimate the surface covered by vegetation. How-
ever, it should be noted that this is only an approximation
of true ground cover, as small-scale vegetation variations are
not simulated in a location-specific fashion (spatial lumping
effects are not considered for instance). Nevertheless, the im-
plementation of a sub-grid landform scale was, in part, mo-
tivated to improve the models’ prediction of smaller scale
differences, as it should allow for the differentiation of dif-
ferent sub-grid conditions for the major landforms within one
simulation cell (see Sect. 5.1 and Appendix B for further in-
formation). Low FPC clearly coincides with the distribution
of hyper- to semi-arid biomes (Figs. 5a, 6a). Under PD cli-
mate conditions, average FPC for the semi-arid and Mediter-
ranean biome types, including arid shrubland, matorral, and
sclerophyllous woodland are 16 %, 35 %, and 66 % (Table 3),
respectively, and cover increases southward with increases in
annual precipitation rates (Fig. 3b). South of 35◦ S, FPC val-
ues > 70 % are simulated for most grid cells except for high-
altitude locations, the glacier fields of North Patagonia, and
parts of the Magellanic moorland at the coast (see also Ta-
ble 3).

Simulated FPC was lower than satellite-based estimates
by the MODIS Vegetation Continuous Fields product (Dim-
iceli et al., 2015), likely due to methodological differences
in foliar projected cover and total satellite-observed vegeta-
tion cover, but the general patterns were represented (Fig. 7).
The most distinct regional discrepancy can be observed in
coastal areas between 30 to 36◦ S and the Andean highlands
in the north of the model domain. For the entire model do-
main the mean average error (MAE) of the FPC was 11.9 %.
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Figure 6. Spatial distribution of (a) foliar projected cover and (c) surface runoff simulated for the Last Glacial Maximum (LGM), the mid-
Holocene (MH), and the present day (PD). Difference plots of LGM versus PD (left) and MH versus PD (right) for foliar projected cover
(b) and runoff (d), respectively (the number 1 represents Pan de Azúcar, 2 represents Sta. Gracia, 3 represents La Campana, and 4 represents
Nahuelbuta).

The best agreements of 6.1 % and 6.3 % MAE were achieved
for the arid shrubland and Valdivian rainforest biomes, while
the discrepancies were greatest for mixed forest and cold de-
ciduous forest biomes with 22.4 % and 22.1 % MAE, respec-
tively (see Fig. 4a for biome locations; note that LPJ-GUESS
often tends to underestimate the FPC of deciduous PFTs). A
strong positive correlation between annual rainfall and FPC
can be observed for all semi-arid, Mediterranean, and sea-
sonally dry temperature eco-zones (Fig. 8a) and increases in
annual rainfall lead to a strong rise of ground covered un-
til 250–300 mm rainfall per year (arid shrubland: +14.5 %–
16.3 % 100 mm−1; matorral: +12.9 %–16.5 % 100 mm−1;
steppe: +13.5 %–17.8 % 100 mm−1; Fig. 8a). At these lev-
els, Mediterranean and temperate woodland biomes start to
dominate but increases in precipitation only raise FPC by

+2.7 %–3.3 % 100 mm−1 and +5.4 %–6.4 % 100 mm−1, re-
spectively (sclerophyllous woodland and mesic woodland).

A similar spatial pattern of FPC can be observed for the
MH (Fig. 6a) and for the relationship to precipitation rates
(Fig. 8a). No significant difference in FPC to PD conditions
is apparent for the Atacama Desert or for most temperate for-
est areas from 36 to 42◦ S. FPC in high-Andes locations in
the north and large parts of the Magellanic forest and cold de-
ciduous forest biomes in the south is 10 %–20 % lower than
under PD climate, whereas in the Mediterranean zone FPC
is reduced by 5 %–10 % (Fig. 6b, Table 3). The reduction of
MH FPC (47–54◦ S) coincides with a zone of lower temper-
ature (>−0.5 ◦C, see Fig. 6b) and the areal extent of TeBE
PFTs (Fig. S1). Lower [CO2] at MH compared to PD might
also be the reason for a general reduction of biomass pro-
ductivity; however regional differences of the other climate
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Table 3. Average foliar projected cover (FPC) and annual surface runoff for simulated biomes for present day (PD) and relative change
within these PD areas for the Last Glacial Maximum (1 LGM, LGM-PD) and the mid-Holocene (1 MH, MH–PD).

Foliar projected cover Surface runoff

[ %] [% change] [mm yr−1] [% change]

PD 1 LGM 1 MH PD 1 LGM 1 MH

Arid shrubland 16 −5 −2 0 0 0
Matorral 35 −9 −5 0 0 0
Steppe 39 −23 −7 1 +4 +1
Sclerophyllous woodland 66 −6 −4 187 +35 +9
Deciduous “Maule” forest 85 −5 0 638 +114 +33
Mixed forest 85 −42 −1 193 +24 +5
Valdivian rainforest 88 −20 −1 910 +93 +63
Mesic woodland 56 −21 −10 81 +57 +10
Cold deciduous forest 78 −44 −6 200 +62 +13
Magellanic forest/woodland 77 −68 −7 966 +124 +35

Figure 7. Comparison of satellite-derived vegetation cover and
simulated average foliar projected cover of potential natural veg-
etation for present day (data: MODIS MOD44B VCF v6, total veg-
etation, 2001–2016 average; Dimiceli et al., 2017; 1 represents Pan
de Azúcar, 2 represents Sta. Gracia, 3 represents La Campana, 4
represents Nahuelbuta).

drivers (i.e., temperature, precipitation) do alter this general
trend.

Due to lower temperatures and reduced precipitation rates
at high altitudes and in the southern part of the country

(Fig. 3), FPC during the LGM in these areas is simulated
to be strongly reduced (<−30 %, cold desert conditions for
large areas south of 46◦ S); however, the FPC was lower for
all areas of Chile (Fig. 6b, Table 3) which was likely also the
effect of substantially lower [CO2] (see Sect. 4.5 for a sensi-
tivity analysis of the effect of the atmospheric CO2 concen-
tration). While the general correlation of FPC to precipitation
can also be observed for the LGM (Fig. 8a), the variability in
vegetation cover in mesic and xeric woodlands appears to be
larger – indicating the potential for greater variability in ero-
sion rates within the same biome. The strongest correlations
between annual precipitation and FPC were observed for
sclerophyllous woodland (adjusted r2 values of 0.84, 0.91,
and 0.9 for LGM, MD, and PD, respectively; p< 0.001).

Annual average runoff varies greatly from north to south
(Fig. 6c) and coincides with annual precipitation (Figs. 3,
8b). For PD and MH climates, LPJ-GUESS simulated almost
no surface runoff for arid and Mediterranean areas of Chile
to approx. 32◦ S (see also Table 3). Thus, correlation between
precipitation and runoff in the steppe and arid shrubland
biomes was low (adjusted r2: 0.16–0.27, 0.12–0.37, 0.11–
0.35 for LGM, MH, and PD, respectively; p < 0.01). For all
other systems (excluding matorral and mixed forests), corre-
lation coefficients were generally > 0.85 for all time slices;
p < 0.001).

Runoff rates gradually increase southward and reach their
peak (> 2000 mm yr−1) in areas of hyper-humid conditions
along the Pacific coast. MH runoff rates are higher for ar-
eas of northern Patagonian and Magellanic rainforest (40–
46◦ S), but lower for coastal areas of Magellanic moorlands
(Fig. 6d). LGM runoff rates are higher for most areas (Ta-
ble 3) and especially south of 34◦ S, with the strongest dif-
ferences occurring from 40 to 46◦ S. However, we want to
highlight that the low temporal variability of the TraCE-21ka
precipitation data likely leads to a substantial underrepresen-
tation of episodes of high hygric variability (see discussion).
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Figure 8. (a) Foliar projected cover (FPC) and (b) surface runoff as a function of annual average rainfall for the Last Glacial Maximum
(LGM), the mid-Holocene (MH), and present day (PD) (“ASh” is arid shrubland, “CDF” is cold deciduous forest, “DMF” is deciduous
“Maule” forest, “MFW” is Magellanic forest/woodland, “Mat” is matorral, “MeW” is mesic woodland, “MixF” is mixed forest, “SclW”
is sclerophyllous woodland, “St” is steppe, “VRF” is Valdivian rainforest; temperate and boreal forest biomes (CDF, MixF, VRF, MFW)
excluded from subplot (a) as they are also strongly dependent on temperature.

4.4 Transient changes of simulated vegetation from
LGM to present

In this section we present transient simulation results for grid
cells that contain the EarthShape focus sites (Fig. 9). The re-
sults are given for a single landform of the simulated grid
cells in order to preserve successional transitions between
PFTs that might otherwise be lost through averaging. The
field site location and the represented area of the chosen land-
form within the grid cell are marked in the insets of Fig. 9a–d.
The diversity of simulated vegetation cover for all landforms
of the four EarthShape focus sites is illustrated in Fig. B2.
The area-averaged mean of landform enabled LPJ-GUESS
simulations closely matches the default model results at the
Sta. Gracia and La Campana sites, but FPC at the Pan de
Azúcar and Nahuelbuta sites is approx. 3 % greater than the
default simulation result (Fig. B2a). However, results from
all four sites show that the inter-landform variability of FPC
varies by 10 %, 15 %, 25 %, and 18 % for the Pan de Azúcar,
Sta. Gracia, La Campana, and Nahuelbuta sites, respectively.

Temperatures and [CO2] start to increase at 18 000 BP and
a marked pullback in temperatures during the Antarctic cold
reversal (∼ 14500 BP) is present in the TraCE-21ka data for
all four sites (Fig. 9a–d). Annual precipitation at the Pan
de Azúcar site (21.11◦ S 70.55◦W, 320 m a.s.l.) is extremely
low (38–40 mm, hyper-arid) for the entire simulation period

(Fig. 9a). The annual average temperature for the landform
presented increases from 13.9 ◦C (LGM) to 16.8 ◦C (PD). As
a result of these arid conditions only evergreen and raingreen
shrubs and herbaceous vegetation can establish, and LAI, and
consequently FPC, remains very low (LAItot < 0.3). For most
episodes of the simulation this location is classified as desert
according to the implemented biomization scheme, with only
two periods switching to another state (arid shrubland, LAItot
> 0.2) from approx. 17 000 to 15 000 BP, and more perma-
nently, the late Holocene. Fire return intervals (expressed as
the number of years between fire incidents) fluctuate greatly
as fuel production is substantially limited by low vegetation
growth. No surface runoff is simulated and FPC ranges from
8 % (LGM) to 13 % (PD).

Climatic conditions for the Sta. Gracia site (29.75◦ S
71.16◦W, 579 m a.s.l.) show a similar temporal progression
from the LGM to PD, but average temperatures are lower and
range from 11.9 ◦C (LGM) to 14.9 ◦C (PD) (Fig. 9b). Annual
precipitation does not change substantially from the LGM to
PD (152 versus 122 mm). Vegetation from the LGM to ap-
prox. 18 000 BP is dominated by herbaceous vegetation, but
(raingreen) shrubs increase with rising temperatures, leading
to a biome shift from steppe to matorral. Fire return inter-
vals decrease with increased (arboreal) litter production due
to the encroachment of shrubs but FPC only increases by 7 %
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Figure 9. Transient simulations for the (a) Pan de Azúcar, (b) Sta. Gracia, (c) La Campana, and (d) Nahuelbuta sites. The insets show the
location within the simulated 0.5◦× 0.5◦ grid cell and the area and location covered by the landform plotted in this figure (results given in
other figures are an area-weighted aggregation of individual landform simulation results). Panels 1–3 (from top to bottom): “Tavg” is annual
average temperature, “Precip” is annual precipitation, “Fire RI” is fire return interval. Panel 4: “PFT” is plant function type; (grouped) PFT
abbreviations: “TeSh” is temperate shrubs, “Grass” is herbaceous vegetation, “TeBEX” is sclerophyllous temperate broad-leaved evergreen
trees, “TeBS” is temperate broad-leaved summergreen trees (hashed represents shade-intolerant), “BSh” is boreal evergreen shrubs, “TeBE”
is temperate broad-leaved evergreen trees, “TeNE” is temperate needle-leaved evergreen trees, “BBS” is boreal broad-leaved summergreen
trees, “BBE” is boreal evergreen trees, “Various” refers to other PFTs (LAI <0˙.05); plain represents shade-intolerant, hatched represents
shade-tolerant, cross-hatched represents raingreen. Panel 5: “FPC” is foliar projected cover; trees and shrubs > 5 m are denoted using dark
gray, herbaceous vegetation and small trees and shrubs are denoted using light gray. “Runoff” is simulated surface runoff; ∗ Biomization: for
a legend on the applied classification see Figs. C1 and 4 for a color-coded legend. All data smoothed using 100-year averaging.
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from 33 % (LGM) to 40 % (PD). Simulated surface runoff is
insignificant for most simulation years.

Temperatures at the La Campana site (32.93◦ S 71.09◦W,
412 m a.s.l.) increase from 11.0 ◦C (LGM) to 14.0 ◦C (PD),
but annual precipitation amounts decrease from 446 mm
(LGM) to approx. 320 mm before slightly increasing again
to 355 mm at PD. The simulated LGM vegetation for the La
Campana site is dominated by herbaceous plants and small
fractions of temperate evergreen deciduous trees mixed with
small fractions of boreal shrubs which leads to a steppe
biome classification with short episodes of mesic wood-
lands (Fig. 9c). With the decrease of annual precipitation
and increasing temperatures (approx. 17 500 BP) sclerophyl-
lous woodlands displace the deciduous trees and evergreen
and raingreen shrubs start to appear. The fire-return intervals
shorten in this phase and reach values of less than 15 years
for the remainder of the simulation. Raingreen shrubs expand
at approx. 12 000 BP and push back on herbaceous vegetation
and, in part, evergreen shrubs. The LAI of sclerophyllous
broad-leaved evergreen trees and shrubs further increases
during the last 5000 simulation years, which leads to a shift in
our biome classification from matorral (LAItot > 0.5) to scle-
rophyllous woodland (LAIwoody > 1). Despite pronounced
changes in vegetation composition, FPC only increases from
approx. 51 % (LGM) to 59 % (PD), which translates to a rela-
tive stable vegetation cover for these regions over time; thus,
there is likely only a low impact of biome shifts on erosive
processes.

Climatic conditions at the Nahuelbuta site (37.81◦ S
73.01◦W, 1234 m a.s.l.) are markedly different to the three
previously mentioned sites, as this location receives sub-
stantially higher annual precipitation throughout the time se-
ries (> 1200 mm) and average temperatures at this latitude
and elevation are substantially lower (5.1 ◦C for LGM and
8.6 ◦C for PD, Fig. 9d). However, it can be seen that the
landform is only representative of a small fraction of the
0.5◦× 0.5◦ grid cell as it is located on mountainous terrain,
whereas most areas in the cell are covered by coastal low-
lands with higher annual temperatures; thus, the site simu-
lation results presented here differ from the total grid cell
results presented in previous sections (see marked landform
cover in inset; Figs. 9d and B2a, b). LPJ-GUESS simulates
a diverse composition of PFTs and a transition from bo-
real, Magellanic woodland conditions at the LGM, to a pe-
riod of cold deciduous forest (17 500–12 000 BP), followed
by 12 000 years of Valdivian rainforest and mesic wood-
land alternations. During the LGM, boreal broad-leaved ev-
ergreen, deciduous tree, and shrub PFTs dominate and form a
forest. Annual precipitation (> 1300 mm) and surface runoff
(> 440 mm) is high during this period. With rising temper-
atures, the boreal shrubs and evergreen tree PFTs are dis-
placed by temperate needle-leaved evergreen trees (TeNE)
and increases in herbaceous vegetation. Temperate evergreen
PFTs establish approx. 17 000 BP and, after another retreat
at approx. 14 500 BP (coinciding with the Antarctic cold re-

Figure 10. (a) Effect of atmospheric CO2, represented as [CO2],
concentrations on the simulated distribution of biomes for the Last
Glacial Maximum (LGM) time-slice simulations (left panel: default
LGM setup of this study with [CO2]= 180 ppm; right panel: con-
trol run with preindustrial [CO2]= 280 ppm). (b) Difference plot
of resulting foliar projected cover (280–180 ppm). The number 1
represents Pan de Azúcar, 2 represents Sta. Gracia, 3 represents La
Campana, and 4 represents Nahuelbuta.

versal), start to dominate the forest at this location. Fire fre-
quency is low for the first 4000 simulation years and only
rises to approx. 1 fire in 100 years afterwards. FPC remains
at constantly high values (> 75 %) indicating a largely closed
forest for the entire simulation period and thus low dynamics
of erosive processes due to constant high vegetation cover in
this area.

4.5 Sensitivity of foliar projected cover to [CO2]

The effectiveness of photosynthesis, and thus the plants abil-
ity to build up biomass, has a large dependence on [CO2]
(Farquhar et al., 1980; Hickler et al., 2015). Increases in veg-
etation biomass (expressed in LAI) were observed in our sim-
ulations but coincide with a simultaneous rise in tempera-
tures and [CO2] (Fig. 9b–d). To assess the direct effect of
changes in [CO2], we conducted a sensitivity simulation un-
der LGM climate conditions. We compared the default LGM
simulations (TraCE-21ka, [CO2]=∼ 180 ppm) with a prein-
dustrial [CO2] level of 280 ppm (Fig. 10). This change led
to an expansion of vegetated areas (high-Andean steppe), an
increase of forest biomes at the expense of herbaceous vege-
tation (i.e., northward expansion of mesic woodland, cold de-
ciduous forests, and Valdivian rainforest), and the establish-
ment of small pockets of sclerophyllous woodland (Fig. 10a).
In all vegetated areas FPC increased with higher [CO2], most
notably between 30 and 40◦ S (+5–10 % FPC).
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5 Discussion

The aim of this study was to demonstrate that a dynamic veg-
etation model with suitable modifications can simulate the
state and transient changes of vegetation structure and com-
position at a temporal and spatial resolution that is suitable
for coupling with LEMs which operate at higher spatial res-
olutions. To bridge the spatial scales and retain a high com-
putational efficiency, we introduced sub-grid cell landform
types in the DGVM LPJ-GUESS. Using this novel approach
we are able to better reproduce observed spatial heterogene-
ity with existing DVMs. Furthermore, a regional parameter-
ization of Chilean vegetation allowed us to simulated the
present-day vegetation of Chile (Figs. 1a, 4, 5, 7; see also de-
tails in Sect. 5.1 below). In the PD simulations we found the
largest regional discrepancy of observed and simulated veg-
etation cover to occur in coastal areas between 30 to 36◦ S,
which might be attributed to the lack of fog precipitation in
our model. Fog precipitation is strongly dependent on the dis-
tance to the coast, local topography, wind fields, and stratifi-
cation of the troposphere (Lehnert et al., 2018) and can po-
tentially contribute significant amounts of precipitation (Gar-
reaud et al., 2008). However, a model representation of fog in
LPJ-GUESS is difficult due to the scale mismatch and a lack
of required input variables to determine the occurrence. Fur-
thermore, precipitation amounts in the model drivers might
be too low as the coarse spatial resolution of the original in-
put data leads to an underrepresentation of orographic precip-
itation effects (i.e., Leung and Ghan, 1998). We also want to
note that the MODIS VCF product was found to overestimate
cover in sparsely vegetated areas (Sexton et al., 2013) and
thus should rather be treated as a general guideline. Further-
more, LPJ-GUESS was applied to simulate the PNV, whereas
MODIS VCF observes actual vegetation that includes an-
thropogenic land use (agricultural fields, degradation due to
grazing, etc.).

Substantial changes in fire frequencies were observed in
the transition simulations (Fig. 9b, c). LPJ-GUESS simulated
these dynamics by considering available fuel which, in turn,
is a function of present PFT composition and litter produc-
tion. These rapid removals of vegetation cover have the po-
tential to expose bare soil to erosion processes and could be
critical in coupled simulations (a feature usually not consid-
ered in traditional landscape evolution modeling setups, i.e.,
Istanbulluoglu and Bras, 2005).

LPJ-GUESS explicitly simulates the soil moisture avail-
able for vegetation through a simple hydrological cycle
(Gerten et al., 2004), and it is thus possible to calculate
changes in runoff due to changes in transpiration, evapora-
tion, and percolation at a site. Such information, in particular
surface runoff, may also be provided to a LEM in a coupled
model configuration. In this initial stage of our studies we did
not use surface runoff in the LEM (see Schmid et al., 2018),
but we envision that it will be incorporated in the planned
coupled DVM–LEM model after proper evaluation. How-

ever, we caution the reader that the model used in this study
uses a simple two-layer bucket model which cannot truly rep-
resent catchment scale hydrological features (i.e., no lateral
flow, routing, or variable water table) but has been success-
fully coupled to mechanistic hydrological models in the past
(Pappas et al., 2015).

5.1 Effects of landform simulation mode

As previously mentioned, the novel landform approach il-
lustrated in this study (see Appendix B) was motivated by
the fact that standard DVMs do not account for sub-grid het-
erogeneity controlled by topography and micro-climatic con-
ditions. A common solution for this is to run these models
at the same spatial resolution as a LEM, but this is gener-
ally computationally wasteful and often violates the scale
assumptions of DVMs (i.e., patch size assumption in LPJ-
GUESS; see Appendix B). The most striking advantage of
landform implementation regarding the realism of simulated
FPC is that it allows for the simulation of sub-grid topo-
graphic units (i.e., valleys, ridges, slopes) in a computa-
tionally efficient way as similar topographic locations are
grouped to landforms and only simulated once (or rather n
times for the patches of a given landform; see Fig. B1). North
and south facing landforms receive a modified amount of
solar radiation depending on their average slope and aspect
orientation (which affects photosynthesis and transpiration
in addition to water availability), and previous studies have
showed that this can lead to distinct differences (i.e., Stern-
berg and Shoshany, 2001). Variable soil depth of landforms is
associated with the topographic position (ridges are assumed
to feature more shallow soils while valleys have deeper soils
due to alluvial material). This results in a differing water stor-
age potential which is especially relevant in dryer locations
(Kosmas et al., 2000). Local temperature differences are also
considered, as higher landforms are exposed to colder tem-
peratures depending on the elevation difference to the refer-
ence elevation of the grid cell (see Appendix B). This leads
to a more diverse PFT composition within a grid cell due to
the fact that altitudinal zonation of vegetation within a grid
cell can be represented (see Figs. 5b and B2b).

However, it has to be noted that we do not currently ac-
count for precipitation variations in the landform approach,
as a good representation of these effects would require many
additional model drivers (i.e., wind speed and direction, sea
surface temperature for local fog precipitation; see Gerreaud
et al., 2008, 2016; Lehnert et al., 2018) that are either not
available at appropriate resolutions or for the time periods
considered in this study. Future work may try to incorporate
sophisticated statistical downscaling schemes (i.e., Karger et
al., 2017) to address this shortcoming.

As can be observed (Fig. B2a), the implemented landform
approach has differing effects for the four focus sites. The
area-weighted average FPC at the Sta. Gracia site closely re-
sembles the results from the default simulation mode (apart
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from landform 810 – high altitudes – that only covers 1.7 %
of the grid cell area, Fig. B2b). Average-landform and default
results for the La Campana site also only differ marginally.
However, here a set of landforms of higher altitudes has a
substantially lower FPC than the average (∼−15 %). Vari-
ation at the hyper-arid Pan de Azúcar site is lower (as is
the FPC), but it is generally higher than the default sim-
ulation. The larger vegetation cover simulated in the land-
form approach also better aligns with MODIS observations
for the site, where the default model underestimates satellite-
observed cover. The higher FPC in the new model setup
is likely a result of the deeper soil profiles of flat and val-
ley landforms that allow for longer water storage versus the
default uniform 1.5m soil assumption of LPJ-GUESS. The
larger variability of FPC at the Nahuelbuta site can be at-
tributed to the relatively large altitudinal variation in this grid
cell (coast to mountainous terrain) and is likely a tempera-
ture effect. From these results it can be postulated that the
stronger heterogeneity of the simulated FPC using the land-
form approach will lead to more diverse denudation rates for
the topographic units when linked to a LEM and should bet-
ter resemble observed patterns of vegetation associations in
the landscape (we will investigate this in detail in a future
study using a coupled DVM–LEM setup).

In order to account for micro-site differences of temper-
ature versus the average climate information per grid cell
we stratified the landforms into elevation bins (Sect. 3.1 and
Appendix B). Site temperature is an important environmen-
tal control for LPJ-GUESS as it impacts vegetation estab-
lishment (controlled for individual PFTs by their specific
bioclimatic limits), photosynthesis rate, evapotranspiration,
and soil decomposition (Smith et al., 2014). We selected
200 m as the bin width after a sensitivity analysis in order
to keep the total number of landforms in complex terrain rea-
sonable (potential temperature difference between 100 and
200 m bins < 0.3 ◦C; data not shown). Furthermore, using
more topographic units (separating slopes into lower, mid,
and upper slopes) also did not affect the simulation outcome
and we therefore opted for a four-unit classification (see Ap-
pendix B). These configurations are subjective and should
be tested before application under very different terrain or
model scales.

5.2 Comparison to vegetation change proxy data

In general, regional vegetation cover of the past is difficult
to quantify, as there are limited site-scale pollen, lake level,
and midden proxy datasets available in Chile (Marchant et
al., 2009). Pollen data from rodent midden (Quebrada del
Chaco, 25.5◦ S, 2670–3550 m, Maldonado et al., 2005) sug-
gest higher winter precipitation at the LGM, higher annual
precipitation at 17–14 ka BP, and higher summer precipita-
tion at 14–11 ka BP in northern Chile, but results from an-
other study undertaken at lower elevations indicate abso-
lute desert conditions throughout the Quaternary (Diaz et al.,

2012) – which could be caused by regional fog-precipitation.
TraCE-21ka precipitation for the Pan de Azúcar site (located
at similar latitudes but in coastal lowlands) does not vary
from PD conditions throughout the time series and as a result
LPJ-GUESS simulates very little vegetation cover (Fig. 9a).
Other studies also suggest that LGM conditions were ex-
tremely dry, but that the transition to modern climatic con-
ditions in this area occurred as a nonlinear process of mul-
tiple moisture pulses over several centuries (Grosjean et al.,
2001). Thus, this would imply that a coupled DVM–LEM
model would underestimate episodes of high erosion poten-
tial due to poor model forcing data.

Pollen reconstructions from Laguna de Tagua Tagua
34.5◦ S 71.16◦W (Heusser, 1990; Valero-Garcés et al., 2005)
indicate the presence of extensive temperate woodlands at
the LGM that match the simulated mesic woodland biome
for this location in our simulations (Fig. 4a). Multiple lake
sediment records of the region indicate dry and warm condi-
tions in the MH and the onset of more humid, but strongly
seasonal, conditions (winter rainfall) in the late Holocene
(Heusser, 1990; Villa-Martínez et al., 2003; Valero-Garcés
et al., 2005). While LPJ-GUESS simulates Mediterranean
vegetation types (matorral and sclerophyllous woodland) for
the MH and a shift to denser xeric woodlands in the late
Holocene for this region, substantial variations in the precipi-
tation regime as suggested by the lake records are not present
in the TraCE-21ka data used.

Pollen records from the “Chilean Lake District” show a
warming trend starting at 17 780 BP (Moreno and Videla,
2016), followed by a trend reversal with major cooling events
(14 500 and 12 700 BP). In TraCE-21ka, a sharp cooling
event is present at 14 500 BP (likely as an effect of the simu-
lation setup of Meltwater Pulse 1A, Liu et al., 2009), but the
second event is not. In our transient simulations this event
is reflected in changes in the vegetation composition at three
out of the four sites. This climatic change to colder and dryer
conditions leads to a reduction of shrub PFTs at the Sta. Gra-
cia (Fig. 9b) and La Campana sites (Fig. 9c) that established
with rising temperature and [CO2] starting at 18 000 BP. As
a result, the site biome classification for Sta. Gracia briefly
swings back to the initial steppe state and the reduced fuel
accumulation leads to fewer fires. However, surface runoff is
not affected due to the low precipitation rates. In contrast,
the same event at the La Campana site does not result in
changes of the fire frequency which is probably due to the
presence of sufficient fuel owing to higher annual rainfall
rates (> 350 mm). At the Nahuelbuta site this event briefly
delays a transition from cold deciduous PFTs to a temperate
evergreen/needle-leaved forest (Fig. 9d).

The early and mid-Holocene were the driest periods for
central Chile (Heusser, 1990; Valero-Garcés et al., 2005;
Maldonado and Villagrán, 2006). This is also visible in the
TraCE-21ka dataset (La Campana and Nahuelbuta; Fig. 9c,
d). However, the annual precipitation differences in the
TraCE-21ka data from this period compared to the LGM and
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PD are relatively minor; thus, we might not fully capture the
true vegetation dynamics indicated by the proxy data of the
region (centennial shifts from dry xeric to humid mesic veg-
etation).

Pollen proxy data from Villagrán (1988) indicate that
coastal cool evergreen rainforests were shifted northwards by
5◦ during the LGM relative to their current position, and that
these areas were covered by forest mosaics/parklands instead
of the dense forest that is currently present. LPJ-GUESS sim-
ulations for the LGM reproduce this latitudinal biome shift
(Fig. 5a). While we could not classify an open parkland veg-
etation type, the simulations show a 5 %–20 % lower FPC
for this area at the LGM (Fig. 6b) which can be interpreted
as more open conditions. For the MH, temperate Valdivian
rainforests similar to PD conditions existed (Villagrán, 1988)
and are also simulated by LPJ-GUESS (Fig. 5a)

LGM temperature reductions of up to 12 ◦C have been
proposed for high altitudes in the tropics (Thompson et al.,
1995), and LPJ-GUESS also simulates a more expansive belt
of high-elevation cold desert for the LGM at the expense of
high-Andean steppe (Fig. 5a, b). Furthermore, significantly
lower tree lines and vegetation zones of up to 1500 m are re-
ported for the LGM compared to PD (Marchant et al., 2009),
which in our simulations is reflected in smaller areas of the
cold deciduous forest biome and a shift to lower elevations
(Fig. 5b).

In summary, the main forest transition in south-central
Chile from the LGM to PD was the postglacial expansion
of forests (∼ 15 ka BP). However, strong climate seasonal-
ity and forest clearing during early land utilization (as in-
dicated by increased fire activities from 12 to 6 ka BP) and
forest expansion into abandoned land after the Spanish colo-
nial period (Lara et al., 2012) were other major, but anthro-
pogenic, vegetation changes which were followed by intense
land clearing for lumber extraction and farming (Armesto et
al., 2010). Although significant for many areas, we opted to
exclude anthropogenic land use in our analysis as spatial in-
tensities and general utilization are not well understood and
are hard to qualify; furthermore, we see this as beyond the
scope of this particular study.

5.3 Sensitivity of simulation to paleoclimate input data

As demonstrated in this study, climatic forcing of the ecosys-
tem model is crucial for the simulated vegetation composi-
tion, biome establishment, and associated vegetation cover
and surface runoff, which are key controls of catchment de-
nudation rates (Jeffery et al., 2014). The TraCE-21ka dataset
was chosen since, to our knowledge, it is the only avail-
able dataset providing continuous transient monthly data.
However, the low spatial resolution (T31/∼ 3.75◦) is prob-
lematic in resolving regional-scale heterogeneity; therefore,
we compare our LGM simulations with a regional paleocli-
mate model simulation (ECHAM5, resolution: T159/ 0.75◦×
0.75◦, Mutz et al., 2018). Although the general latitudinal

patterns of temperature deviations from PD are similar to
TraCE-21ka, precipitation gradients and regional anomalies
during the LGM are stronger (see Fig. 3 for LGM anomaly
plot of TraCE-21ka data and Fig. S1a, b for ECHAM5).
While LGM precipitation anomalies in TraCE-21ka do not
exceed 650 mm, precipitation rates in the ECHAM5 data
vary by well over 1500 mm for the Andean highlands from
27 to 35◦ S and the coastal areas from 36 to 53◦ S but are
markedly lower for the lower Andes and Tierra del Fuego
(Fig. S1b). This leads to a different biome distribution pat-
tern for the LGM (Fig. 11). Due to lower temperatures, the
cold deserts extend further north and a small zone of temper-
ate rainforest exists at latitudes from 40 to 42◦ S, whereas
Magellanic woodlands are simulated with TraCE-21ka. A
zone classified as Magellanic woodland stretches from 30 to
42◦ S along the Andean range which gives way to cold de-
ciduous forest at 28 to 32◦ S at altitude. Temperate deciduous
“Maule” forest exists north of 40◦ S and transitions into scle-
rophyllous woodland extending to 30◦ S, whereas TraCE-
21ka results lead to steppe at the lowlands and mesic wood-
lands at higher altitudes. Higher precipitation levels north
of 30◦ S also lead to higher vegetation cover, larger areas
of matorral and arid shrubland, and a reduction of desert
conditions. This results in substantial differences in simu-
lated foliar projected cover (Fig. 11b). While cover of steppe
and mesic woodlands simulated with TraCE-21ka is gener-
ally 10 %–20 % higher versus the ECHAM5 simulations, the
cover from 35◦ S to the Atacama Desert is substantially lower
than ECHAM5 (higher precipitation rates for this region).
Cover south of 42◦ S is substantially higher for TraCE-21ka
as the colder conditions in ECHAM5 simulations generally
prohibit vegetation establishment.

The results show that the choice of paleoclimate data
clearly has an influence on the simulated vegetation com-
position, but the impact on vegetation cover depends on the
type and location of change. For instance, forest-to-forest
transitions due to changes in temperature can have little ef-
fect on FPC, while a different annual precipitation rate in
Mediterranean to semi-arid conditions can lead to substantial
changes in FPC (Sta. Gracia: +200–500 mm precipitation in
ECHAM5 LGM data results in >+20 % FPC; Fig. 8a). Given
the results from our study we might severely underestimate
episodes of elevated erosion in future coupled model exer-
cises – thus, thorough sensitivity studies will be required.

5.4 Impact of atmospheric CO2 on vegetation cover

The effectiveness of photosynthesis, and the related ability of
plants to build up biomass, has a large dependence on [CO2]
(Farquhar et al., 1980; Hickler et al., 2015). Increases in veg-
etation biomass (expressed in LAI) were observed in our sim-
ulations but coincide with simultaneous rises in temperature
and [CO2] (Fig. 9b–d). As observed in the CO2 sensitivity
runs for LGM climate conditions, higher [CO2] concentra-
tions lead to an expansion of vegetated areas at higher el-
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Figure 11. (a) The effect of paleoclimate input data used for LPJ-GUESS simulations on the spatial and altitudinal biome distribution and
(b) the effect on simulated foliage projected cover (given as the difference between TraCE-21ka simulation and ECHAM5 simulation results,
Mutz et al., 2018). For a comparison of the differences between average temperatures and precipitation between the two climate datasets see
Figs. 3 and S3. The number 1 represents Pan de Azúcar, 2 represents Sta. Gracia, 3 represents La Campana, and 4 represents Nahuelbuta.

evations and an expansion of forest biomes at the expense
of herbaceous vegetation. Such changes and the magnitude
of the CO2 effect are consistent with earlier LGM simula-
tions (Harrison and Prentice, 2003; Bragg et al., 2013). These
changes suggest that [CO2] could play crucial role in under-
standing landscape evolution over longer timescales – a fac-
tor that again is not considered in previous studies of land-
scape evolution (i.e., Istanbulluoglu and Bras, 2005; Collins
et al., 2004).

The strong limiting role of [CO2] during the LGM is gen-
erally accepted, but the extent to which substantial CO2 fer-
tilization effects still occur as concentrations increase and
rise beyond the current stage is highly debated (Hickler et
al., 2015). However, the LPJ-GUESS model with the en-
abled nitrogen cycle, and nitrogen limiting CO2 effects, has
been shown to generally reproduce experimental observa-
tions from “Free Air Carbon Dioxide Enrichment” (FACE)
experiments (e.g., Zaehle et al., 2014; Medlyn et at al., 2015;
De Kauwe et al., 2017). Enabling the nitrogen cycle in LPJ-
GUESS is crucial if one aims to understand vegetation re-
sponse and landscape evolution at [CO2] levels above those
of the present day, as have occurred in various episodes of
Earths’ history (i.e., the Miocene).

In general, we were able to show a temporal compatibil-
ity of paleovegetation state, vegetation transitions, and sim-
ulated vegetation composition using our model (Sect. 5.2).
Our results also indicate that the simulated vegetation is
strongly influenced by climatic model drivers (see Sect. 5.3)
and [CO2], and by feedback mechanisms occurring within
the model (i.e., fire return intervals as controlled by climate

and the production of fuel). Given the sensitivity of the veg-
etation cover to the climate forcing, careful consideration
must be made regarding paleoclimate data and its charac-
teristics and uncertainties. The TraCE-21ka data does not
show high levels of variability, instead exhibiting only grad-
ual changes over time (temperature, atmospheric CO2 con-
centration); furthermore, the TraCE-21ka data does not dis-
play strong, centennial to millennial scale trends (precipita-
tion). In contrast, available proxy data suggest stronger vari-
ability, at least locally, although this is difficult to generalize
for larger areas (see Sect. 5.2). Regional paleoclimate sim-
ulations with a higher spatial resolution might be required
to obtain better landscape-scale model forcing. Another ap-
proach may be to modify the climate model derived forc-
ing based on proxy data, such as increasing inter- and intra-
annual variability within reasonable ranges (e.g., Giesecke et
al., 2010).

6 Conclusions

In this study, we demonstrated how a DGVM can be applied
to estimate vegetation features through time. These features
can play an important role in the evolution of landforms, and
at a spatial and temporal resolution adequate for coupling
with LEMs. The simulation also captures vegetation change
drivers that are not explicitly represented in simplified veg-
etation representations used in LEMs to date, such as plant-
physiological effects of changing [CO2], fire dynamics that
vary greatly with PFT composition, and interaction with soil
water resources via different rooting strategies. The sensitiv-
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ity of landscape evolution to vegetation and climate changes
is evaluated in the companion paper by Schmid et al. (2018).
Although our two studies stop short of presenting results
from a fully coupled (dynamic vegetation and surface pro-
cess) model, the results we present highlight (a) how much
vegetation likely changed in the Coastal Cordillera of Chile
since the LGM (this study), and (b) the general sensitivity
of topography and erosion rates to the magnitudes of change
identified here (Schmid et al., 2018). In future work we will
implement a two-way coupling of LPJ-GUESS to Landlab.
LPJ-GUESS will be driven by climate data and will produce
a continuous dataset of vegetation cover and surface hydrol-
ogy that is passed to Landlab. Landlab will use this vegeta-
tion cover and simulated denudation rates and will provide
updated topography (and after a landform classification, up-
dated areal cover of landforms) and the associated soil depth
information to LPJ-GUESS. The novel approach of repre-
senting sub-grid diversity in vegetation by landforms allows
for efficient computation with existing coarse-scale climate
data in addition to coupling to LEMs with higher spatial rep-
resentations of topography.

From the experiments presented here, our main conclu-
sions are as follows:

1. The regionally adapted version of LPJ-GUESS was able
to simulate the latitudinal and altitudinal distribution of
potential natural vegetation and the satellite-observed
vegetation cover for present-day conditions in most ar-
eas of Chile.

2. While simulated MH vegetation did not differ substan-
tially compared to PD PNV, simulated vegetation of the
LGM indicates a marked northward shift of biome dis-
tribution, a reduction of the tree line, and a downward
shift of vegetation zones at altitude. Vegetation cover
was generally reduced compared to PD conditions and
cold and hot desert covered substantially larger areas of
the simulation domain.

3. An analysis of the results from a transient site simula-
tion indicate that temperature and [CO2] caused most
of the observed shifts in vegetation composition and (in
some cases) transitions between biomes over time. A
sensitivity study highlighted the impact of “CO2 fertil-
ization” on vegetation cover under LGM climate condi-
tions.

4. Comparisons with proxy data suggest that coarse-scale
climatic forcing underestimates centennial to millennial
climate variability. A combination of proxy-derived es-
timates and climate model results or higher-resolution
climate models might be necessary to capture such vari-
ability.

5. Our results show that vegetation cover in semi-arid to
Mediterranean ecosystems responds strongly to changes
in precipitation, while changes in climatic conditions

for temperate to boreal forest ecosystems also causes a
change in vegetation cover, although to a lesser extent.

6. We consider the implementation of a landform classi-
fication a feasible tool to (a) mediate between coarse
DVM model resolutions and generally higher-resolution
LEMs with little computational expense, and (b) to ac-
count for sub-grid variability of micro-climate condi-
tions that are otherwise absent from DVM simulations
at larger scales. We envision that it will also allow
new applications of LPJ-GUESS to research questions
where a better representation of vegetation composition
and state, especially the heterogeneity of the simulated
sub-pixel vegetation, is important.

In summary, we suggest that coupling state-of-the-art dy-
namic vegetation modeling with LEMs has great potential
for improving our understanding of the evolution of land-
forms. This is due to the fact that DVMs using the land-
form approach can approximate the spatial heterogeneity ob-
served in the field which is otherwise not represented by stan-
dard DVM implementations. The FPC linked to topography
structure will likely result in varying denudation rates in the
landscape and will thus have the potential to influence land-
scape evolution. The regional model adaptation and illus-
trated model improvements are an important step towards ap-
plying a coupled model such as this to the EarthShape study
area.

Data availability. Model setup and results are available upon re-
quest from the authors.
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Appendix A: Calculation of monthly wet days

It is a well-documented problem that climate models, such
as CCSM3, have a tendency to overestimate the precipita-
tion frequency in dry regions (e.g., Dai, 2006). Therefore,
we parameterize the number of “wet days” (number of days
in a month with rainfall greater than 0.1 mm day−1) based on
ERA-Interim daily climatology. It is assumed that the daily
precipitation in a month follows a gamma distribution, which
is determined by the shape and scale parameters (α and β, re-
spectively) as follows:

α = (xmean/xstd)2

β = x2
std/xmean,

where xmean is the monthly mean precipitation, and xstd is its
standard deviation (day-to-day variability). A characteristic
feature of the gamma distribution is its ability to attain two
completely different shapes depending on the value of α. If
α < 1 (typical for dry regions), the probability density attains
maximum value at zero precipitation and decreases exponen-
tially towards higher precipitation values, and if α > 1 (typ-
ical for wet regions), the probability density function has a
shape more reminiscent of a Gaussian distribution.

The number of wet days is estimated from the cumulative
gamma distribution:

F (xαβ)=
1

βα0(α)

x∫

0

tα−1exp(−t/b)dt,

where 0 is the gamma function. The result of this equation
is the probability that an observation will fall in the interval
[0x]. Hence for our purposes, the number of wet days (nwet)
is determined by

nwet = nday(1−F (xtαβ)), (A1)

where nday is the number of days in a month, and xt is the
threshold value for a wet day (0.1 mm day−1).

In our experiments the TraCE-21k climatology influences
monthly nwet by modifying xmean at each grid cell. However,
due to the poor representation of precipitation frequencies in
the TraCE-21ka data, we use a monthly climatology of xstd
calculated from ERA-Interim.

Appendix B: Implementation of landforms in
LPJ-GUESS

LPJ-GUESS, by default, acknowledges within grid cell vari-
ability of vegetation using the concept of patches (Smith et
al., 2014). A patch represents a subset of the grid cell that
is usually 0.5◦× 0.5◦ in size. Patches are not spatially regis-
tered to any particular location within this cell. By definition,
they represent an area of 0.1 ha – the assumed maximum area
a mature tree might cover. The replication of these patches

ensures that stochastic events (i.e., vegetation establishment
and mortality, fire) effect only subsets of a grid cell and allow
the model to simulate gap-dynamics and succession. Studies
usually are configured with n>= 100 patch replications to
prevent the stochastic events from dominating simulated av-
erage grid cell results. In this study we introduce “landforms”
into LPJ-GUESS. The aim is to address two problems. First,
the default grid cell size (0.5× 0.5) does not allow observed
landscape heterogeneity to be addressed (i.e., local site con-
ditions, topographic structure of a catchment). While LPJ-
GUESS has been applied at higher resolutions, the lack of
high-quality environmental forcing for these resolutions of-
ten makes this approach impractical. Second, this new ap-
proach allows us to link two models of different model res-
olutions (LPJ-GUESS and climate drivers 0.5◦× 0.5◦, LEM
Landlab 100× 100 m) to approximate the true DEM charac-
teristics into homogeneous landform units that aim to charac-
terize the dominant topographic units within this 0.5◦× 0.5◦

grid cell. Thus, the landform concept can be used to medi-
ate the information exchange between these two models. In
the implemented landform concept we define a set of patch
groups for each landform (i.e., a subset of the grid that shares
the same topographic features and similar elevation, slope
and aspect). The classification is based on a high-resolution
elevation model of the grid cell (SRTM1 data, 30 m), but
in a future coupled model the high-resolution DEM will be
provided and continuously updated by the landscape evo-
lution model coupled to LPJ-GUESS. The model forcing
(0.5◦× 0.5◦ climate and soil texture) is modified for the de-
fined landforms of a given grid cell (see also Fig. B1).

B1 Classification of landforms and modification of
environmental drivers

In order to classify landforms, we use the elevation and com-
puted slope and aspect of the grid cells of the high-resolution
DEM. Furthermore, aspect and slope are used to compute a
topographic position index (TPI) – the difference between
elevation and the elevation of surrounding positions (focal
radius 300 m; see Weiss, 2001). The TPI and slope values
are then used to classify positions into discrete topographic
classes (here: ridges – TPI > 1 SD, mid-slopes – TPI >−1
SD and TPI < 1 SD and slope >= 6◦, valleys – TPI <=−1
SD and flats – TPI >−1 SD and TPI < 1 SD and slope < 6◦).
These classes are then stratified by elevation intervals to fi-
nally form the landforms (the number of landforms per grid
cell depends on complexity of the terrain: mean is 17, 25 %
quantile is 11, and 75 % quantile is 23). The average eleva-
tion, slope, and aspect are then used to adapt the environmen-
tal forcing for this landform.

In this study, we adapt the landform surface temperature
via the elevation difference of the 0.5◦× 0.5◦ grid cell ele-
vation EGC and the average elevation of the high-resolution
DEM occupied by a landform (ELF). We also adjust the tem-
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perature with the global lapse rate γ of −6.5 ◦C km−1.

TLF = TGC+ γ (ELF−EGC) .

Furthermore, we adapt the amount of absorbed radiation
based on the landform slope, aspect, and the time of the year.
The solar declination (δ) at any given day of the year (doy:
day of year) is calculated in LPJ-GUESS as follows (Prentice
et al., 1993, all angles in radians):

δ =−23.4 × cos
(

2π ×
doy+ 10.5

365

)
. (B1)

The solar angle at noon is calculated from the latitude (lat)
and δ as follows:

AZ = lat− δ.

The corrected radiation at the landform (RLF) for north or
south facing slopes depending on their aspect (ψ) and slope
angle (β) is then calculated from the grid cell radiation in
LPJ-GUESS (RGC):

RLF = RGC×

(
1

cosAZ

)
× cos(|AZ | ±β × cos(β × |ψ |)) . (B2)

Figure B1. Conceptual difference between original LPJ-GUESS patch setup and the new landform addition (T is temperature,R is radiation,
S is soil depth, and LF is landform).

Finally, the soil depth of the landform is adjusted based
on the TPI of the landform. The default soil depth (DSD) of
1.5 m is scaled by multiplying the height of the lower soil
layer (default: 1 m) with fixed values for ridges (0.25), mid-
slope positions (0.5), and valleys (1.5) resulting in a total soil
depth of 0.75, 1, and 2 m, respectively.

In the future coupled model actual soil depth will be pro-
vided by the landscape evolution model.

B2 Model setup with landforms

Instead of running LPJ-GUESS with one environmental con-
dition for all n patches (n>= 100) of a grid cell, the model
is now executed for each landform and its adjusted environ-
mental conditions n times (n= 15). In both model setups the
grid cell results are reported as the average results over all
n patches (Fig. C1). However, in the landform setup the re-
sults are reported as area-weighted averages (the area frac-
tion equals landform fraction within the grid cell). Patches
within a landform are averaged in the same way as they are
in the default model setup. In a model-coupling setup the
model results per landform will be disaggregated back onto
the high-resolution DEM of the landscape evolution model
to provide a spatially explicit vegetation cover.
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Figure B2. (a) Change of foliar projected cover for the individual landforms (gray), the area-weighted mean of all landforms (black), and the
default LPJ-GUESS setup with no landforms (red) for the last 2000 years of the transient simulations. (b) Areal extent and foliar projected
cover of the individual landforms in the four simulated grid cells (averaged for the last 100 years of the time series; text: landform ID code
and percentage of the total grid cell covered by this landform.
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Appendix C: Plant functional type setup and
biomization scheme
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Figure C1. Flowchart of the decision tree used to classify plant functional types (PFTs) into biomes. LAITOT is the LAI of all PFTs; LAIT
is the LAI of tree PFTs; LAIW is the LAI of trees + shrubs; LAIG is the LAI of herbaceous PFTs; LAIX is the LAI of xeric PFTs; LAIB
is the LAI of boreal PFTs; fLAIn is the fraction of the LAI PFTn versus its peers (all tree PFTs, boreal PFTs, etc.); TeBE is temperate
broad-leaved evergreen trees; TeBS is temperate broad-leaved summergreen trees; BBE is boreal broad-leaved evergreen trees; and BBS is
boreal broad-leaved summergreen trees.
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Table C1. Plant functional type (PFT) characteristics used in this study. Climate classes are associated with differing photosynthesis optimum temperatures and base respiration rates
(see Smith et al., 2001; Te is temperate, B is boreal; M is Mediterranean was newly introduced with PS temperatures min: 0, low: 17, high: 27, max: 40; resp. coefficient: 1.0). kallom1
is a constant in allometry equations (Smith et al., 2001; higher values equal wider crowns); Tc,min is the minimum coldest-month temperature for survival; Tc,max is the maximum
coldest-month temperature for establishment; GDD5 is the minimum degree-day sum above 5 ◦C for establishment; fAWC is the minimum growing-season (daily temperature > 5 ◦C)
fraction of available soil water holding capacity in the first soil layer; rfire is the fraction of individuals that survive fire; kla : sa is the leaf area to sapwood cross-sectional area ratio; z1 is
the fraction of roots in first soil layer (the reminder being allocated to second soil layer); aleaf is the leaf longevity; aind is the maximum, non-stressed longevity; CAmax is the maximum
woody crown area. r is the base respiration rate (modified after Hickler et al., 2012).

PFT Climate r Life form kallom1 Tc,min,s Tc,min Tc,max Twmin GDD5 fAWC Shade tol. rfire kla : sa z1 aleaf aind CAmax
(g C g N−1 d−1) (◦C) (◦C) (◦C) (◦C d) (yr) (yr) (m2)

TeBEtm Te 0.055 Tree 250 −1 0 15 900 0.3 Tolerant 0.1 6000 0.7 2.0 500 30
TeBEitm Te 0.055 Tree 250 −1 0 15 900 0.3 Intolerant 0.1 6000 0.7 2.0 400 30
TeBEitscl Te/M 0.055 Tree 250 1 4 18.8 2400 0.01 Intolerant 0.5 4000 0.5 2.0 250 30
TeBStm Te 0.055 Tree 250 −14 −13 6 5 1800 0.3 Tolerant 0.2 6000 0.6 0.5 500 30
TeBSitm Te 0.055 Tree 250 −14 −13 6 5 1800 0.3 Intolerant 0.2 6000 0.6 0.5 400 30
TeEs Te/M 0.055 Shrub 100 1 1 – 2600 0.001 Intolerant 0.5 3000 0.5 2.0 100 10
TeRs Te/M 0.055 Shrub 100 1 1 – 2800 0.001 Intolerant 0.5 3000 0.5 1.0 50 10
TeNE Te 0.055 Tree 150 −7 −7 22 600 0.3 Intolerant 0.5 5000 0.7 2.0 400 30
BBSitm B 0.11 Tree 250 −30 −30 3 150 0.1 Intolerant 0.1 6000 0.6 0.5 300 30
BBEitm B 0.11 Tree 250 −30 −30 5 250 0.5 Intolerant 0.1 6000 0.8 2.0 400 30
BEs B 0.11 Shrub 100 – 4.5 150 0.3 Intolerant 0.1 2000 0.8 2.0 50 10
C3G – 0.055 Herbac. – – – – 0.1 – 0.5 – 0.9 0.75 – –

w
w
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Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/esurf-6-829-2018-supplement.
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Abstract. We present a numerical modeling investigation into the interactions between transient climate and
vegetation cover with hillslope and detachment limited fluvial processes. Model simulations were designed to
investigate topographic patterns and behavior resulting from changing climate and the associated changes in
surface vegetation cover. The Landlab surface process model was modified to evaluate the effects of temporal
variations in vegetation cover on hillslope diffusion and fluvial erosion. A suite of simulations were conducted to
represent present-day climatic conditions and satellite derived vegetation cover at four different research areas in
the Chilean Coastal Cordillera. These simulations included steady-state simulations as well as transient simula-
tions with forcings in either climate or vegetation cover over millennial to million-year timescales. Two different
transient variations in climate and vegetation cover including a step change in climate or vegetation were used,
as well as 100 kyr oscillations over 5 Myr. We conducted eight different step-change simulations for positive and
negative perturbations in either vegetation cover or climate and six simulations with oscillating transient forcings
for either vegetation cover, climate, or oscillations in both vegetation cover and climate. Results indicate that the
coupled influence of surface vegetation cover and mean annual precipitation shifts basin landforms towards a
new steady state, with the magnitude of the change being highly sensitive to the initial vegetation and climate
conditions of the basin. Dry, non-vegetated basins show higher magnitudes of adjustment than basins that are
situated in wetter conditions with higher vegetation cover. For coupled conditions when surface vegetation cover
and mean annual precipitation change simultaneously, the landscape response tends to be weaker. When vege-
tation cover and mean annual precipitation change independently from one another, higher magnitude shifts in
topographic metrics are predicted. Changes in vegetation cover show a higher impact on topography for low ini-
tial surface cover values; however, for areas with high initial surface cover, the effect of changes in precipitation
dominate the formation of landscapes. This study demonstrates the sensitivity of catchment characteristics to
different transient forcings in vegetation cover and mean annual precipitation, with initial vegetation and climate
conditions playing a crucial role.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

Plants cover most of the Earth’s surface and interact chem-
ically and physically with the atmosphere, lithosphere,
and hydrosphere. The abundance and distribution of plants
throughout Earth’s history is a function, amongst other
things, of changing climate conditions that can impact the
temporal distribution of plant functional types and the veg-
etation cover present in an area (Hughes, 2000; Muhs et al.,
2001; Walther et al., 2002). The physical feedbacks of veg-
etation on the Earth’s near surface mainly manifest them-
selves through the influence of plants on weathering, erosion,
transport, and the deposition of sediments (Marston, 2010;
Amundson et al., 2015). Although the effects of biota on sur-
face processes has been recognized for over a 100 years (e.g.,
Gilbert, 1877; Langbein and Schumm, 1958), early studies
mainly focused on qualitative descriptions of the underlying
processes. With the rise of new techniques to quantify mass
transport from the plot-scale to the catchment-scale, and the
emergence of improved computing techniques and landscape
evolution models, research has shifted more towards building
a quantitative understanding of how biota influence both hill-
slope and fluvial processes (Stephan and Gutknecht, 2002;
Roering et al., 2002; Marston, 2010; Curran and Hession,
2013). These previous studies motivate the companion pa-
pers presented here. In part 1 (Werner et al., 2018) a dynamic
vegetation model is used to evaluate the magnitude of past
(last glacial maximum to present) vegetation change along
the climate and ecological gradient in the Coastal Cordillera
of Chile. Part 2 (this study) presents a sensitivity analysis of
how transient climate and vegetation impact catchment de-
nudation. This component is evaluated through the imple-
mentation of transient vegetation effects for hillslopes and
detachment limited rivers in a landscape evolution model.

Previous research in agricultural engineering has focused
on plot-scale models to predict total soil loss in response
to land use change (Zhou et al., 2006; Feng et al., 2010)
or general changes in plant surface cover (Gyssels et al.,
2005); however, previous studies do not draw conclusions
about large-scale geomorphic feedbacks active over longer
(millennial) timescales and larger spatial scales. Neverthe-
less, a better understanding of how vegetation influences the
large-scale topographic features (e.g., relief, hillslope angles,
and catchment denudation) is crucial to understanding the
evolution of modern landscapes. At the catchment scale, ob-
servational studies have found a correlation between higher
values of mean vegetation cover and basin wide denudation
rates or topographic metrics (Jeffery et al., 2014; Sangireddy
et al., 2016; Acosta et al., 2015). Parallel to the previous ob-
servational studies, numerical modeling experiments of the
interactions between landscape erosion and surface vegeta-
tion cover have also made progress. For example, Collins et
al. (2004) was one of the first studies that attempted to cou-

ple vegetation dynamics with a landscape evolution model;
they found that the introduction of plants to their model re-
sulted in steeper equilibrium landscapes with a higher vari-
ability in the magnitude of erosional events. Following this,
subsequent modeling studies built upon the previous findings
with more sophisticated formulations of vegetation–erosion
interactions (Istanbulluoglu and Bras, 2005), including the
influence of root strength on hillslopes (Vergani et al., 2017).
These studies found that not only is there a positive relation-
ship between vegetation cover and mean catchment slope and
elevation, but an inverse relationship also exists between veg-
etation cover and drainage density due to plants’ abilities to
hinder fluvial erosion and channel initiation.

The advances of the previous studies are mainly limited by
their consideration of static vegetation cover or very simple
formulations of dynamic vegetation cover. The exceptions to
this are Istanbulluoglu and Bras (2005) who also considered
the lag time for vegetation regrowth on hillslopes after a mass
wasting event and Yetemen et al. (2015) who considered
more complex hydrology in their models, but on a smaller
spatial scale. However, numerous studies (Ledru et al., 1997;
Allen and Breshears, 1998; Bachelet et al., 2003) document
that vegetation cover changes in tandem with climate change
over a range of timescales (decadal to million year). Miss-
ing from previous landscape evolution studies, is consider-
ation of not only how transient vegetation cover influences
catchment denudation, but also how coeval changes in pre-
cipitation influence catchment-wide mean denudation. While
the effects of climate change over geologic timescales on de-
nudation rates and sediment transport dynamics have been
investigated by others (e.g., Schaller et al., 2002; Dosetto
et al., 2010; McPhillips et al., 2013), the combined effects
of vegetation and climate change on catchment denudation
have not. Thus, over longer (geologic) timescales, we are left
with a complicated situation of both vegetation and climate
changes, and the individual contributions of these changes to
catchment-scale denudation are difficult to disentangle.

In this study, we build upon previous research by inves-
tigating both the temporal and spatial sensitivities of land-
scapes to the coupled vegetation–climate system. By focus-
ing on simplified transient forcings such as a step change,
or 100 kyr oscillations in climate and vegetation cover we
present a sensitivity analysis of the landscape response to
each of these changes, including a better understanding of
the direction, magnitude, and rates of landscape change. Our
model setup is motivated by four study areas along the cli-
mate and vegetation gradient in Chile (Fig. 1a), and illumi-
nates the transient catchment response to biotic vs. climate
changes. These study areas are part of the recently initiated
German priority research program EarthShape: Earth sur-
face shaping by biota (https://www.earthshape.net, last ac-
cess: 7 August 2018). This region is used to provide a ba-
sis for our model setup regarding covariation in precipitation
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Figure 1. Overview of the geographic location, precipitation, and vegetation cover of the Chilean Coastal Cordillera study areas used for the
model setup. (a) Digital topography of the areas considered in this study, which correspond to the EarthShape (https://www.earthshape.net)
focus areas where ongoing related research is located. (b) Observed present-day mean annual precipitation from the WorldClim and CHELSA
datasets used as model input. (b) Present-day maximum surface vegetation cover from MODIS data.

and vegetation present in a natural setting. While we present
results representative of the Chilean Coastal Cordillera, it is
beyond the scope of this study to provide a detailed calibra-
tion for this area. Hence, our main objective is identifying the
sensitivity and emergent behavior of catchment denudation
to changing precipitation and vegetation cover over millen-
nial timescales. This study also builds upon results from the
companion paper (Werner et al., 2018) by imposing temporal
variations in vegetation cover identified in that study.

2 Background for the model setup

The model setup and the range of initial conditions chosen
for the models were based on four study areas located in
the Chilean Coastal Cordillera (26 to 38◦ S). The focus areas
shown in Fig. 1a were chosen due to their similar granitic
lithology and geologic and tectonic history (Andriessen and
Reutter, 1994; McInnes et al., 1999; Juez-Larré et al., 2010;
Maksaev and Zentilli, 1999; Avdievitch et al., 2018), in addi-
tion to the large gradient in climate and vegetation cover over
the region (Fig. 1b, c). These study areas include (from north
to south): Pan de Azúcar National Park, Santa Gracia Natu-
ral Reserve, La Campana National Park, and Nahuelbuta Na-
tional Park. Although this study does not explicitly present
landscape evolution model results “calibrated” to these spe-
cific areas, we have chosen the model input (e.g., precipita-
tion, initial vegetation cover, rate of tectonic rock uplift) to
represent these areas. This has been done in order to provide
simulation results that represent the nonlinear relationship
between precipitation and vegetation cover (e.g., Fig. 1b, c)
over a large climate gradient.

Topographic metrics such as mean basin slope, total basin
relief, mean basin channel steepness, mean surface vegeta-
tion cover, and mean annual precipitation were extracted for
the main catchments and a subset of adjacent catchments
(Figs. 1, 2). Topographic metrics were extracted from a 30 m
resolution digital elevation model from the NASA shuttle
radar topography mission (SRTM), and vegetation related
datasets from the Moderate Resolution Imaging Spectrora-
diometer (MODIS) satellite data (https://landcover.usgs.gov/
green_veg.php, last access: 7 August 2018) (Broxton et al.,
2014).

Landscape evolution modeling approach and the
applicability of these results

Landscape evolution model studies can be assigned to dif-
ferent general approaches, which were conceptually defined
by Dietrich et al. (2013). The different approaches presented
in the Dietrich et al. (2013) study mostly differ in the com-
plexity of the input parameters and in the resulting claim for
reproducing realistic complexity in modeled landscapes. For
this study we have chosen the approach of essential realism,
which acknowledges a system-inherent indeterminacy in the
evolving topography but focuses on predicting the first-order
trends within a system and the differences between land-
scapes, based on different external conditions, incorporated
in the model (Howard, 1997).

While we do not claim to reproduce the topographic met-
rics of the four different focus areas in Chile on a realistic
level, our approach determines the general first-order effects
of millennial timescale changes in precipitation and vege-
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tation cover that can impact topography. Superimposed on
the effects documented in this study would be the effects
of seasonal changes in precipitation and vegetation cover,
subcatchment variations in vegetation cover, transport lim-
ited fluvial and vegetation interactions, and stochastic vari-
ations in precipitation in different climate zones. This being
said, more detailed aspects of the effects of precipitation–
vegetation interactions on erosion could be independent
studies of their own and can not be covered in a single
study. Thus, the modeling approach and results of this study
should be considered as documenting the longer (millennial)
timescale climate and vegetation forcings on fluvial and sur-
face processes.

3 Methods

3.1 Model description and governing equations

For this study, we use the open-source model framework
Landlab (Hobley et al., 2017). We chose a model domain
with an area of 100 km2 that is implemented as a rectangular
grid divided into 0.01 km2 spaced grid cells. For simplifica-
tion in the presentation of results, we present our results for
the driest, northern most area (Pan de Azucar National Park)
and for La Campana National Park. La Campana National
Park is situated at 32◦ S latitude (Fig. 1) and shows the high-
est values in analyzed basin metrics (Fig. 2), although the
general behavior and results presented here are also repre-
sentative of the other two areas (not shown). The topographic
evolution of the landscape is a result of tectonic uplift and
surface processes, incorporating detachment limited fluvial
erosion and linear diffusive transport of sediment across hill-
slopes (Fig. 3). These processes are linked to, and vary in
their effectiveness due to, surface vegetation density. Details
of the implementation of these processes in Landlab are ex-
plained in the following subsections.

This model setup is simplified with regards to hydrolog-
ical parameters such as soil moisture and groundwater and
unsaturated zone flow. Furthermore, the erosion and trans-
port of material due to mass-wasting processes such as rock-
falls and landslides are not considered. We argue that these
processes do not play a major role in the basins we used
for model calibration, and that the processes acting contin-
uously along hillslopes and channels have the largest im-
pact on shaping our reference landscapes. The detachment-
limited approach was chosen because the focus areas repre-
sent small, bedrock dominated headwater catchments. Addi-
tional caveats and limitations of the modeling approach used
are discussed in Sect. 5.4. Main model parameters used in the
model (and described below) are provided in Table 1.
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Figure 2. Normalized basin metrics for study areas derived from
30 m SRTM digital topography (from the study areas shown in
Fig. 1a). Colored dots represent cumulative mean values of normal-
ized slope, relief, and channel steepness calculated for all locations
using five to eight representative catchments in each area. Dotted
lines represent linear interpolation between values. Note the gradual
increase, then decrease in all metrics around study area at ∼ 32◦ S.

Figure 3. An example of the model setup used in the simulations in
this study, showing model predicted topography with a set drainage
network, draining to the south. Boundary conditions and parameter-
izations used in the models are labeled. Blue represents low eleva-
tions and brown represents higher elevations. Additional details of
parameters used are specified in Table 1.

3.2 Boundary and initial conditions and model free
parameters

In an effort to keep simulations comparable, we minimized
the differences in parameters between simulations. The ex-
ceptions to this include the surface vegetation cover and the
mean annual precipitation, which were varied between sim-
ulations. One of the main controls on topography is the rock
uplift rate. We kept the rock uplift rate temporally and spa-
tially uniform across the domain at 0.2 mm yr−1 (Table 1).
Studies of the exhumation and rock uplift history of the
Chilean Coastal Cordillera are sparse at the latitudes investi-
gated here; however, existing and in progress studies further
to the north are broadly consistent with the rock uplift rate
used here (Juez-Larré et al., 2010; Avdievitch et al., 2018).

The EarthShape focus sites are situated in similar granitic
lithologies (Oeser et al., 2018), which allows for the assump-
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Table 1. Model parameters used for the Landlab model setup.

Model parameter Unit Value

Uplift (U ) mm yr−1 0.2
Fluvial erodibility (ke) m yr−1 (kg m−1 s−2)−1 7.00× 10−6

Critical shear stress (τc) Pa 58
m, n – 0.6/0.7
Base diffusivity (Kb) m2 yr−1 0.02
Manning number (fully vegetated, nvr) – 0.6
Manning number (bare soil, ns) – 0.01
Reference vegetation cover (Vr) % 100
w – 1
Alpha – 0.3
p – 1
Transient vegetation cover amplitude (±dV) % 10

tion that the same critical shear stress, baseline diffusivity,
and fluvial erodibility can be used.

Vegetation cover was chosen to be spatially uniform across
model domains. While vegetation can change in high-relief
catchments due to precipitation and temperature changes
with elevation, this simplifying assumption was made based
on the low to moderate relief (500–1500 m, mean ∼ 750 m)
of the Coastal Cordillera areas investigated, in addition to
the minimal field and MODIS observed changes in type and
cover with elevation. The exception to this was the La Cam-
pana study area (∼ 1500 m relief), which had an observed
change in vegetation type and cover in the upper 500 m of
the catchment. Furthermore, dynamic vegetation modeling
results presented in the companion paper “part 1” (Fig. 5b in
Werner et al., 2018) indicate that although elevation gradients
in plant functional types have occurred in the region since the
last glacial maximum, the elevation range of the catchments
in the Coastal Cordillera (< 1500 m) exhibits only minor
changes with elevation. Vegetation cover near trunk streams
within catchments is observed (via field observations) to in-
crease, most likely due to local-scale hydrology and more
abundant water in these areas. However, these regions are of-
ten restricted to with tens of meters of the trunk stream, well
below the 100 m grid resolution of the model; therefore, they
are difficult to accurately resolve within the simulations pre-
sented.

The initial topography used in our simulations was a ran-
dom white-noise topography with < 1 m relief. To avoid un-
wanted transients related to the formation of this initial to-
pography we conducted simulations to produce an equilib-
rium topography for each set of the different climate and
vegetation scenarios (see below). These equilibrium topogra-
phies were produced by running the model for 15 Myr until
a topographic steady state was reached. The equilibrium to-
pography after 15 Myr was used as the input topography for
subsequent experiments that imposed transient forcings in
climate, vegetation, or both (Fig. 4). The model simulation
time shown in subsequent plots is the time since the comple-

tion of this initial 15 Myr steady-state topography develop-
ment. In the results section, we present these results starting
with differences in the initial steady-state topographies (prior
to imposing transient forcings) and then add different levels
of complexity by imposing either (1) a single transient step
change for the vegetation cover (Fig. 4b), (2) a step change in
the mean annual precipitation (Fig. 4d), (3) 100 kyr oscilla-
tions in the vegetation cover (Fig. 4a), (4) 100 kyr oscillations
in the mean annual precipitation (Fig. 4c), or (5) 100 kyr os-
cillation in both the vegetation cover and mean annual pre-
cipitation (both Fig. 4a and c). This approach was used to
produce a stepwise increase in model complexity for evalu-
ating the individual, and then the combined, effects of fluvial
and hillslope processes to different forcings.

The magnitude of induced rainfall transient forcings were
based upon the present-day conditions along the Coastal
Cordillera study areas (Fig. 1b, c). The step change and oscil-
lations in vegetation cover and mean annual precipitation im-
posed on the experiments were designed to investigate veg-
etation and precipitation change effects on topography over
the last ∼ 0.9 Ma – the period during which a 100 kyr or-
bital forcing is dominant in Earth’s climate (Broecker and
van Donk, 1970; Muller and MacDonald, 1997). Given this
timescale of interest, we impose a 10 % magnitude change in
the step-increase or decrease, or the amplitude change in os-
cillations for the vegetation cover. This magnitude of vegeta-
tion cover change is supported by dynamic vegetation mod-
eling of vegetation changes over glacial–interglacial cycles
in Chile (see companion paper by Werner et al., 2018), and
to some degree elsewhere in the world (Allen et al., 2010;
Prentice et al., 2011; Huntley et al., 2013); however, for
the sake of simplicity we use a fixed forcing of ±10 % for
all simulations instead of a spatially variable forcing, which
would be dependent on ecosystem behavior for each sepa-
rate area. We assume that the present-day conditions of com-
bined vegetation cover and mean annual precipitation along
the north–south gradient of the Coastal Cordillera are directly
linked (Fig. 1b, c); therefore, we follow an empirical ap-
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Figure 4. Transient forcings in vegetation and precipitation consid-
ered in model experiments. Simulations were run for 15 Myr prior
to the runtime shown in the figure. All transients imposed started at
a runtime of 5 Myr. (a) Variations in vegetation cover imposed in the
oscillating experiment conditions for an initial vegetation cover of
10 and 70 %. Oscillations have a 10 % amplitude and a 100 kyr pe-
riodicity. (b) 10 % positive and negative step changes in vegetation
cover imposed on simulations with 10 % and 70 % initial vegeta-
tion cover. (c) Oscillating mean annual precipitation. Positive and
negative amplitudes of oscillation resemble the magnitude of pre-
cipitation change extracted from the vegetation cover–rainfall rela-
tionship from satellite data (Fig. 5). (d) Positive and negative step
changes in mean annual precipitation. The initial precipitation was
based on values extracted from the WorldClim climate dataset for
respective focus areas.

proach based on the present-day mean annual precipitation,
which directly links to the present-day vegetation cover in
Chile (Fig. 5). We do this by associating each 10 % change in
vegetation cover (dV) with a corresponding change in mean
annual precipitation (dP, Fig. 5) present in the study areas
considered. We impose a predefined, fixed amplitude change
in surface vegetation cover as a transient forcing for simu-
lations. For our prescribed changes in vegetation cover we
then choose corresponding values of mean annual precipita-
tion based on the relationship shown in Figs. 1 and 5. The
simulations were parameterized in terms of changes in vege-
tation cover (instead of precipitation) for two reasons. First,
the emphasis of this study is on advancing our knowledge of
how vegetation changes impact surface processes. Given this,
we wanted to present results based on reasonable changes in
vegetation cover change. Second, results from the compan-
ion paper and this paper (Werner et al., 2018) suggest that the
Chilean Coastal Cordillera has experienced ±10 % changes
in vegetation cover over the last 21 kyr. We adopt this result
in this study as the current best estimate for the changes in
the study areas considered. Thus, the changes in precipitation
and vegetation imposed in this study are empirically based on
observations from the climate and ecological gradient in the
Coastal Cordillera.

The boundary conditions used in the model were the same
for all of the simulations explained above (Fig. 3). One
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Figure 5. Graphical representation of the observed precipitation –
vegetation relationship in the Chilean focus areas (shown in Fig. 1),
and how precipitation amounts were selected when perturbations in
vegetation cover were imposed. Black dots represent vegetation–
precipitation values used in the steady-state model conditions and
prior to any transients. Red dots show how vegetation cover pertur-
bations of ±10 % in the model simulations were used to select cor-
responding mean annual precipitation amounts. Note that the ob-
served relationship between observed precipitation and vegetation
cover in the Chilean Coastal Cordillera is nonlinear, and is a source
of the nonlinear behavior in the model forcing (e.g., Fig. 4) and re-
sults (Fig. 17) presented here.

boundary was held at a fixed elevation and open to flow out-
side the domain. The other three were allowed to increase
in elevation and had a zero-flux condition. This design for
boundary conditions is similar to previous landscape evolu-
tion modeling studies (Istanbulluoglu and Bras, 2005), and
provides a means for analyzing the effects of different veg-
etation cover and precipitation forcings on the individual
catchment and subcatchment scale.

3.3 Vegetation cover dependent geomorphic transport
laws

The governing equation used for simulating topographic
change in our experiments follows the continuity of mass.
Changes in elevation at different points of the model domain
over time δz(x,y, t) depend on the following:

δz(x,y)
δt

= U −
δz

δt
|hillslope−

δz

δt
|fluvial, (1)

where z is elevation; x, y are lateral distance; t is time; U is
the rock uplift rate; δz

δt
|hillslope is the change in elevation due

to hillslope processes; and δz
δt
|fluvial is the change in elevation

due to fluvial processes (Tucker et al., 2001).
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3.3.1 Vegetation cover influenced diffusive hillslope
transport

The change in topography in a landscape over time caused
by hillslope-dependent diffusion can be characterized as fol-
lows:

δz

δt
|hillslope =−∇qsd. (2)

Landscape evolution models characterize the flux of sedi-
ment (qsd) as either a linear or nonlinear function of surface
slope (S) (Culling, 1960; Fernandez and Dietrich, 1997). In
order to keep the number of free parameters for the simula-
tion to a minimum, we used the linear description of hillslope
diffusion:

qsd =KdS. (3)

Following the approach of Alberts et al. (1995), Dunne et
al. (1995), Istanbulluoglu and Bras (2005) and Dunne et
al. (2010), we assign the linear diffusion coefficient Kd as a
function of the surface vegetation density V , an exponential
coefficient α, and a baseline diffusivity Kb, such that

Kd =Kbe
−(αV ). (4)

3.3.2 Vegetation cover influence on overland flow and
fluvial erosion

Fluvial detachment-limited erosion of material due to water
is calculated in this study by the widely used “stream power
equation” (Howard and Kerby, 1983; Howard et al., 1994;
Whipple and Tucker, 1999; Braun and Willet, 2013):

δz

δt
|fluvial = ke(τ − τc)p for τ > τc, (5)

where ke represents the erodibility of the bed; τ represents
the bed shear stress, which acts on the surface at each node;
τc is the critical shear stress that needs to be overcome to
erode the bed material; and p is a constant.

By following the approach of Istanbulluoglu and
Bras (2005) and Istanbulluoglu et al. (2004), we reformulate
the standard equation of shear stress: τb = ρwgRS, where ρw
is the density of water, g is the acceleration of gravity, R is
the hydraulic radius, and S is the local slope, to a form which
incorporates Manning roughness. This is undertaken in order
to quantify the effect of vegetation cover on bed shear stress
(Willgoose et al., 1991; Istanbulluoglu et al., 2004) and takes
the following form:

τv = ρwg(ns+ nv)
6
10 qmSnFt , (6)

where ns and nv represent Manning numbers for bare soil
and vegetated ground,respectively, q is the water discharge
per node that is approximated with the steady-state uniform
precipitation per time step P and the surface area per node A

(q = A×P ), S is the local slope per node, and m and n are
constants. nv for each node is calculated as a function of the
local surface vegetation cover

nv = nvr

(
V

Vr

)w
, (7)

with nvr being the Manning number for a defined reference
vegetation cover, V and Vr being the vegetation cover at each
node and the reference vegetation cover, respectively, and w
being an empirical scaling parameter.

The last variable in Eq. (6) represents the shear-stress par-
titioning ratio Ft (after Foster, 1982; Istanbulluoglu and Bras,
2005), which is used to scale the shear stress at each node to
the vegetation cover present as follows:

Ft =

(
ns

ns+ nv

) 3
2
. (8)

By combining the formulation for shear stress from Eq. (6)
with the general stream power from Eq. (5), we formulate a
new factor Kv that represents the bed erodibility per node as
a function of surface vegetation cover. This leads to a new
expression of fluvial erosion:

Kv = keρwg(ns+ nv)
6
10Ft (9)

δz

δt
|fluvial =Kvq

mSn. (10)

An illustration of the effect of vegetation cover on Kd and
Kv is presented in Fig. 6.

3.4 Model evaluation

Model performance was evaluated using the above equations
and different initial vegetation covers and mean annual pre-
cipitation. Our focus in this study is on the general surface
process response to different transient vegetation and climate
conditions. Given this, topographic metrics of relief, mean
slope, and normalized steepness index (Ksn) were computed
from the model results and compared to observed values
from the 30 m SRTM DEM for each of the four areas (Fig. 2).
This was done to evaluate if our implementation of the gov-
erning equations in Sect. 3.4 produced topographies within
reason of present-day topographies in the four Chilean areas.
A more detailed model calibration is beyond the scope of this
study, and not meaningful without additional observational
constraints on key parameters such latitudinal variations in
the rock uplift rate and erosivity. Our aim is not to repro-
duce the present-day topography of the Coastal Cordillera
study areas, but rather to identify the sensitivity and emer-
gent behavior of vegetation-dependent surface processes to
gradients of vegetation cover and precipitation in Chile.
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Figure 6. Predicted values of hillslope diffusivity (Kd) (solid line)
and fluvial erodibility (Kv) (dashed line) as a function of vegetation
surface cover. Although absolute values can not be compared due to
different units, the shape of the curves representing the different pa-
rameters show different sensitivities to changes in vegetation cover.
Major sources of the nonlinearities are discussed in the text. Fluvial
erodibility shows the highest magnitude of change for vegetation
cover values < 25 %, whereas hillslope diffusivity reacts in a more
linearly fashion with the highest change observed below < 65 %
vegetation cover.

4 Results

Our presentation of results is structured around three groups
of simulations. These groups of simulations include the fol-
lowing:

1. Steady-state simulations where equilibrium topogra-
phies are calculated for different magnitudes of veg-
etation cover and identical precipitation forcing. This
includes a second set of steady-state simulations with
the same magnitudes of vegetation cover as the first,
but with different precipitation forcings corresponding
to each vegetation cover (Fig. 5, Sect. 4.1).

2. Simulations with a transient step change in either the
surface vegetation density or precipitation (Sect. 4.2)
that is initiated after the landscape has reached steady
state.

3. Simulations with a transient 100 kyr oscillating time se-
ries of changing vegetation or precipitation that occurs
after the landscape has reached steady state (Sect. 4.3).

For each group of transient simulations, we show the topo-
graphic evolution with help of standard topographic metrics
and the corresponding erosion rates after the induced change.

4.1 Equilibrium topographic metrics

Topographic metrics from each of the four Chilean focus ar-
eas (Fig. 1a) were extracted for comparison to equilibrium to-

pographies predicted after 15 Myr of model simulation time.
This comparison was undertaken to document the model re-
sponse to changing vegetation cover (with the climate held
constant) and changing vegetation cover and precipitation,
but also to demonstrate the fact that the modeling approach
employed throughout the rest of this study captures the gen-
eral characteristics of different topographic metrics along the
Chilean Coastal Cordillera.

Analysis of the digital elevation model for each of our four
Chilean focus areas illustrates observed changes in catch-
ment relief, slope, and channel steepness (Ksn) in relation
to the surface vegetation (Fig. 7, red points) and latitude
(Fig. 2). The general trend in the observed metrics shows a
nonlinear increase in each metric until a maximum is reached
for regions with 70 % vegetation cover. Following this, all
observed metrics show a decline towards the area with 100 %
vegetation cover.

The model predicted equilibrium topographies (Fig. 7a, b,
c) from four different steady-state simulations, with differ-
ent vegetation cover in each simulation and a constant mean
annual precipitation (900 mm yr−1), show a nearly linear in-
crease in all observed basin metrics with increasing vege-
tation cover; therefore, they do not reflect the overall trend
observed from the study areas (red line/symbols). For ex-
ample, basin relief and slope are both underpredicted for
simulations with V < 100 % (Fig. 7a, b), and only the pre-
dicted maximum relief for a fully vegetated simulation re-
sembles the DEM maximum value. For the normalized chan-
nel steepness, only two observed mean values (for V = 10 %
and 70 %) lie within the range of the mean to maximum pre-
dicted Ksn values (Fig. 7c).

The resulting equilibrium topographies from simulations
with different mean annual precipitation and vegetation cover
in each simulation (Fig. 7d, e, f) show an improved represen-
tation of the general trend of the DEM data. The vegetation
cover and precipitation values used in these simulations come
from the Chilean study areas (Figs. 1b, c, 5). In these simula-
tions, the maximum in the observed basin metrics is situated
at values of V = 30 % with a subsequent slight decrease in
the metric for V = 30 % to V = 70 %, followed by a steeper
decrease in metrics from V = 70 % to V = 100 %. Generally
the model-based results tend to underestimate the basin re-
lief and overestimate the basin channel steepness (Fig. 7d,
f). Variations in basin slope are captured for all but the non-
vegetated state (Fig. 7e).

Although the above comparison between the models and
the observations demonstrates a range of misfits between
the two, there are several key points worth noting. First, the
model results shown are simplified in their setup (e.g., as-
suming similar rock uplift rate and identical lithology and
constants), and assume the present-day topography is in
steady state for the comparison. Second, despite the previ-
ous simplifying assumptions, the degree of misfit between
the observations and the model is surprisingly small when
both vegetation and precipitation are considered (Fig. 7d,
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Figure 7. The steady-state model predicted (shaded regions) and observed (red dots) topographic metrics from the study areas shown in Fig. 1
for different vegetation cover amounts. Observed topographic metrics were extracted from SRTM 90 m DEM. Model predicted values are
shown for the cases of constant mean annual precipitation (a, b, c) or variable precipitation (d, e, f). Variable precipitation rates and vegetation
covers were selected for these simulations using the observed values from the focus areas (Fig. 5). Note that for variable precipitation and
vegetation cover simulations (d, e, f) the predicted values (similar to the observations) develop a hump-shaped pattern of an increase in each
parameter followed by a decrease. This suggests that changes in both precipitation and vegetation cover are needed to reproduce the general
trend seen in observations. The sources of misfit between the predicted and observed values are due to the simplified (and untuned) setup of
the simulations, and are discussed in the text.

e, f). Finally (third), the general “hump-shaped” curve ob-
served in the Chilean areas is captured in the model predic-
tions (Fig. 7d, e, f), with the notable exception that the max-
imum in observed values occurs at a higher vegetation cover
(V = 70 %) than the model predictions (V = 30 %). Expla-
nations for the possible source of these differences are revis-
ited in the discussion section of this paper.

4.2 Transient topography from a step change in
vegetation or precipitation

The evolution of topographic metrics after an induced instan-
taneous disturbance (Fig. 4) of either only the surface vege-
tation cover (Fig. 8, green lines) or only the mean annual pre-
cipitation (Fig. 8, blue lines) is analyzed for changes in the
topographic metrics for either a positive disturbance (Fig. 8a,
b, c) or a negative disturbance (Fig. 8d, e, f). This scenario
was chosen to analyze and isolate the effects of these spe-
cific transient forcings, and are useful for understanding the

more complex changes in vegetation and precipitation pre-
sented later. Mean catchment erosion rates are also analyzed
for their evolution after the disturbance (Fig. 9). For sim-
plicity in presentation, results are shown for only two of the
four Chilean study areas with initial vegetation (V ) and pre-
cipitation (P ) values for vegetation covers of 10 and 70 %,
and precipitation rates that correspond to these vegetation
covers (i.e., P (V = 10 %) or P (V = 70%)) (Fig. 5). The re-
sults described below show a general positive correlation be-
tween all observed topographic metrics and surface vegeta-
tion cover, and a negative correlation between observed to-
pographic metrics and mean annual precipitation.
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Figure 8. Observed evolution of topographic metrics after a step change in either vegetation (green lines) or mean annual precipitation (blue
lines). Results are shown for two different initial vegetation cover amounts of V = 10 and 70 %. Imposed mean annual precipitation changes
were undertaken by selecting the precipitation amount corresponding to the initial and final vegetation amounts used in the simulations for
vegetation cover “only” change. Panels (a), (b), and (c) show the reaction of model topographies to positive changes in boundary conditions.
Panels (d), (e), and (f) show the reaction to negative changes in boundary conditions.

4.2.1 Positive step change in vegetation cover or
precipitation

Topographic analysis

A positive step change in vegetation cover (V ) from V =

10 % to V = 20 % (solid green line Fig. 8a, b, c) leads to a
factor of 1.9, 1.42, and 2.1 change in mean basin relief (from
270 to 520 m), mean basin slope (11.2 to 15.9◦), and mean
basin channel steepness (108 to 222 m−0.9), respectively.
The adjustment time until a new steady state in each met-
ric is reached is 3.1 Ma. The corresponding positive change
in mean annual precipitation (solid blue lines, Fig. 8a, b, c)
leads to a decrease of the mean basin relief to 176 m, the
mean basin slope to 8.6◦ and the mean basin channel steep-
ness to 67 m−0.9. This corresponds to a decrease by factors
of 1.5, 1.2, and 1.6, respectively. The adjustment time to new
steady-state conditions in this case is shorter and was found

to be 1.1 Ma (Fig. 8a, b, c). A second feature of these results
is the brief increase and then decrease in basin average slope
angles following the step change (Fig. 8b).

For simulations with V = 70 % initial surface vegetation
cover, a positive increase to V = 80 % leads to an increase
of the mean basin relief from 418 to 474 m, the mean basin
slope from 15.5 to 16.8◦, and the mean basin channel steep-
ness from 172 to 199 m−0.9. This causes an increase in each
metric by a factor of 1.1, 1.1, and 1.2, respectively. The ad-
justment time to steady-state conditions is 1.9 Ma (dotted
green lines, Fig. 8a, b, c). The corresponding positive change
in mean annual precipitation leads to a decrease of relief to
268 m, a decrease in slope to 11.9◦, and a decrease of chan-
nel steepness to 105 m−0.9. This resembles a decrease by fac-
tors of 1.5, 1.3, and 1.6, respectively. Adjustment time in this
case is 1.7 Ma (dotted blue lines, Fig. 8a, b, c). The basin
slope data show similar behavior as the Vini = 10 % simula-
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Figure 9. Mean catchment-wide erosion rates after a step-change disturbance in model boundary conditions. Blue lines represent erosion
rates for models with changes in precipitation only; green lines represent erosion rates for models with changes in vegetation cover only.
Panels (a) and (b) show the evolution after positive step change. Panels (c) and (d) show the evolution for models with negative step change.
Note that the direction of change (positive or negative) from the initial state is in the opposite directions for precipitation and vegetation cover
changes. This effect is manifested in the subsequent plots.

tions with an initial decrease and subsequent increase for a
vegetation cover step change, and an initial increase and sub-
sequent decrease for a step change in mean annual precipita-
tion. A comparison of the change in the topographic metrics
for the low (V = 10 %) and high (V = 70 %) initial vegeta-
tion covers, shows that the magnitude of change in each met-
ric is larger when the step change occurs on a low, rather than
a higher, initial vegetation cover topography.

Erosion rate changes

The model results show a negative relationship between in-
creases in vegetation cover and erosion and a positive re-
lationship between increases in precipitation and erosion
(Fig. 9). Although the response between the disturbances and
changes in erosion rates are instantaneous, the maximum or
minimum in the change is reached after some lag time, and
the magnitude and duration of nonequilibrium erosion rates
varies between different simulation setups.

For an initial vegetation cover of V = 10 %, a change in
vegetation cover (dV) of +10 % leads to a decrease in ero-
sion rates from 0.2 to 0.03 mm yr−1 (a factor of 5.7 decrease,
Fig. 9a green line). The minimum erosion rate is reached
43.5 kyr after the step change occurs. Following this min-
imum in erosion rates, the rates increase until the steady-
state erosion rate is reached after the adjustment time. An in-
crease in mean annual precipitation, corresponding to a veg-

etation cover of 10 % (i.e., P (V = 10 %) to P (V = 20%);
Fig. 5), leads to an increase in erosion rates to a maximum of
0.44 mm yr−1 after 74.8 kyr (a factor of 2.2 increase, Fig. 9a,
blue line). For an initial vegetation cover of V = 70 %, a
vegetation increase of dV=+10 % results in minimum ero-
sion rates of 0.14 mm yr−1 after 117.7 kyr (a factor of 1.4 de-
crease, Fig. 9b, green line). A corresponding increase in pre-
cipitation for these same vegetation conditions leads to max-
imum erosion rates of 0.44 mm yr−1 after 107.5 kyr, which is
an increase by a factor of 2.2 (Fig. 9b, blue line). The previ-
ous results for a positive step change in vegetation or precip-
itation demonstrate that the magnitude of the change in ero-
sion rates is larger for changes in precipitation rate than for
vegetation cover changes; furthermore, in low initial vegeta-
tion cover settings (V = 10 %) the magnitude of the change
in erosion rates for changing vegetation is larger (compare
green lines Fig. 9a with b).

4.2.2 Negative step change in vegetation cover or
precipitation

Topographic analysis

For negative step changes in vegetation (green curves,
Fig. 8d, e, f), the results show a sharp decrease in the to-
pographic metrics associated with shorter adjustment times
compared to the positive step change experiments (com-
pare Fig. 8d, e, f with a, b, c). For step changes in pre-
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cipitation (blue curves, Fig. 8d, e, f), the increase of topo-
graphic metrics happens slower, which equates to longer ad-
justment times. A negative step change in vegetation cover
from V = 10 % by dV=−10 % leads to a decrease of the
mean basin relief from 269 to 35 m, the mean basin slope
from 11.2 to 2.3◦, and the mean basin channel steepness
from 108 to 11 m−0.9, which resembles decreases by factors
of 7.8, 3.8, and 9.6, respectively. The adjustment time until
a new steady state is reached is 0.26 Ma (solid green lines,
Fig. 8d, e, f). The corresponding negative change in precipi-
tation leads to an increase in the mean basin relief to 512 m,
the mean basin slope to 15.8◦, and the mean basin channel
steepness to 223 m−0.9. These increases reflect changes by
factors of 1.9, 1.4, and 2.1, respectively, with an adjustment
time of 4.9 Ma (dotted green lines, Fig. 8d, e, f). Mean basin
slope results (Fig. 8e) for a step change in vegetation illus-
trate a pulse-like feature of initially increasing slope values,
followed by a decrease to lower slope values. In contrast, a
negative step change in precipitation induces an initial de-
crease in slope, followed by a gradual increase in slope to a
value higher than was initially observed before the change.

Simulations with initial vegetation cover of V = 70 % and
dV=−10 % show a decrease in the mean basin relief from
418 to 356 m, the mean basin slope from 15.5 to 13.6◦, and
the mean basin channel steepness from 172 to 144 m−0.9,
which resembles changes by respective factors of 1.2, 1.1,
and 1.2 and an adjustment time of 2.1 Ma (dotted green
lines, Fig. 8d, e, f). Corresponding negative changes in pre-
cipitation lead to increase of the basin relief of 465 m, the
basin slope to 16.4◦, and the channel steepness to 195 m−0.9,
which resembles changes by factors of 1.1 for all three val-
ues. Adjustment time in this case is 2.2 Ma (dotted blue lines,
Fig. 8d, e, f). Behavior of mean basin slope after the step
change follows the V = 10 % simulations, but shows lower
amplitudes of basin slope for both step changes in vegetation
and precipitation.

Erosion rates

The positive step-change results (Fig. 9a, b) indicated that
erosion rates reach their minimum or maximum with a lag
time. The results also show significant differences in the
magnitude and duration of nonequilibrium conditions de-
pending on if vegetation or precipitation were changing. Sim-
ulations with a decrease from V = 10 % to V = 0 % (Fig. 9c)
show a sudden increase in erosion rates to a maximum value
of 3.5 mm yr−1, which is an increase from steady-state condi-
tions by a factor of 17.7. This value is reached after 19.5 kyr
(green line, Fig. 9c). A step decrease in precipitation for
this corresponding vegetation difference (i.e., P (V = 10%)
to P (V = 0%) leads to a smaller, and protracted (longer ad-
justment time) decrease in erosion rates to 0.03 mm yr−1 af-
ter 50.1 kyr. These conditions cause a factor of 5.6 decrease
(blue line, Fig. 9c). Simulations of V = 70 % with a vege-
tation change of dV=−10 % show an increase in erosion

rates to 0.27 mm yr−1, which is a factor of 1.4 increase af-
ter 126.3 kyr (Fig. 9d). For the corresponding decrease in
precipitation the data show a decrease in erosion rates to
0.15 mm yr−1 after 124.5 kyr. This resembles change by fac-
tor of 1.2 (blue line, Fig. 9d).

4.3 Transient topography – oscillating

4.3.1 Oscillating surface vegetation cover and constant
precipitation

Topographic analysis

The topographic evolution in simulations with a constant pre-
cipitation (10 and 360 mm yr−1 for V = 10 % and V = 70 %,
respectively) and oscillating vegetation cover show a dif-
ferent response than the previous step change experiments.
The differences depend on the initial steady-state vegetation
cover prior to the onset of 100 kyr oscillations. All observed
basin metrics (Fig. 10) show an initial oscillating decrease
in values until a new dynamic steady state is reached where
the amplitude in oscillations is less than in the preceding ini-
tial adjustment period. Simulations with V = 10 % (Fig. 10a)
show a factor of 2.5 decline in the basin relief (from 269
to 107 m). For simulations with V = 70 % the reaction and
adjustment to the new dynamic steady state is less pro-
nounced with a factor of 1.01 decline in relief (from 410 to
407 m), and positive and negative amplitudes in the dynamic
steady state of 1.6 m. While these changes are unmeasur-
able in reality, they highlight that changes in vegetation cover
alone would be difficult to detect for high initial vegetation
cover settings. The analysis of the mean basin slope for the
model topographies with low (V = 10 %) vegetation shows
a similar behavior with a factor of 1.6 decrease of the mean
slope (from 11.2◦ prior to the onset of oscillations, to 6.0◦,
Fig. 10b). However, before this new equilibrium is reached,
the slopes show an increase in the mean slope for the first
two periods of vegetation oscillation, which then declines to-
wards the new long-term stable dynamic equilibrium. This
equilibrium is reached after approximately 500 kyr. Local
maxima of the mean basin slope coincide with local minima
in basin relief. For the V = 70 % simulations, the reaction
is significantly smaller with no change in mean slope for the
new dynamic equilibrium and both positive and negative am-
plitudes of 0.16◦. Mean basin channel steepness (Fig. 10c)
reflects the behavior of mean basin elevation. For V = 10 %
simulations the mean channel steepness decreases by a fac-
tor of 2.7 (from 108 to 40 m−0.9) with a positive ampli-
tude of 3.7 m−0.9 and a negative amplitude of 6.1 m−0.9. For
V = 70 % simulations the response is again only minor, com-
pared to the lower initial vegetation cover simulations with a
change of mean channel steepness from 186 to 167 m−0.9,
positive amplitudes of 1.1 m−0.9, and negative amplitudes of
0.9 m−0.9. Like the elevation data, the steepness data show a
distinct oscillating pattern with a slow increase to local max-
ima and rapid decrease to local minima, which coincide with
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Figure 10. Evolution of topographic metrics for simulations with
oscillating surface vegetation cover and constant precipitation cor-
responding to the initial vegetation cover prior to the transient in
vegetation cover. Panels a, b, and c show the mean basin relief, the
mean basin slope, and the mean basin channel steepness (Ksn), re-
spectively.

maxima/minima of elevation data. Taken together, the previ-
ous observations demonstrate a larger change in topography
for oscillations in poorly vegetated areas compared to those
with higher vegetation cover. Furthermore, the magnitude of
topographic change that oscillations in vegetation impose on
topography are largest in the first∼ 500 kyr after the onset of
an oscillation, and diminish thereafter.

Erosion rates

The erosion history for simulations with oscillating vegeta-
tion cover (Fig. 11) demonstrate large variations in the ero-
sion rate that depend on the average vegetation cover of the
oscillation. Furthermore, pronounced differences in the am-
plitude of erosion occur if the vegetation cover is above or
below the mean of the oscillation (Fig. 4a). More specifi-
cally, simulations with V = 10 % show a pattern of a small
decrease in erosion rates (from 0.2 to 0.03 mm yr−1) when
vegetation cover increases above the mean cover, in contrast
to a large increase in erosion rates (up to 3.3 mm yr−1) when
vegetation cover decreases below the mean of the oscillation
(Figs. 2, 11). Maximum erosion rates decline over multiple
periods of oscillation until they reach a dynamic steady state
with maximum rates (1.2 mm yr−1) at 760 kyr after the onset.
Time periods of higher erosion rates (> 0.2 mm yr−1) have a
mean duration of 28 kyr, whereas periods of lower erosion
rates (< 0.2 mm yr−1) have a mean duration of 72 kyr. For
simulations with high vegetation cover (V = 70 %) the max-
imum and minimum erosion rates are 0.28 and 0.15 mm yr−1,
respectively. The magnitude of maximum and minimum
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Figure 11. Predicted mean catchment erosion rates for simulations
with oscillating surface vegetation cover and constant precipitation.
Note that the magnitude of change in erosion rates for a ±10 %
change in vegetation cover differs depending on the initial (or back-
ground) vegetation cover. This nonlinear response is due, in part,
to the vegetation cover effects on rock erodibility and diffusivity
shown in Fig. 6.

erosion rates are not significantly time-dependent, meaning
that they are constant over the simulation. The mean dura-
tion of periods with higher erosion rates (> 0.2 mm yr−1)
is 55 kyr, whereas the duration for periods with lower rates
(< 0.2 mm yr−1) is 45 kyr. These results demonstrate that ar-
eas with low vegetation cover experience not only larger am-
plitudes of change in erosion rates, but also an asymmetric
change whereby decreases in erosion rates are of a lower
magnitude than the increases in erosion rates.

4.3.2 Oscillating precipitation and constant vegetation

Topographic analysis

The evolution of topographic parameters for simulations with
oscillating mean annual precipitation and two different con-
stant surface vegetation covers (V = 10 or 70 %, Fig. 12)
shows a less extreme and smaller temporal change in erosion
rate to variations in precipitation compared to the previously
discussed effects of oscillating vegetation cover (Fig. 11).
In Fig. 12a, the mean basin relief results for V = 10 %
and oscillating precipitation show small variations (+4.9 to
−3.8 m) in relief around a mean of 269 m, which is similar to
the mean relief prior to the onset of oscillations at 5000 kyr.
For simulations with V = 70 % the change in relief is slightly
more pronounced with factor of 1.1 adjustment to a new
mean (380 from 418 m) in steady-state conditions. The evo-
lution of the topographic slope (Fig. 12b) for V = 10 % sim-
ulations shows a factor of 1.05 adjustment to a new dynamic
equilibrium (from 11.2 to 10.6◦). For V = 70 % the mean
slope values do not significantly change from steady-state
to transient conditions. Mean channel steepness (Fig. 12c)
for V = 10 % shows a factor of 1.01 adjustment (from 108
to 110 m−0.9), and would be difficult to measure in reality.
The amplitude of oscillation is 4 m−0.9 for both negative and
positive amplitudes. For Vini = 70 % simulations, a factor 1.1
change in channel steepness occurs (from 171 to 152 m−0.9)
with amplitudes of 4.5 m−0.9 for both positive and negative
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Figure 12. Evolution of topographic metrics for simulations with
oscillating mean annual precipitation and constant vegetation cover.
The vegetation cover was held constant at the value corresponding
to the precipitation rate prior to the onset of the transient at 5000 kyr.
Panels (a), (b), and (c) show the mean basin relief, the mean basin
slope, and the mean basin channel steepness (Ksn), respectively.

changes. Figure 12 illustrates changes in topographic metrics
that result from oscillations in precipitation occurring around
vegetation covers of 10 and 70 %. These changes are signifi-
cantly smaller than those predicted for constant precipitation
with oscillating vegetation conditions (Fig. 10).

Erosion rates

Predicted erosion rates from simulations with constant sur-
face vegetation cover and oscillating mean annual precipita-
tion indicate different amplitudes of change around the mean
erosion rate depending on the vegetation cover. For simula-
tions with V = 10 % (Fig. 13, blue solid line) erosion rates
oscillate symmetrically around the steady-state erosion rate
(0.2 mm yr−1). The maximum and minimum erosion rates of
0.42 and 0.01 mm yr−1, respectively, do not lead to a shift
in the mean value of erosion rates over time. In contrast,
predicted rates with a higher vegetation cover of V = 70 %
(Fig. 13, blue dotted line) demonstrate an asymmetric os-
cillation in rates around the mean, whereby the maximum
rates (0.43 mm yr−1) have a larger difference above the mean
rate than the minimums in the oscillation do (0.12 mm yr−1).
For this higher vegetation cover scenario, a gradual decrease
in the mean erosion rate occurs as time progresses. Further-
more, the maximum and minimum erosion rates decline over
several oscillation periods. Taken together, these results indi-
cate that oscillations in precipitation impact erosion, with the
magnitude of the effect depending on the amount of vegeta-
tion cover. Areas with low vegetation cover demonstrate the
highest and most symmetric oscillation of erosion rates due
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Figure 13. Mean catchment erosion rates for simulations with os-
cillating mean annual precipitation and constant surface vegetation
cover. The amplitude of change in the erosion rates varies with the
initial vegetation cover, in part due to the nonlinear relationship be-
tween precipitation and vegetation cover (Figs. 4, 5).

to changes in precipitation, whereas in areas with high vege-
tation cover the effect of negative changes in precipitation is
dampened by vegetation.

5 Discussion

The previous results highlight different sensitivities to
changes in either surface vegetation cover or mean annual
precipitation. In the following, we synthesize the previous
results and then build upon them to discuss the scenario of
synchronous variation in both precipitation and vegetation
cover.

5.1 Interpretation of steady-state simulations

Landscapes in a topographic steady state show distinct fea-
tures in topographic metrics that are widely used to estimate
catchment-averaged erosion rates and the related leading pro-
cesses of erosion within a landscape (DiBiase et al., 2010).
The steady-state simulations presented here can reproduce
(Fig. 7) variations in topographic metrics over different cli-
mate and vegetation states than those seen in other studies
(Langbein and Schumm, 1958; Walling and Webb, 1983).
The comparison of simulations with homogeneous precipi-
tation and changing values of vegetation cover (Fig. 7a, b, c)
to simulations with both changing precipitation and vegeta-
tion cover values (Fig. 7d, e, f), indicates that we can only
reproduce a similar trend with a distinct peak in topographic
metrics when both precipitation and vegetation cover vari-
ables are considered. From this, we conclude that modern
model-based landscape evolution studies, which aim to com-
pare areas with different climates, should incorporate vegeta-
tion dynamics in their simulations. Misfits between the pre-
dicted and Chilean observed topographic metrics (Fig. 7d, e,
f), present when the vegetation and precipitation both vary,
likely stem from the simplicity of the model setup used
and the likelihood of differences in the rock uplift rate and
lithologies present in these areas.
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5.2 Interpretation of step change experiments

Our analysis shows that changes in vegetation cover typically
have a higher magnitude of impact on topographies for lower
values of initial vegetation cover, compared to simulations
with high initial vegetation cover (Figs. 8, 9). In these set-
tings the influence of vegetation cover outweighs the influ-
ence of precipitation regarding cases of negative and positive
directions of the step change. The reason for this is the higher
impact of changes in vegetation than the impact of changes
in precipitation on erosivity and diffusivity (parameter Kv,
Kd; Eqs. 4, 10).

Furthermore, a negative step change in vegetation cover
impacts the topographic metrics by a factor of 2 more than
positive step change changes do (Fig. 8d, e, f). This response
is interpreted to be due to the nonlinear reaction of diffusiv-
ity and fluvial erodibility to changes in vegetation cover (See
Fig. 6). Negative changes in vegetation cover lead to a higher
overall change in diffusivity and erodibility compared to pos-
itive step changes.

Model results for the topographic metrics and erosion rates
also indicate a difference in the adjustment times of the sys-
tem until a new steady state is reached when either precip-
itation or vegetation cover changes (Figs. 8, 9). For simula-
tions with positive step changes (Fig. 8a, b, c) the adjustment
time for changes in vegetation cover to reach a new equilib-
rium in topographic metrics or erosion rates is 3 times longer
than the adjustment time for changes in precipitation. Simu-
lations with negative step changes in vegetation cover show
an adjustment time that is shorter by a factor of 18 compared
to negative changes in precipitation. This difference in ad-
justment time is again a result of the nonlinear behavior of
erosion parameters Kd and Kv, which influence how effec-
tively a signal of increasing or decreasing erosion can travel
through a river basin (Perron et al., 2012). High values ofKd
and Kv are associated with lower adjustment times and are
a result of negative changes in vegetation cover. The influ-
ence of changing precipitation on adjustment time behaves
in a more linear fashion; therefore, it mostly depends on the
overall magnitude of change. Thus, positive step changes in
vegetation cover decrease Kd and Kv, which leads to higher
adjustment times than the corresponding changes in precipi-
tation.

An increase and subsequent decrease, or decrease and sub-
sequent increase, in predicted slope and erosion rates is ob-
served for both the positive and negative step change exper-
iments (Figs. 8b, e and 9). This nonlinear response in both
positive and negative step changes in precipitation and veg-
etation cover is also manifested in the subsequent oscilla-
tion experiments, although it is most clearly identifiable in
the step change experiments. The explanation for this behav-
ior is as follows. A positive step change in vegetation cover
(Fig. 8b) leads to a decrease in fluvial capacity, as increased
vegetation cover increases the Manning roughness (param-
eter nv, Eq. 8). The effect of changing the Manning rough-

ness varies with the location within the catchment, and in-
fluences which processes (fluvial or hillslope) most strongly
impact slopes and erosion rates. In the upper part of catch-
ments, where contributing areas (and discharge) are low, this
increase in Manning roughness causes many areas to be be-
low threshold conditions; therefore, fluvial erosion is less ef-
ficient, and hillslope diffusion increases in importance and
reduces slopes. In the lower part of catchments, where con-
tributing area and discharge are higher, changes in the Man-
ning roughness are not large enough to impact fluvial erosion
because these areas remain at, or above, threshold conditions
for erosion. With time, the lower regions of the catchments
that are at or above threshold conditions propagate a wave of
erosion up to the higher regions that are below threshold con-
ditions. This propagating wave of erosion eventually leads to
an increase in slope angles, which is essential due to the re-
sponse time of the fluvial network to adjust to the new Man-
ning roughness conditions.

In contrast, a positive step change in mean annual pre-
cipitation leads to an initial increase in fluvial shear stress,
which initially causes headward incision of river channels
and leads to a wave of erosion that propagates upstream and
increases channel slope values (Fig. 8b, see also e.g., Bonnet
and Crave, 2003). The increase in channel slopes leads to an
increase in the hillslope diffusive flux adjacent to the chan-
nels that then propagates upslope. Eventually, this increase
in the hillslope flux leads to a decrease in hillslope angles,
and an overall reduction in mean catchment slopes after the
systems reaches equilibrium.

Negative step changes in vegetation cover or precipita-
tion (Fig. 8e, green curves) show the opposite behavior
to the previous positive step change description. A nega-
tive step change in vegetation cover leads to an initial in-
crease of fluvial erosion throughout the catchment, as the
Manning roughness decreases everywhere. This catchment-
wide decrease in Manning roughness leads to fluvial inci-
sion throughout the catchment and an increase in mean slope.
However, eventually hillslope processes catch up with in-
creased slopes near the channels, and with time an overall
reduction of slope occurs. Negative changes in precipitation
(Fig. 8e, blue curves) lead to an initial decrease in fluvial ero-
sion, thereby leading to an increase in the significance of hill-
slope processes such that slope angles between channels and
ridges decrease as hillslope processes fill in channels. With
time, the fluvial network equilibrates to lower precipitation
conditions by increasing slopes to maintain equilibrium be-
tween erosion and rock uplift rates.

Thus, the contrasting behavior of either initially increasing
or decreasing slopes and erosion rates, followed by a change
in the opposite direction of this initial change, highlight a
complicated vegetation–climate induced response to changes
in either parameter. This nonlinear behavior, and the millen-
nial timescales over which these changes occur, suggest that
modern systems that have experienced past changes in cli-
mate and vegetation will likely be in a state of transience;
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therefore, the concept of a dynamic equilibrium in hillslope
angles and erosion rates may be difficult to achieve in these
natural systems.

Previous studies have inferred relationships between mean
catchment erosion rates derived from cosmogenic radionu-
clides and topographic metrics (e.g., DiBiase et al., 2010;
DiBiase and Whipple, 2011). However, the previous discus-
sion of how topographic metrics change in response to vari-
able precipitation and vegetation suggests that empirical re-
lationships between erosion rates and topographic metrics
contain a signal of climate and vegetation cover in the catch-
ment. We illustrate the effect of step changes in climate and
vegetation on the new steady state of topographic metrics in
Fig. 14. In this example, the new steady-state conditions in
basin relief and mean slope after a modest (±10 %) change
in vegetation or precipitation (triangles) differ from the ini-
tial steady-state condition (circles). These changes in topo-
graphic metrics when the new steady state is achieved occur
despite the rock uplift rate remaining constant.

5.3 Interpretation of oscillation experiments

The results from the 100 kyr oscillating vegetation and pre-
cipitation conditions show that oscillating vegetation cover
without the corresponding oscillations in precipitation leads
to adjustments of topographic features, which results in
a new dynamic equilibrium after approximately 1.5 Ma
(Figs. 10, 11). The previously described response of topo-
graphic metrics and erosion rates to oscillating vegetation
(see results section) are due to processes described in the pre-
vious step change experiments. For example, the asymmetric
oscillations in topographic metrics for V = 10 % (Fig. 10)
are due to the superposition of the positive, and subsequent
negative, changes described in Sect. 5.2. Variations in the
imposed Manning roughness, and the relative strengths of
fluvial vs. hillslope processes in different parts of the catch-
ments at different times cause the topographic metrics and
erosion rates to have variable amplitudes and shapes of re-
sponse due to the symmetric oscillations imposed on the to-
pography (Fig. 4a).

Simulations with oscillating precipitation and constant
vegetation cover show a less pronounced shift to new equilib-
rium conditions and lower amplitudes of oscillation in both
topographic metrics and erosion (Figs. 12, 13). This differ-
ence in the response of the topographic metrics and erosion
rates shown in Figs. 12 and 13, compared to the oscillat-
ing vegetation cover experiments (Figs. 10, 11), is due to the
higher impact of changes in vegetation cover on parameters
that guide erosion rates and the related adjustment to topo-
graphic metrics compared to the corresponding changes in
precipitation in our model domains (Fig. 5). Especially for
simulations with low initial vegetation cover, the effect of
changing vegetation has a larger magnitude of effects due to
the nonlinear response of diffusivity and fluvial erodibility to
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Figure 14. Shifts in the mean basin slope–mean basin relief rela-
tionship for simulations with positive and negative step changes in
either vegetation cover (green triangles) or mean annual precipita-
tion (blue triangles). Black dots represent initial steady-state con-
ditions prior to any imposed transient in vegetation cover or mean
annual precipitation. Note that the sensitivity of topographic relief
to perturbations in precipitation or vegetation cover is highest for
low vegetation cover (10 %) settings.

changes in vegetation cover compared to the linear response
to changes in precipitation.

5.4 Coupled oscillations in both vegetation and
precipitation

The previous sections present a sensitivity analysis of how
step changes or oscillations in either vegetation cover or pre-
cipitation influence topography. Here we present a step-wise
increase towards reality by investigating the topographic re-
sponse to changes in both precipitation and climate at the
same time. The amplitude of change prescribed for both pre-
cipitation and vegetation is based upon the present empirical
relationship observed in the Chilean study areas for initial
vegetation covers of 10 and 70 %, and mean annual precipi-
tations of 10 and 360 mm yr−1 (Fig. 5). As with the previous
experiments, oscillations in parameters were imposed upon
steady-state topography that was developed with the previ-
ous values, and a rock uplift rate of 0.2 mm yr−1.

Figure 15 shows the evolution of topographic metrics
for simulations with combined oscillations in precipitation
and vegetation. The variation in topographic metrics resem-
bles those described for simulations with constant vegetation
cover and oscillating climate by showing little to no signif-
icant adjustment towards new dynamic steady-state condi-
tions. The amplitudes of oscillation are dampened from those
of previous results because of the opposing effects of changes
in precipitation and vegetation cover (e.g., compare blue and
green curves in Figs. 8 and 9).

However, inspection of the predicted erosion rates
(Fig. 16) for the combined oscillations indicates a signif-
icant (∼ 0.1 – ∼ 0.15 mm yr−1), and highly nonlinear, re-
sponse. The response between the 70 % and 10 % vegetation
cover scenarios are very different. For heavily vegetated ar-
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Figure 15. Evolution of topographic metrics for coupled simula-
tions where both changes in surface vegetation cover and a corre-
sponding change in mean annual precipitation (Fig. 5) are simul-
taneously imposed. The amplitudes and frequency of the forcings
that were imposed on the simulations are the same as those used
for the simulations with isolated transient forcings. Panels (a), (b),
and (c) show the evolution of the mean basin relief, the mean basin
slope, and the mean basin channel steepness (Ksn) after the start of
the oscillation at 5 Ma. Note the muted/damped response relative to
previous simulations of oscillating vegetation cover or precipitation
conditions.

eas (P (V = 70%)) erosion rates typically increase during an
oscillation, whereas for the low vegetation cover conditions
(P (V = 10%)) erosion rates initially show a decrease and
then increase and decrease at a higher frequency.

To better understand this contrast in the response to com-
bined precipitation and vegetation changes, the first 100 kyr
cycle is shown in Fig. 17. After an oscillation starts, the 10 %
initial vegetation cover simulations show a decline in erosion
rates with the minimum erosion rate correlated with the high-
est values of both vegetation cover and mean annual precip-
itation (compare top and bottom panels). This part of the re-
sponse is interpreted as resulting from the hindering effect of
increased vegetation on erosion rates outweighing the impact
of higher precipitation on erosion rates because vegetation
decreases the effectiveness of erosion and transport of sur-
face material (Fig. 17). After values of vegetation cover and
precipitation start to decline, erosion rates show a very rapid
increase to values of∼ 0.3 mm yr−1. This increase in erosion
rates is due to an increase in bothKv andKd (Fig. 3b, Eqs. 4,
5), which outcompetes the effect of precipitation decrease.

Following this, a sudden drop in erosion rates occurs (to
0 mm yr−1) and lasts for 3 kyr due to the onset of hyper-arid
conditions at minimum precipitation. After this low in ero-
sion rates, they once again increase (to 0.3 mm yr−1) as pre-
cipitation and vegetation cover increase, while the effect of
increased precipitation outweighs the effect of the nonlinear
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Figure 16. Mean catchment erosion rates for coupled simulations
with changes in surface vegetation cover and mean annual precip-
itation. The first cycle in the time series is expanded in Fig. 17.
The variable amplitude and nonlinear response shown here is due
to the combined nonlinear forcings in precipitation (Figs. 4, 5) and
rock erodibility and diffusivity (Fig. 6) for different initial vegeta-
tion cover amounts.
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Figure 17. Mean catchment erosion rates for coupled simulations
for one period of oscillation after the start of transient conditions
(see also Fig. 15). Panel (a) shows conceptualized transient forcing
in vegetation cover and mean annual precipitation. Panel (b) shows
the erosion rates for simulations with low (black line) and high (dot-
ted line) initial vegetation cover and precipitation values.

decrease in Kv and Kd (Fig. 3b, c; Eqs. 4, 5). Finally, at the
end of this complex cycle a decrease in erosion rates occurs
(Fig. 17b), while vegetation and precipitation are increas-
ing (upper panel) because the effect of vegetation increases
Kv/Kd and outweighs the effect of increasing precipitation.

Lastly, a clearly different erosion rate behavior occurs for
settings with higher vegetation cover (e.g., P (V = 70 %),
Fig. 17) compared to the previous lower vegetation cover
scenarios. As the vegetation cover and precipitation increase
(Fig. 17a) in the first half of the 100 kyr cycle, the erosion
rates increase (to 0.35 mm yr−1). This is due to the increase
in precipitation, which outcompetes the decline in vegeta-
tion influenced erosivity/diffusivity parameters, Kd and Kv.
Following this, when vegetation cover and precipitation de-
crease in the second half of the cycle, little to no change oc-
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Figure 18. Conceptual figure showing the topographic response from simulations with coupled oscillation of mean annual precipitation and
vegetation cover (see Fig. 17 for erosion rates). Panel (a) illustrates transient forcings, panels (b) and (c) show the initial topography (yellow)
and the resulting transient topography (pink). Changes in topography are not to scale. Vegetation and rainfall amounts are shown qualitatively
on the hillslopes.

curs in the erosion rates. This near static behavior in erosion
rates while precipitation and vegetation cover decrease is due
to an equilibrium between the negative effect on erosion rates
for decreasing precipitation and the positive effect on erosion
rates for decreasing vegetation cover.

In summary, the nonlinear shape of the vegetation depen-
dent erosivity (Kv) and hillslope diffusivity (Kd) in combi-
nation with the linear effects of mean annual precipitation
on erosion rates, exert a primary control on the direction
and magnitude of change in catchment average erosion rates.
Despite the simple oscillating behavior in precipitation and
vegetation cover, a complex and nonlinear response in ero-
sion rates occurs. In Fig. 18 we depicted the conceptual end-
members of landscape behavior for the different scenarios
of increasing or decreasing vegetation cover and mean an-
nual precipitation for different initial landscapes. The impli-
cations of this are large for observational studies of catch-
ment average erosion rates and suggest that the direction and
magnitude of the response observed in a setting is highly de-
pendent on the mean vegetation and precipitation conditions
of the catchment, as well as when the observations are made
within the cycle of varying vegetation and precipitation. Fur-
thermore, these results highlight the need for future model-
ing studies (and motivation for our ongoing work) to investi-
gate the response of catchment topography and erosion rates

to more realistic climate and vegetation change scenarios. A
broader range of initial vegetation covers and precipitation
rates than those explored here would also be beneficial, such
that the threshold in behavior between the two curves shown
in Fig. 17b can be understood.

5.5 Potential observational approaches to test model
predictions

The behavior discussed in the previous section matches field
data reported by Owen et al. (2010) who analyzed soil pro-
duction rates from bedrock in different climate regimes. This
data, under the assumption of steady-state soil thickness, can
be translated into denudation rates. The data show that for
low values of mean annual precipitation, soil production rates
vary between 0 and 2 m Ma−1 due to the abiotic processes
controlling soil production rates. These observations resem-
ble the effect of our simulations with a 10 % initial vegeta-
tion cover, which shows the same variations in erosion rates
with intervals of a zero erosion rate for hyper-arid conditions
(Fig. 17). Areas with higher values of mean annual precipi-
tation show higher values for the soil production rate. These
data points were not corrected for different uplift rates in the
sample areas, so it is not possible to isolate the effect of veg-
etation/precipitation and tectonic uplift. In general, the ob-
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servations show no clear isolated trend but more of a cluster
of soil production rates among a common mean, situated in a
zone controlled by biotic conditions. Compared to our model
data for simulations with 70 % initial vegetation cover, this
resembles the nonintuitive behavior of an increase in erosion
rate for increasing values of vegetation cover and precipita-
tion compared to a constant erosion rate for decreasing values
of vegetation cover and precipitation.

Schaller et al. (2018) and Oeser et al. (2018) present mil-
lennial timescale (cosmogenic radionuclide derived) hills-
lope denudation, and soil production, rates from the Chilean
(EarthShape) study areas (Fig. 1a) considered in this paper.
They find the lowest hillslope denudation rates in the arid and
poorly vegetated north. Moving south towards higher precip-
itation and vegetation cover the denudation rates increase un-
til the southernmost location, with highest rainfall and veg-
etation cover, where denudation rates decrease again. This
nonlinear relationship of hillslope denudation rates with veg-
etation cover and precipitation is not directly comparable to
the results presented here, but is consistent with (a) the notion
emphasized here that interactions between precipitation and
vegetation cover on denudation are nonlinear, and (b) that the
study areas considered here, although tectonically quiescent
for tens of millions of years, have varying denudation rates
that suggest either variable rock uplift rates, and/or a persis-
tent state of transience in hillslope denudation induced by
millennial timescale oscillations in climate and vegetation.

Beyond the previous studies, limited observations are
available for comparison to the predictions shown here. The
millennial to million-year timescales investigated here can
best be evaluated from observations of catchment-wide de-
nudation over similar timescales. Cosmogenic radionuclide
measurements from modern river sediments offer one means
to evaluate these results. Work by Acosta et al. (2015) in
east Africa and Olen et al. (2016) in the Himalayas, are also
consistent with the results presented here for the range of
vegetation cover available in each of these areas. However,
the integration timescales that these studies are sensitive to
are shorter than what is presented here and prohibit a de-
tailed comparison. A final approach that future studies could
pursue is to calculate paleo-denudation rates for catchments
from a time series of sediment deposits preserved in either
lakes (e.g., Marshall et al., 2015) or fluvial river terraces (e.g.,
Schaller and Ehlers, 2006; Schaller et al., 2016). However, to
be most effective, these studies need to target multiple study
areas with terrace or lake deposits that span a range of vege-
tation covers in the upstream catchments.

5.6 Model restrictions and caveats

Similar to previous work on this topic (Collins et al., 2004;
Istanbulluoglu and Bras, 2005), the model setup used in
this study was simplified to document how different vegeta-
tion and climate related factors impact topography over long
(geologically relevant) timescales. We acknowledge that fu-

ture model studies should address some of the restrictions
imposed by our approach to evaluate their significance for
the results presented here. Future work should consider a
transport-limited fluvial model or a fully coupled alluvial
sedimentation and transport model. These additions could
bring new understanding regarding how vegetation not only
influences detachment limited systems, but also influences
sedimentation and entrainment of material. However, this
added level of complexity could limit (due to computational
concerns) the temporal scales over which an investigation
like this could be conducted. Future studies could improve
upon this work by considering a more in-depth parameteri-
zation of how vegetation related processes (e.g., changes in
root depth and density, plant functional type) influence topo-
graphic metrics and erosion rates. Also, although supported
by various publications (Dunne et al., 1995, 2010), the as-
sumption of a nonlinear response of the effectiveness of dif-
fusional and fluvial processes to increases in vegetation cover
has a major impact on the results of this study. A better field-
based understanding of these processes, and the relationships
involved, could improve the accuracy of model studies like
this.

Furthermore, due to the long timescales considered here,
mean annual precipitation rather than a stochastic distribu-
tion of precipitation was implemented. Future work should
evaluate how stochastic distributions in precipitation and ex-
treme events in arid, poorly vegetated settings, impact these
results. However, the long timescale forcings in precipita-
tion and vegetation imposed in this study will likely per-
sist as the background template upon which high-frequency
changes are active.

Regarding the vegetation and water budget, a more sophis-
ticated model of evapotranspiration and infiltration as a func-
tion of surface plant cover and plant functional traits, such as
rooting depth, would improve model predictions and is a pri-
ority for our future work. Improvements will come from the
planned coupling of the surface process model with the dy-
namic vegetation model LPJ-GUESS (Werner et al., 2018;
Smith et al., 2014).

Our assumption that an increase in surface vegetation
cover directly translates to an increase in Manning roughness
is an additional simplification. The real value of the Manning
roughness of a surface will be a function of the fractional
densities of different plant communities per model patch.
However, we argue that this simplification is necessary be-
cause it is not possible to know the composition of the plant
community for specific areas at our modeled timescales. This
could be resolved by fully coupling a landscape evolution
model to a dynamic vegetation model to resolve inter-patch
differences of surface vegetation cover and intra-patch plant
functional types.

We also acknowledge that the transient forcings we have
chosen for driving our model are simplistic and could be im-
proved by a higher-fidelity time series of climate over the
last millennia. We choose a 100 kyr, eccentricity driven, pe-
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riodicity because it is widely recognized that the eccentricity
cycles have been a main control driving Earth’s glacial cy-
cle over the last 0.9 Ma. While this approach is reasonable
for a sensitivity analysis such as the one we have conducted,
it prohibits a detailed comparison to observations in specific
study areas without additional refinement. Our results sug-
gest that a shorter periodicity, which would resemble other
periodicities in the Milankovitch cycle (e.g., 41, 23 kyr) or
shorter timescale climate variations such as Heinrich events
(see Huntley et al., 2013), would lead to smaller magni-
tudes of adjustment to new dynamic equilibria, because of
short time spans in highly erosive or only slightly erosive cli-
mate conditions within one period. Regarding the long time-
periods considered, we chose to have a steady-state climate
driver in the model without frequency driven modulation of
rainfall events. We argue that over large timescales the oc-
currence of these events can be integrated into a meaningful
mean value but acknowledge that the incorporation of those
events could alter the results on a short cycle basis. However,
because there is no meaningful way to test these frequency
distributions against past climates, this would add additional
unknowns and assumptions into our model parameterization.

Finally, we emphasize that a subset of our results, which
resemble small magnitude changes of topographic relief
(e.g., factor of change 1.01, Sect. 4.3.1, 4.3.2), are valid
results for the predicted synthetic landscapes in our model
framework and not a numerical artefact. However, we ac-
knowledge that these predicted changes are too small to be
measured in a real-world setting.

6 Conclusions

The results from our experiments show that the interaction of
vegetation cover and mean annual precipitation on the evo-
lution of landscapes is a complex system with competing ef-
fects. The main conclusions that emerge from this study are
as follows:

i. Vegetation cover has a hindering effect on hillslope and
fluvial erosion, but the magnitude at which changes in
vegetation cover affect these processes is a function of
the initial state of the system. Changes in systems with
higher initial values of vegetation cover have a less pro-
nounced effect than changes in systems with lower ini-
tial vegetation cover.

ii. The relationship between precipitation and surface veg-
etation cover in the Chilean Coastal Cordilleras, shows
a distinct shape: for a 10 % increase in surface vegeta-
tion cover, the corresponding increase in the mean an-
nual precipitation is smaller in areas of lower vegeta-
tion cover and increases for areas with higher vegeta-
tion cover. This has an effect on transient topographies
by shifting the equilibrium of vegetation and precipita-
tion effects on erosion rates.

iii. Following our step-change simulations, model results
show different behaviors for changes in vegetation
cover and mean annual precipitation. While increases
in mean annual precipitation have an increasing effect
on erosion rates and a related long-term negative effect
on topographic metrics, an increase in vegetation cover
hinders erosion and leads to higher topographic metrics.
The magnitude of these changes is again dependent on
the initial vegetation cover and precipitation before the
step change.

iv. Simulations with either oscillating vegetation cover or
oscillating precipitation show adjustments to new dy-
namic mean values around which the basin metrics os-
cillate. The magnitude of the adjustment is highly sen-
sitive to initial vegetation cover, where simulations with
10 % initial cover show higher magnitudes than simula-
tions with 70 % cover, for oscillating vegetation. Oscil-
lating precipitation leads to lower/no adjustments and
an oscillation of basin metrics around the initial mean
values with generally lower amplitudes compared to
simulations with oscillating vegetation cover.

v. Simulations with coupled oscillations of both vegeta-
tion cover and precipitation show only small magni-
tudes of adjustments in topography metrics to new dy-
namic equilibrium, similar to simulations with a oscilla-
tion in only precipitation. However, corresponding ero-
sion rates show a complex pattern of rapid increases and
decreases, which results from an interplay of competing
effects such as the hindering of erosion by vegetation
and the aiding of erosion by precipitation.

Interpreted together, the above findings from this study
highlight a highly variable behavior regarding how variations
in vegetation cover impact erosion and topographic proper-
ties. The complexity of how vegetation cover and precipi-
tation changes influence topography demonstrates the need
for future work to consider both of these factors in tandem,
rather than singling either parameter out (vegetation cover or
precipitation), in order to understand potential transients in
topography.
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3.2.1 Declaration of contributions to joint publication
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Abstract

We utilized a novel coupled numerical modelling approach between a dynamic vegetation
model (LPJ-GUESS) and landscape evolution model (Landlab), both driven by pale-
oclimate climates since the Last Glacial Maximum (LGM) to Present Day (PD) . We
present results for mean catchment erosion rates, for four study areas in the Chilean
Coastal Cordilleras as a function of changing precipitation and grass, shrub, and tree
cover. Three sets of simulations are presented to evaluate the sensitivity of erosion rates
to changes in precipitation and vegetation cover. These simulations include: (1) LPJ-
GUESS derived transient LGM-PD variations in catchment vegetation cover with con-
stant LGM-level values of precipitation. 2. Constant LPJ-GUESS derived LGM-levels
of vegetation cover with transient LGM-PD variations in precipitation. 3. Fully coupled
simulations with fully transient variations in vegetation cover and precipitation for the
LGM-PD time series. We present mean catchment erosion rates per timestep for all sim-
ulations and erosion rates for specific topographic conditions for fully coupled simulation.
Results indicate that precipitation, and vegetation cover and composition, changes from
LGM to PD lead to a high variability in erosion rates primarily for the very arid and very
humid study areas, but with no long-term significant adjustment of mean erosion rates
from steady-state rock uplift rates. Areas that are situated in semi-arid to mediterranean
climatic conditions show more minor short-term variability but a more pronounced de-
crease in mean erosion rates compared to rock uplift rates. Changes of erosion rates due
to vegetation change are due to shifts in the intra area vegetation composition and the
controlling vegetation type is identified for each study area. This study demonstrates that
there exists a difference in sensitivity of individual study areas to changes in precipitation
and vegetation and that changes in vegetation composition (e.g. from grasses to shrubs or
trees) can cause significant adjustments of erosion rates without large, associated changes
in total vegetation cover.
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1 Introduction

Climatic change from the last glacial maximum (LGM) at 21 ka before present (BP)
to present day conditions (PD) introduces a high transient factor in catchment wide
erosion rate, due to changes in precipitation, temperature, radiation and atmospheric
CO2 concentrations [Kirchner et al., 2001, Schaller et al., 2002, Mutz et al., 2018]

These climatic changes influence topographic evolution either directly, by increasing
river runoff and thus capacity for erosion and transportation of sediment [Hooke, 1979,
Mohamadi and Kavian, 2015] or indirectly through various feedback loops, e.g an increase
in mean annual precipitation/temperature increases the mean vegetation cover within a
drainage area and therefore decreases the erosional capacity of surface processes [Kosmas
et al., 1997].

This highly non-linear system of competing processes has been shown to have complex
effects on topographic evolution and the transient reactions to climatic changes [Collins
and Bras, 2004, Schmid et al., 2018]. The effect of changes in precipitation and vegeta-
tion cover on landscape evolution and the sensitivity of catchments to changes in these
parameters is a field of active research since the inherent coupled nature of these systems
makes it troublesome to attribute transient effects to specific changes in either climatic
conditions or biotic conditions.

It is a challenge in modern geomorphology to decompose the signal that these ecologic
and climatic drivers of topographic change exert on landscapes and the evolution of
catchment-wide erosion rates. Previous work on this subject laid the foundation for a
numerical quantification of the effect of vegetation cover on erosion rates as well as a better
understanding of the changes in plant functional type composition within catchments,
based on climatic changes.

For example Molina et al. [2007] measured a distinct hillslope runoff response which
is dependent on the vegetation cover in the landscape, where lower values of vegetation
cover lead to a rapid, hortonian-like runoff generation while higher vegetation covers lead
to lower and more steady runoff. Bautista et al. [2007] and Mohammad and Adam [2010],
found that the surface runoff generated on a hillslope is a function not only of vegetation
cover, but also of plant functional type distribution, because of a shift in unvegetated
areas between plant patches which modulate the effectiveness of rain interception and
root infiltration. Dunjó et al. [2004] showed that there is not only a difference in runoff
generation for different plant types but also for associated sediment yield. Vanacker et al.
[2007] analyzed catchment average denudation rates in mountainous environments and
found that vegetation cover exerts a first-order control on the erosion-rates in tropical
mountain areas and that areas with a high natural vegetation cover tend to show mean
erosion rates that are near to the natural benchmark. Yetemen et al. [2015a] showed in
numerical model experiments, that the changes in plant density between north and south
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oriented slopes at the catchment level can lead to strong hillslope asymmetry driven by
differences in erosional efficiency for hillslopes with heterogenous values of vegetation
cover.

Missing from previous studies in this field is the feedback between climatic changes,
associated changes in plant distribution and effects on erosion rates on different topo-
graphic positions within a catchment. For example while multiple model studies [Collins
and Bras, 2004, Yetemen et al., 2015a, Schmid et al., 2018] incorporate a simple cumula-
tive total vegetation cover metric in respect to the modulation of surface processes, they
lack the incorporation of the effects of shifts in plant functional type composition within
a grid cell or use simple ecohydraulic growth equations [Collins and Bras, 2010] which
underrepresented the complexity of the system. Also missing from previous modelling
studies is the use of realistic climatic input over larger timescales. Collins and Bras [2010]
and Yetemen et al. [2015b] used a Poisson rectangular pulse rainfall model, developed
by Eagleson [1978] to simulate rainfall dynamics over a time series. While this a very
valuable approach to analyze the effect of coupled rainfall/vegetation dynamics on land-
scapes for storm/inter-storm periods, its missing the information of realistic climatic and
biotic dynamics over a climate gradient. This study expands previous work by a showing
the results of a new fully coupled model framework which combines the process based
dynamic vegetation model “LPJ-GUESS” [Smith et al., 2001] and the landscape evolution
model “Landlab” [Hobley et al., 2017].

We incorporate a full-cycle-feedback between erosional processes and associated to-
pographic metrics (elevation, slope, aspect, soil depth) and inter-area plant functional
type distribution and percentage cover. Feedback between plant cover and surface pro-
cesses where calculated from LGM to PD, driven by a fully-transient climatic time series
(TraCE-21ka) and calculated on a 100yr timestep for 4 different study areas in different
climatic conditions in the Chilean Coastal Cordillera (Fig. 1).

We show that there is a shift in importance of different phenological plant types which
are able to dampen the increase in erosion rates by increases in MAP going from North to
South and that only in the southermost area of Nahuelbuta, the erosion rates are mainly
controlled by vegetation changes, while other areas still show precipitation dominated
transient erosion rates.
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Figure 1: Map of central Chile. Black dots represent location of Earthshape Study Areas.
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2 Methods

The four Earthshape study areas are located in the Chilean Coastal Cordillera (26 to
38◦S) and show a distinct N-S trend of increasing mean annual precipitation (MAP) and
decreasing mean annual temperature (MAT). We assume that the areas do not show
significant differences in tectonic history and anthropogenic overprint of topographies,
so that the topographic signal within and between the areas are a function of only the
differences in climatic setting and resulting changes in biota [Maksaev and Zentilli, 2000,
Avdievitch et al., 2018, Schmid et al., 2018]. The study areas consist of (from north to
south): Pan de Azucar, Santa Gracia Natural Reserve, La Campana National Park and
Nahuelbuta National Park. The main input for the coupled model regarding these study
areas is the TraCE-21ka climatic dataseries from the last glacial maximum to present,
the weathering rates and the topographic base elevation to constrain elevation dependent
temperature distributions (see section 2.1).

2.1 General Model Input

The main input drivers for the coupled model framework between Landlab and LPJ-
GUESS are the MAP, MAT and incoming solar radiation (Fig. 2). These were downscaled
and bias-corrected from TraCE-21ka data [Liu et al., 2009] for half-degree grid cells
containing the individual study areas using a monthly climatology from the ERA-Interim
reanalysis dataset [Dee et al., 2011]. While the MAT and radiation data is only used
within LPJ-GUESS to calculate plant functional type (PFT) distribution within the
model domain, MAP-values are also used in LandLab to calculate river discharge. Soil
production rates for the focus areas were constrained by using Be 10 - derived denudation
rates [Schaller et al., 2018] in soil pits within the areas. These point measurements of
denudation rates where transformed to maximum soil production rates for each focus area
using a global soil production rate compilation [Stockmann et al., 2014]. Atmospheric
CO2 concentration was derived from Monnin [2001] and Meinshausen et al. [2017] and is
assumed to be equal for all four study areas.

2.2 Despriction of LPJ-GUESS Vegetation Model

LPJ-GUESS (Lund-Potsdam-Jena General Ecosystem Simulator) [Smith et al., 2001,0] is
a state-of-the art dynamic vegetation model which has been tested in numerous studies to
achieve realistic results for the modelling of vegetation structure, vegetation type distribu-
tion and nutrient cycling (for a comprehensive list of papers see http://iis4.nateko.lu.se/lpj-
guess/ last access: 03 June, 2019). LPJ-GUESS simulates the vegetation type compo-
sition of a landscape as a function of the competition of growing plant functional types
(PFT’s, see Bonan et al. [2002]) for space, nutrients, light and water. Stochastic effects

6

3.2 LGM - PD climatic differences control catchment erosion rates 87



1000 6700 13200 19000 21500

200

300

CO
2 

[p
pm

] All Areas

10000 80000 160000 230000 260000
0

500
1000
1500

M
AP

 [m
m

]
Azucar

MAP

10000 80000 160000 230000 260000
0

500
1000
1500

M
AP

 [m
m

]

Santa Gracia

10000 80000 160000 230000 260000
0

500
1000
1500

M
AP

 [m
m

]

La Campana

21ka BP 16ka BP 8ka BP 2ka BP PD0
500

1000
1500

M
AP

 [m
m

]

Nahuelbuta

5

10

15

20

M
AT

 [°
C]

MAT

5

10

15

20

M
AT

 [°
C]

5

10

15

20

M
AT

 [°
C]

5

10

15

20

M
AT

 [°
C]

Figure 2: Climatic input drivers for coupled simulations between LPJ-GUESS and Landlab.
Red and blue lines represent MAT/MAP values over 100yr running mean for 21ka TraCE dataset.
CO2 data (top panel) is assumed to not change between focus areas.

like tree-throw, wildfire and patch disturbance are incorporated by patch replication and
allow the simulation of vegetation successions and disturbances [Hickler et al., 2004].
The model has recently been extended to account for sub-pixel resolution effects of to-
pographic variations within the larger scale simulation cells and adapted to the major
vegetation compositions of Chile [Werner et al., 2018]. In this paper we use the model and
simulation setup as described by Werner et al. [2018] and refer the reader to this paper
for a detailed description of the configuration. Within the coupled model framework, the
main output parameter of LPJ-GUESS is the leaf area index (LAI) on PFT level which is
categorized in three main phenological classes, representive of geomorphic valuable plant
types (“Trees”, “Shrubs”, “Grass”). For further information about the coupling algorithm,
we refer the reader to section 2.4.

2.3 Vegetation Cover implementation in Geomorphic Laws

Topographic change within the model domain is constrained by three governing principles:
1. erosion and transport of material due to overland waterflow, 2. transport of material
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due to hillslope erosion, 3. weathering of material from bedrock to sediment. Elevation
changes at each node in the model domain over time are therefore a function of:

δz(x, y)

δt
= U − δz

δthillslope
− δz

δtfluvial
(1)

where z is the topographic elevation per node; x,y are the lateral coordinates within
the model domain; t is the model runtime; U is the tectonic uplift rate; δz

δthillslope
is the

change in elevation due to transport of soils by diffusive processes and δz
δtfluvial

is the
change in elevation due to fluvial processes [Tucker et al., 2001]

Vegetation influence on diffusive hillslope transport

Building up on Schmid et al. [2018] we use the approach laid out by Alberts et al. [1995],
Dunne et al. [1995], Istanbulluoglu and Bras [2005], Dunne et al. [2010] and incorporate it
in a depth-dependent soil diffusion case, following Johnstone and Hilley [2015] as follows:

δz

δthillslope
= −∇qsq (2)

The flux of sediment (qsd) is characterized as a linear function of the hillslope diffu-
sivity (Kd), the surface slope (S) at each node, the sediment depth at each node (H) and
the characteristic sediment transport depth (H∗):

qsd = KdS(1− e
H
H∗ ) (3)

The hillslope diffusivity Kd is a function of cumulative vegetation cover in each cell (V),
a baseline diffusivity Kb and an exponential coefficient α

Vegetation influence on overland flow and fluvial erosion

For fluvial erosion by overland flow within our model domain we implemented the SPACE
model [Shobe et al., 2017] where the sediment entrainment rate E s is formulated as

Es = (KsQS
n − ωcs)(1− e−H/H

∗
) (4)

where Ks is the sediment erodibility parameter, Q is water discharge per unit channel
width, S is the channel slope, ωcs is the threshold stream power for sediment entrainment,
H is the sediment thickness at each cell and H∗ is the bedrock roughness length scale.

The bedrock erosion rate Er is formulated as

Er = (KsQS
n − ωcs)e−H/H

∗
) (5)
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Table 1: Parameters used for coupled simulations.

Parameter Unit Value
U mm/yr 0.1
Kb s/m1/3 0.01
α - 0.3
ns s/m1/3 0.01
nS s/m1/3 0.6
nG s/m1/3 0.3
nT s/m1/3 0.5
w - 1
m/n - 0.6/1
Kes m/yr(kgm−1s−2)−1 1e-7
Ker m/yr(kgm−1s−2)−1 1e-8

where Kr is the bedrock erodibility parameter for bedrock and ωcr is the threshold stream
power for bedrock detachment.

By implementing the approach of Istanbulluoglu et al. [2004], Istanbulluoglu and Bras
[2005], Schmid et al. [2018] we modify the values Ks and Kr accordingly:

Ks = Kesρwg(ns + nT + nS + nG)
6/10(ns/(ns + nT + nS + nG))

3/2 (6)

Kr = Kerρwg(ns + nT + nS + nG)
6/10(ns/(ns + nT + nS + nG))

3/2 (7)

where Kes and Ker are the baseline erodibility factors for sediment and bedrock, ρw is
the density of water, g is the acceleration of gravity, ns , nT , nS , nG are the manning’s
roughness coefficients for soil, trees, shrubs and grass (see Table 1).

Sediment production rates within areas

The maximum sediment production rates through weathering of bedrock within the areas
were implemented as a exponential weathering rate following Ahnert [1976] and [Amund-
son et al., 2015]

PR = PRmaxe
H/Hs∗ (8)

where PR is the sediment production rate at each node, PRmax is the maximum sediment
production rate for zero soil thickness, H is the sediment depth at each node and Hs∗ is
the characteristic weathering depth.

The maximum sediment production rate per area was constrained by using denudation
rates (Pr) from Schaller et al. [2018] which were measured in soil-pits within the study
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areas at the bedrock/saprolith interface (hd) and a global compilation of characteristic
rate constants (b) from Stockmann et al. [2014]:

PRmax = Pr/ehd/b (9)

2.4 Model coupling between LPJ-GUESS and Landlab

To numerically incorporate spatial intra-area differences in vegetation cover on surface
processes we implemented the concept of landforms in Landlab. We define 3 primary
factors of topographic metrics which are controlling the vegetation cover within a node:
1. Topographic elevation, 2. Slope position, 3. Aspect. We classify topographic elevation
in 100m steps and assert a continuous, positive integer value to each nodes, based on the
node elevation. For the slope position, we follow the approach of Weiss [2001] and Werner
et al. [2018] by classifying the node into four different categories (‘Hilltop’, ‘Mid Slope’,
‘Flat’ and ‘Valley’), based on their elevation and slope angle in respect to surrounding
nodes within a 300m classification window (Fig. 3).

The aspect for each node is classified with the underlying assumption that the top-
boundary for our model-domains represents north. This classification scheme results in a
landform ID for each node within our model domain, consisting of three different integers
which represent one distinct biome which can be represented in a separate LPJ-GUESS
simulation. The main input for the respective LPJ-GUESS model runs consists of the
landform-mean topographic slope, elevation, aspect and soil depth which are parsed to
the LPJ-GUESS model during runtime for each timestep.

The resulting LPJ-GUESS output, consisting of PFT composition per landform,
is then classified into three different phenological types (‘Trees’, ‘Shrubs’, ‘Grass) and
mapped to each node within the Landlab grid with the respective node landform ID.
Based on the vegetation type covers in each cell, Landlab calculates topographic changes
per grid-cell by hillslope diffusion and erosion through overland flow modulated by per-
centage vegetation cover (see chapter 2.3). The resulting landscape is again classified in
the respective landforms and this concludes one timestep of the fully-coupled transient
model (see Fig. 4).
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Figure 3: Example of landform classifier landlab component. Top panel shows a standart Land-
lab DEM grid (left side) and the resulting landform ID grid (right side). Bottom Panel depicts
classification scheme and four different examplatory classification results, based on elevation,
slope ID and aspect.
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Figure 4: Description of coupling algorithm between LPJ-GUESS and Landlab. Spin-up Period
is only executed once at the beginning of each run, main coupling loop is then repeated until
total model runtime is reached. Number of iterations therefore depends on total runtime T and
timestep dt.
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3 Results

We present the results of 3 different sets of simulations:

1. LGM to PD simulations for all 4 study areas with a constant value of MAP which
was derived from LGM conditions and a fully-transient time series of vegetation
cover changes derived from TraCE-21ka climate data within LPJ-GUESS as input
for Landlab.

2. LGM to PD simulations for all 4 study areas with constant values for individual
plant types derived from LGM conditions and TraCE-21ka precipitation data as
input for Landlab.

3. Fully coupled LGM to PD simulations with transient feedback between LPJ-GUESS
and Landlab, with complete TraCE-21ka dataset as climate driver and resulting
shifts in plant distribution within Landlab grid.

For each group of simulations we show MAP values from LGM to PD, resulting mean
plant cover densities within model domain and mean catchment-wide erosion rates. We
show additional data and analysis for the fully coupled simulation to separate the effects
of precipitation/temperature and plant types on erosion rates.

3.1 Constant LGM Precipitation in Landlab, Variable TraCE-

21ka Precipitation and resulting vegetation cover in LPJ-

GUESS

Mean catchment-wide erosion rates were calculated Earthshape study areas from LGM
to PD conditions with a timestep of 100 yrs. For this set of simulations we used the
TraCE-21ka climate data as input for LPJ-GUESS to derive a fully transient evolution of
vegetation cover for each timestep which were used as input for Landlab. Precipitation
was kept constant on LGM level over timespan of simulation. This was done to single
out the transient effect of LGM to PD changes in vegetation cover on erosion rates. Fig.
5 shows the MAP and vegetation cover data and the according mean catchment erosion
rates and the mean value for whole LGM-PD time series.

For northern area Pan de Azucar it shows a constant MAP value of 38mm, a mean
grass cover of 3.9%, with minimum of 2.8% at 19.4ka BP and maximum 4.9% at 3.1ka
BP, a mean shrub cover 5.4% with a minimum of 3.4% at 14.4 ka BP and a maximum of
7.9% 3.5 ka BP and a mean tree cover of 0.2% with maximum 0.5% at 15.7 ka BP and
minimum of 0.1% at 17.6 ka BP (Fig. 5(A)). Erosion rates range from a minimum of
0.08 mm/yr at 17 ka BP to a maximum of 0.12 mm/yr at 14.3 ka BP with a over-time
average of 0.09 mm/yr (Fig. 5(B)).
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Figure 5: Simulation results for model experiments with constant MAP values over timeseries
and transient LPJ-GUESS derived timeseries of vegetation change (left panel). Right side shows
resulting mean catchment-wide erosion rates and mean value over timeseries.

For Santa Gracia the data shows a MAP values of 150 mm, mean grass cover of 17%
with minimum/maximum values of 11% at PD conditions and 28% 20.9 ka BP, mean
shrub cover of 14% with minimum/maximum values of 3% at 19.8 ka BP and 27% at
0.2 ka BP and mean tree cover of 0.8% with minimum/maximum values of 0.3% at PD
conditions and 2.0% at 19.8ka BP (Fig. 5(C)). Erosion rates for this study area show
a time average of 0.09 mm/yr with minimum values of 0.09 mm/yr at 4.7 ka BP and
maximum values of 0.11 mm/yr at 14.2 ka BP (Fig. 5(D)).

La Campana study area shows MAP values of 455 mm, mean grass cover of 34% with
minimum/maximum values of 22% at 2.2 ka BP and 54% at 15.9 ka BP, mean shrub
cover of 18% with minimum/maximum values of 0.3% at 16.5 ka BP and 42% at 0.1 ka
BP, mean tree cover of 3.5% with minimum and maximum values of 1.3% at 10.7 ka BP
and 7.6% at 15.0 ka BP (Fig. 5(E)). Mean catchment erosion rates show mean values of
0.083 mm/yr, minimum values of 0.069 mm/yr at PD conditions and maximum values
of 0.103 mm/yr at at 19 ka BP (Fig. 5(F)).

Nahuelbuta study area shows MAP values of 1344 mm, mean grass cover of 20% with
minimum/maximum values of 4.9% at 21.1 ka BP and 32.3% at 7.5 ka BP, mean shrub
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cover of 3.2% with minimum/maximum values of 0.2% at 9.7 ka BP and 15.3% at 21.2 ka
BP, mean tree cover of 68.4% with minimum and maximum values of 53.4% at 5.8 ka BP
and 80.5% at 14.2 ka BP (Fig. 5(G)). Mean catchment erosion rates show mean values of
0.103 mm/yr with minimum values of 0.094 mm/yr at 10.6 ka BP and maximum values
of 0.129 mm/yr (Fig. 5(H)).

This shows a modulation of mean catchment erosion rates through LGM to PD
changes in transient vegetation cover leads to a shift of mean catchment erosion rates
from steady-state conditions mainly for La Campana focus area with a drop of mean ero-
sion rates by 17%, whereas for Azucar and Santa Gracia the negative shift of meanerosion
rates is only 2%. Nahuelbuta witnesses a vegetation-dynamics induced increase in mean
catchment erosion rates by 3%.

3.2 Constant LGM Vegetation and complete TraCE21ka MAP

values in Landlab

Fig. 6 shows results for LGM to PD simulations were Landlab input consists of constant
LGM level vegetation covers and a fully transient MAP timeseries for LGM to PD con-
ditions. These simulations were run as a means to separate the effect of transient LGM
to PD MAP data on catchment wide erosion rates. For Pan de Azucar, the data shows
mean values of tree, shrub, grass cover (Fig. 6(A)) of 0.3%, 4.6% and 2.9%. MAP time
series shows a mean of 38mm with minimum values of 29mm at 14.3ka BP and maxi-
mum values of 48mm 17.1ka BP. Resulting erosion rates (Fig. 6(B)) fluctuate between
a minimum of 0.067 mm/yr at 14 ka BP and maximum of 0.136 mm/yr at 17.0 ka BP
with a mean of 0.101 mm/y.

Santa Gracia study area shows values of vegetation cover (Fig. 6(C)) of trees, shrubs
and grass of 2.2%, 3.6% and 26.5% with MAP values of mean, min. and max. of 124mm,
98mm at 10.5 ka BP and 156mm at 20.9ka BP. The erosion rates (Fig. 6(D)) show a
new mean over LGM to PD time series of 0.085 mm/yr with a minimum value of 0.662
mm/yr at 13.7ka BP and a maximum value of 0.104 mm/yr at 20.8ka BP. From there on,
mean catchment erosion rates increase again to a value of 0.082 mm/yr at PD timeslice.

The La Campana simulation shows vegetation cover values of trees, shrubs and grass
of 5.3%, 7.4% and 25.7% LGM vegetation cover (Fig. 6(E)). MAP values start at 443mm
for LGM conditions, decline to PD conditions with time-series means, min. and max.
values of 373mm, 302mm at 10.7ka BP and 469mm at 20.9 ka BP. According erosion rates
(Fig. 6(F)) show mean values for LGM - PD time series of 0.092 mm/yr with maximum
of 0.102 mm/yr at 20.8 ka BP and maximum of 0.078 mm/yr at 13.9 ka BP.

Nahuelbuta model runs show vegetation covers (Fig. 6(G)) of 77.9% for tree PFTs,
9.59% for shrub PFTs and 5.0% for grass PFTs. MAP shows LGM value of 1302mm
and PD value of 1157 mm. Mean, min. und max. values are 1227 mm, 1083 mm at
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Figure 6: Simulation results for model experiments with constant LGM values for vegetation
cover and fully transient TraCE derived mean annual precipitation values (left panel). Right
side shows resulting timeseries of mean catchment erosion rates and mean value over LGM to
PD conditions.

12 ka PB and 1397 mm at 18.8 ka BP. Erosion rates for these simulations (Fig. 6(H))
show LGM values of 0.100 mm/yr and PD values of 0.091 mm/yr with maximum value
of 0.103 mm/yr at 18.7 ka BP and minimum value of 0.086 mm/yr at 13.6 ka BP and a
overall LGM to PD mean value of 0.095 mm/yr.

3.3 Fully coupled model with TraCE-21ka precipitation values

and TraCE-21ka derived LPJ-GUESS vegetation cover values

Fully coupled simulations for four focus areas with continuous updates between topo-
graphic metrics, determined in the Landlab landscape evolution model and associated
landform vegetation cover, determined in LPJ-GUESS dynamic vegetation model were
done to determine how coupled dynamics between climate change and changes in the
vegetation cover within catchments control the catchment-wide erosion rates. Fig. 7
shows the MAP time series from LGM to PD, related LPJ-GUESS derived vegetation
cover in the left panels and the according mean catchment erosion rate and mean values
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Figure 7: Simulation results for the fully-coupled model runs with continous feedback between
LPJ-GUESS and Landlab and fully transient timeseries for vegetation cover and precipitation
(left side). Right side shows resulting catchment-wide erosion rates and mean erosion rates over
LGM to PD timeseries.

for time series LGM to PD in the right panels. The MAP values are equal to the values
described in section 3.2 for the respective areas.

For Pan de Azucar simulation the coupled model predicts values for catchment-wide
LGM to PD mean vegetation cover (Fig 7(A)) for trees, shrubs and grass of 0.3%, 5.3%
and 3.9%. Maximum and minimum tree cover for the modeled time series were 0.5%
at 15.7ka BP and 0.2% at 17.6ka BP, for shrubs cover the model predicts maximum
and minimum values of 7.9% at 3.5ka BP and 3.4% at 14.4ka BP and for grass cover a
maximum value of 4.9% at 3.1ka BP and a minimum value of 2.9% at 14.4 ka BP. The
corresponding catchment-wide erosion rates (Fig 7(B)) show a LGM - PD mean value of
0.09 mm/yr with maximum values of 0.123mm/yr at 16.9ka BP and minimum values of
0.075 at 14.2ka BP.

Coupled simulation for Santa Gracia shows catchment-wide mean LGM - PD vegeta-
tion cover values (Fig 7(C)) for 0.8% tree vegetation, 13.6% shrub vegetation and 18.2%
grass vegetation with maximum and minimum values for trees of 2.0% at 19.8ka BP and
0.4% at 10.4ka BP, 27.6% at 0.2ka BP and 3.1% at 19.8ka BP for shrub vegetation and
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for grass vegetation cover a maximum of 28.4% at 20.8ka BP and 11.8% at 0.2ka BP.
Erosion rates (Fig 7(D)) show a maximum of 0.103 mm/yr at 20.8ka BP and a minimum
of 0.068 mm/yr at 13.6ka BP with a LGM - PD mean value of 0.083 mm/yr.

La Campana coupled simulations show mean vegetation cover values for catchment-
wide LGM-PD covers (Fig 7(E)) for trees, shrubs and grasses of 3.6%, 17.9% and 34.7%.
Maximum and minimum vegetation covers for tree vegetation are 7.7% at 15ka BP and
1.4% at 10.7ka BP. For shrub vegetation maximum and minimum covers are 41.2% at
0.2ka BP and 0.4% at 16.5 ka BP and grass vegetation reaches maximum of 54.9% ar
15.9ka BP and minimum of 22.1% at 2.2ka BP. Mean catchment erosion rates (Fig 7(F))
show a maximum at 0.100mm/yr at 19ka BP and minimum of 0.058ka BP with a LGM
to PD mean of 0.07mm/yr.

Simulations for Nahuelbuta study area predict mean vegetation covers (Fig 7(G)) for
trees, shrubs and grass vegetation covers of 68.2%, 3.3% and 20.0% with a maximum
tree cover of 80.7% at 14.2ka BP, minimum tree cover of 53.4% at 5.8ka BP, maximum
shrub cover of 15.3% at 21.2ka B, minimum shrub cover of 0.2% at 9.7ka BP, maximum
grass cover of 32.3% at 7.5ka BP and minimum grass cover of 4.9% at 21.1ka BP. Related
catchment-wide erosion rates (Fig 7(H)) show a maximum of 0.119mm/yr at 5.7ka BP
and minimum of 0.085mm/yr at 10.4ka BP which results in a LGM to PD mean of
0.100mm/yr.

These results show that for northernmost and southernmost areas Pan de Azucar and
Nahuelbuta, the predicted catchment-wide mean erosion from LGM to PD conditions
shows strong fluctuations within the modeled time series of up to 20% difference of
erosion rate from steady-state uplift rate but the mean value over time series does not
show large shifts from uplift rate of 0.1mm/yr. For areas Santa Gracia and La Campana
the catchment-wide mean erosion rates show lower short-term fluctuations but a large-
scale trend of declining erosion rates with lowest values between 13ka BP and 10ka BP
and a LGM-PD mean value which is 18% lower than uplift rate for Santa Gracia and
25% lower for La Campana. In the next subsections we show inter-area specific results
for different landform positions and the according correlation coefficients for each study
area.

3.3.1 Pan de Azucar

In Fig. 8 we show mean erosion rates from LGM to PD time series for fully coupled sim-
ulations and the imposed changes in vegetation cover for different topographic positions
within the Pan de Azucar model domain. The data shows distinct differences in how the
erosion rates at landform level reacts to changes in vegetation cover with highest varia-
tions of erosion rates for flat and valley positions. Hilltop positions show variations in
erosion rates between a maximum of 0.128 mm/yr and a minimum of 0.076 mm/yr with

17

3.2 LGM - PD climatic differences control catchment erosion rates 98



0.00

0.05

0.10

0.15

Er
os

io
n 

Ra
te

 [m
m

/y
r]

 Azucar - Hilltop

Erosion Rate

 Azucar - Hillslope

21ka 
 BP

16ka 
 BP

8ka 
 BP

2ka 
 BP

PD0.00

0.05

0.10

0.15

Er
os

io
n 

Ra
te

 [m
m

/y
r]

 Azucar - Flats

21ka 
 BP

16ka 
 BP

8ka 
 BP

2ka 
 BP

PD

 Azucar - Valleys
0

20

40

60

80

100

Trees
Shrubs
Grass

0

20

40

60

80

100

Ve
ge

ta
tio

n 
Co

ve
r [

%
]

0

20

40

60

80

100

0

20

40

60

80

100

Ve
ge

ta
tio

n 
Co

ve
r [

%
]

Figure 8: Vegetation cover values and erosion rates of Pan de Azucar simulation for the four
different topographic position indices within model-framework.

mean over time series of 0.099 mm/yr. Hillslope positions show maximum and minimum
erosion rates values of 0.125 mm/yr and 0.072 mm/yr with a LGM to PD mean of 0.100
mm/yr. Topographic flats show maximum erosion rates of 0.215 mm/yr and minimum
rates of 0.039 mm/yr with time series mean of 0.098 mm/yr. Valley positions show an
erosion rate maximum of 0.139 mm/yr, minimum of 0.058 mm/yr with time series mean
of 0.099 mm/yr. The coefficients of variation for cumulative vegetation cover and erosion
rates are 0.16 and 0.09 for on hilltop landforms, 0.14 and 0.08 on hillslope landforms, 0.2
and 0.26 on flat landforms and 0.17 and 0.15 for valley landforms so the higher variability
of erosion rates follows higher variability in vegetation cover for flat and valley landform
positions.

The correlation coefficients between erosion rates and selected parameters of our cou-
pled model, which are depicted in Fig. 8 show that erosion rates for arid Pan de Azucar
study area show highest positive correlation with MAP values (r = 0.8) while MAT shows
slight negative correlation (r = -0.3). The grass vegetation type is the only vegetation
class that shows a negative, albeit small, correlation with erosion rate (r = -0.2), while
shrub and tree vegetation class shows slight to medium positive correlation with erosion
rates (r = 0.1, r = 0.4).

Therefore, for Pan de Azucar simulation, the only vegetation type that is able to
dampen the positive effect that an increase of MAP has on catchment-wide erosion rates
is the grass type, while shrub and tree vegetation do not grow effective enough to have
an hindering effect on erosion rates by increase in vegetation cover.
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Figure 9: Pearson Correlation Coefficients for selected model parameters for Pan de Azucar
simulation.

3.3.2 Santa Gracia

Fig. 10 depicts the erosion rate and vegetation cover time series for different topographic
positions for Santa Gracia study area. Data shows a slightly higher variation of erosion
rates for flat and valley landforms than for hilltop and hillslope landforms. All four
topographic positions show a decline in erosion rate at ca. 12ka BP and then a slow
increase towards PD conditions.

Hilltop landforms show erosion rates with a time series mean from LGM to PD of 0.008
mm/yr with maximum of 0.101 mm/yr and minimum of 0.066 mm/yr. Hillslope positions
show maximum and minimum value of 0.103 mm/yr and 0.068 mm/yr and a LGM to PD
mean of 0.083 mm/yr. Flat landforms show maximum values of 0.104 mm/yr, minimum
values of 0.061 mm/yr and mean value over time series of 0.082 mm/yr. Maximum and
minimum erosion rates for valley landforms are 0.105 mm/yr and 0.062 mm/yr with time
series mean of 0.082 mm/yr. Coefficients of variation of vegetationn cover and erosion
rates are 0.10 and 0.11 for hilltop positions, 0.11 and 0.11 for hillslope positions, 0.09 and
0.11 for flat positions and 0.10 and 0.11 for valley positions.

This data suggests that the variability in erosion rates can be in a first-order ap-
proximation explained by a corresponding variability in vegetation cover within the focus
area. In Fig. 11 we show correlation coefficients between different selected parameters
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Figure 10: Vegetation cover values and erosion rates of Santa Gracia simulation for the four
different topographic position indices within model-framework.
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Figure 11: Pearson Correlation Coefficients for selected model parameters for Santa Gracia
simulation.

of the coupled model. MAP shows highest positive correlation with erosion rate (r =
0.9) whereas MAT has a strong negative correlation with erosion rate (r = -0.8). The
three different vegetation type classes show high positive correlation with erosion rates
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for grasses and trees (r = 0.8, r = 0.8) and a medium negative correlation for the shrub
vegetation type (r = -0.5) which suggests that for Santa Gracia model area the shrub
vegetation cover is the only one able to hinder increases of erosion rates by increases of
MAP.

3.3.3 La Campana

In Fig. 12, we show the same vegetation cover and erosion rates values as in the previous
plots for La Campana study area. Data shows a strong increase in shrub vegetation cover
for all four different topographic positions ( 10% to 50%) over time series, starting at
16ka BP, while grass cover peaks at 18ka BP and then reduces again to approximately
20% for different slope positions. Tree cover shows no large increases over model runs and
stays <10% continuously. Erosion rates show a decline from steady-state conditions of
0.1 mmy/r to modeled PD values of approximately 0.075 mm/yr for all four topographic
positions.
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Figure 12: Vegetation cover values and erosion rates of La Campana simulation for the four
different topographic position indices within model-framework.

Hilltop positions show minimum erosion rates of 0.062 mm/yr and maximum erosion
rates of 0.125 mm/yr with a mean value over the modeled LGM to PD time series of
0.082 mm/yr. Hillslope positions show minimum and maximum erosion rates values of
0.058 mm/yr and 0.099 mm/yr which leads to LGM to PD mean value of 0.073 mm/yr.
Topographic flat positions show minimum and maximum values of erosion rates of 0.045
mm/yr and maximum values of 0.115 mm/yr with a LGM to PD mean of 0.069mm/yr
and the valley topographic positions show minimum and maximum erosion rates of 0.053
mm/yr and 0.112 mm/yr with a LGM to PD mean of 0.073 mm/mr. The calculated
coefficients of variations show values for cumulative vegetation cover and erosion rates
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of0.12 and 0.14 for hilltop positions, 0.11 and 0.13 for slope positions, 0.15 and 0.20
for flat positions and 0.15 and 0.17 for topographic valley positions. This shows that
the highest variability in erosion rates for flat and valley landforms follows the highest
variability of vegetation cover for these respective topographic positions.

Fig. 13 depicts the correlation coefficients between model parameters. While there is a
strong positive correlation between MAP and erosion rates (r = 0.8)there exists a stronger
negative correlation between MAT and erosion rates (r = -0.9). Positive correlations
between vegetation cover and erosion rates show smaller values than in previous model
areas with correlation between grass and erosion rate being r= 0.1 and correlation between
tree vegetation and erosion being r = 0.3. Shrub vegetation and erosion rate show a
medium to large negative correlation with erosion rates (r = -0.6).
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Figure 13: Pearson Correlation Coefficients for selected model parameters for La Campana
simulation.
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3.3.4 Nahuelbuta

Fig. 14 shows the mean vegetation cover values for the three different vegetation classes
and the mean erosion rate for the different topographic positions within the model domain
for fully coupled Nahuelbuta simulation. The data shows a drop in shrub vegetation from
a initial LGM value of 10% - 20% for the different topographic positions to nearly 0%
at approximately 17.5ka BP, while grass vegetation cover starts to increase at the same
time from initial values of 10% to 25%, with the highest increase of grassy vegetation
cover for hillslope positions.
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Figure 14: Vegetation cover values and erosion rates of Nahuelbuta simulation for the four
different topographic position indices within model-framework.

Tree vegetation cover shows initial values of 75% for different topographic positions
at depicts variation of tree cover in the time between 16ka BP and 2 ka BP with values of
vegetation cover decreasing to values of up to 40% for hilltop, flat and valley landforms
for short periods of time before increasing towards PD values of 75%. Erosion rates do
not show large variations going from LGM to 16ka BP. From 16ka BP to 4ka BP the
data indicateslarge variations with short periods of increases in erosion rates up to 0.155
mm/yr. For hilltop positions, erosion rates show minimum values of 0.088 mm/yr and
maximum values of 0.156 mm/yr which leads to a LGM to PD mean of 0.101 mm/yr.
Hillslope positions show minimum erosion rate values of 0.086 mm/yr and maximum rates
of 0.121 mm/yr with a time series mean of 0.099 mm/yr. The topographic flats within
the model domain show largest variation in erosion rates with minimum values of 0.75
mm/yr and maximum values of 0.163 mm/yr. The mean of 0.100 mm/yr however does
not show a shift from steady-state conditions. Valley positions in our model domain show
minimum values of 0.076 mm/yr and maximum values of 0.158 mm/yr with a mean value
of 0.097 mm/yr for LGM to PD conditions. This indicates that there is no significant
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shift of LGM to PD mean erosion rates for any of the 4 observed topographic positions
from steady-state conditions of 0.1 mm/yr. Coefficients of variation for the different
topographic positions for vegetation cover and erosion rates are 0.12 and 0.09 for hilltop
positions, 0.06 and 0.05 for hillslope positions, 0.07 and 0.12 for flat positions and 0.07
and 0.11 for topographic valley positions. This suggests that for Nahuelbuta simulations
the higher variation for erosion rates for flat and valley positions can not be explained by
a higher variation cumulative vegetation cover.
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Figure 15: Pearson Correlation Coefficients for selected model parameters for Nahuelbuta
simulation

Fig. 15 shows the associated pearson correlation coefficients for the Nahuelbuta cou-
pled simulation. While MAP, MAT and grass and shrub vegetation cover shows no real
correlation with erosion rate (r = 0.1, 0.0, 0.0, 0.1), the only parameters which shows a
medium negative correlation with erosion rate is tree vegetation cover (r = -0.4). This sug-
gests that catchment wide erosion rates for Nahuelbuta study area are mainly controlled
by the change of vegetation cover for tree vegetation class, in comparison to simulations
for other study areas which were mainly controlled by MAP.
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4 Discussion

The results from the individual simulation experiments with a.) constant LGM precip-
itation values and a transient LGM to PD time series of vegetation cover change,b.)
constant LGM vegetation cover values and a transient LGM to PD time series of precip-
itation values and c.) fully coupled simulations with transient LGM to PD vegetation
cover and precipitation values suggest that there exists differences between the analyzed
study areas in the main controlling factors for catchment wide erosion rates and between
the different topographic positions within the catchment. In the following we summarize
the results, described in section 3 and discuss how changes in climate from LGM to PD for
4 different areas located in different climatic zones along the Chilean Coastal Cordillera
react to transient changes.

4.1 Interpretation of simulations with constant LGM precipita-

tion and transient LGM to PD vegetation cover

Changes in vegetation cover are known to be a primary control on catchment wide erosion
rates by modulation of surface characteristics (e.g infiltration rate, soil cohesion, flow
resistance) [Prosser and Dietrich, 1995, Loch, 2000, Dosseto et al., 2010, Schmid et al.,
2018]. The results of simulations with constant MAP values and changing vegetation
covers for three different vegetation classes (Fig. 5) show variations of transient erosion
rates from steady-state value of 0.1mm/yr. We make a distinction between two different
end-member cases: 1.) Erosion rate time series with high frequency of events of increasing
or decreasing erosion rates up to approximately 30% from steady-state value but with no
significant deviation of long-term mean erosion rates from LGM to PD. 2.) time series
of erosion rates with lower frequency of high amplitude changes in erosion rates but an
overall long-term adjustment of mean LGM to PD erosion rate. While simulations for
Pan de Azucar, Santa Gracia and Nahuelbuta show a series of short, burst-like events
of increases and decreases in mean catchment erosion rates (up to 0.130 mm/yr, which
resembles a 30% deviation fromsteady-state) for Nahuelbuta simulation, they show no
large adjustment for LGM to PD mean from the 0.1 mm/yr steady-state uplift rate.
Data from La Campana simulation shows one larger event of increasing erosion rates at
16ka BP, which coincides with similar events in other simulated areas, but shows a drop
of mean erosion rates from LGM to PD by approximately 17%. This shows that with no
changes in precipitation, isolated transient changes in LGM to PD vegetation cover lead
to short bursts of large magnitude changes in erosion rate and a general trend of erosion
rate lowering for La Campana study area.
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4.2 Interpretation of simulations with constant LGM vegetation

cover and transient LGM to PD precipitation values

The positive linkage between MAP and erosion rates is a well-known and researched
subject in the field of geomorphology, where increases in MAP values are commonly
associated with increases in catchment-wide erosion rates [Langbein and Schumm, 1958,
Reiners et al., 2003, Owen et al., 2011] and vice versa. In Fig. 6 we show the effect
of the TraCE-21ka precipitation time series on our model domains with constant, time
independent LGM vegetation covers, to single out the effect of the transient changes in
MAP values on catchment erosion rates from LGM to present. Data shows that arid area
of Pan de Azucar shows highest short-term variability of erosion rates with changes of
approximately 40% magnitude in positive as well as negative directions with the biggest
increase of erosion rates at 18.5ka and the biggest decrease at 16ka BP. From 16ka BP
to present, the variability decreases, and we see no large general shift of LGM to PD
mean erosion rates. Simulations for Santa Gracia, La Campana and Nahuelbuta areas
however show smaller short-term changes in erosion rates with no large burst-like events
of increases or decreases buta long-term trend of declining erosion rates, with lowest
values reached at 16ka BP, followed by a slight increase of erosion rates and an overall
LGM to PD mean which is 17% lower than steady-state conditions for Santa Gracia area
and 8 lower than steady-state conditions for La Campana area. Nahuelbuta study area
shows a lesser pronounced change in erosion rates both for short-term changes and also
for long-term LGM to PD mean with a decline by only 4% magnitude. These changes
in erosion rates follow the variation of TraCE-21ka MAP value which show a decrease
in precipitation from LGM conditions to 16ka BP, followed by a mild increase to PD
conditions.

4.3 Interpretation of fully coupled simulations with transient TraCE-

21ka precipitation values and associated changes in catch-

ment vegetation cover

While the previous simulation experiments with either constant vegetation cover or con-
stant mean annual precipitation were conducted in order to isolate the unique effects of
either the TraCE-21ka derived time series of climatic conditions or associated changes in
vegetation cover on catchment wide erosion rates, this fully coupled model run shows the
effect of simultaneous changes of precipitation and the corresponding changes in vegeta-
tion as well as possible changes in vegetation distribution through adjustment of landform
positions within a catchment.

Fig. 7 shows the evolution of catchment-wide erosion rates for fully coupled simu-
lations. The variations of catchment mean erosion rates, with high amplitude changes
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for Pan de Azucar and Nahuelbuta and low amplitude changes for Santa Gracia and La
Campana, suggests different sensitives of catchment topography to climatic and biotic
changes. Fig. 16 shows the normalized values for MAP, MAT, cumulative vegetation
cover and the absolute difference between the catchment-wide erosion rate and the uplift
rate for Pan de Azucar study area. While the cumulative vegetation cover generally fol-
lows the values of MAP, with increases in precipitation leading to increases in vegetation
cover, the main controlling factor over erosion rates is the evolution of MAP, with higher
values of MAP leading to higher values of erosion rates, despite the associated increase
in vegetation cover. This is supported by the strong correlation between erosion rate and
MAP for Pan de Azucar (Fig. 9, r = 0.8) and the weak correlation between erosion rates
and different vegetation types (r = -0.2 – 0.4).
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Figure 16: Normalized timeseries values for MAP and MAT (top panel), cumulative vegetation
cover (middel panel) and the difference between erosion rate and uplift rate (bottom panel) for
Pan de Azucar Simulation.

For Santa Gracia model domain we see that the highest values of precipitation are
associated with lowest values of temperature and intermediate values of vegetation cover
(see Fig. 17). Erosion rates decrease from LGM conditions to a minimum between 16ka
and 10ka BP and follow the decrease of MAP values. However after 10ka BP, values
for MAP show increase over time series until PD conditions with associated increase in
vegetation cover values within catchment which leads to maximum vegetation cover at
PD conditions with only 50% of initial, maximum precipitation values for Santa Gracia
Study area, which we attribute to the controlling factor that an increase in temperature
has on vegetation cover. Erosion rates show no significant increase after 10ka BP which
suggests that the hindering effect of vegetation cover which is controlled by the increase
in MAP but also MAT outweighs the direct positive effect of MAP on erosion rates.
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This is supported by the correlation coefficients (Fig. 11) which show a strong positive
correlation between MAP and erosion rates (r = 0.9) but a nearly equally strong negative
correlation between MAT and erosion rates (r = -0.8).
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Figure 17: Normalized timeseries values for MAP and MAT (top panel), cumulative vegetation
cover (middel panel) and the difference between erosion rate and uplift rate (bottom panel) for
Santa Gracia Simulation.

La Campana study area shows similar behavior than Santa Gracia, highest values of
MAP and lowest values of MAT for LGM conditions with a decline of MAP to minimum
values at 11 ka BP and a steady increase of MAT towards PD conditions with a short
period of decrease a 16ka BP (Fig. 18). Vegetation cover shows continuous increase
from LGM to PD conditions which suggests that the vegetation does not react much
to declining MAP values because of a general enough abundance of water for the PFT
composition within the area but reacts to the increases in MAT. This leads to erosion
rates which show a decrease from LGM conditions with lowest values at 11ka BP, which
coincide with the lowest values for MAP but then show no significant increase as MAP
increases again which we attribute to the dampening effect of the steadily increasing
vegetation cover. The correlation coefficients (Fig. 13) support this argument with
a higher negative correlation between erosion rates and MAT (r = -0.9) than positive
correlation between erosion rate and MAP (r = 0.8) and a medium negative correlation
between shrub vegetation class and erosion rates (r = -0.6).

The simulations for Nahuelbuta study area shows similar trend regarding MAP and
MAT value as Santa Gracia and La Campana but show no significant increase in vege-
tation cover over LGM to PD time series, rather the mean cumulative vegetation cover
tends to stay the same but with short periods of either increased or decreased values
(Fig. 19). However the erosion rates show a reversed behaviour regarding changes in
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Figure 18: Normalized timeseries values for MAP and MAT (top panel), cumulative vegetation
cover (middel panel) and the difference between erosion rate and uplift rate (bottom panel) for
La Campana Simulation.

MAP and vegetation cover, so that for periods of declining MAP and vegetation cover,
the erosion rates show increases (Fig. 19). We argue that the erosion rates in Nahuelbuta
area mainly controlled by the changes in surface vegetation cover and not precipitation,
which is also shown in the correlation coefficients (Fig. 15) with no significant correlation
between erosion rates and MAP (r = 0.1) and a medium negative correlation between
erosion rates and tree vegetation cover (r = -0.4).
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Figure 19: Normalized timeseries values for MAP and MAT (top panel), cumulative vegetation
cover (middel panel) and the difference between erosion rate and uplift rate (bottom panel) for
Nahuelbuta Simulation.
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In summary this suggests that the modification of overland flow resistance and soil
diffusion by vegetation cover modifies the erosion rates for the four observed study areas
in different magnitudes. While the erosion rates for northernmost area Pan de Azucar
follow the evolution of MAP with no real observable modification by vegetation cover,
the two following areas to the south, Santa Gracia and La Campana, show a first-order
control of MAP on erosion rates but with the effect of a steady increase of vegetation cover
from LGM to PD hindering the erosion rates to follow the increase of MAP after 16ka BP.
Southernmost area Nahuelbuta shows erosion rates that are mainly controlled by changes
in vegetation cover, with short periods of smaller vegetation cover having simultaneously
higher erosion rates, despite of smaller values of MAP. The control of vegetation cover
on erosion rates also shows intra-area effects by modulating erosion rates with highest
values of variance for flat and valley positions within the model domain, which also show
highest values of variance for vegetation cover. Furthermore the data suggests that there
exists a shift in the vegetation class which has the highest dampening effect on erosion
rates going from north to south.

In Pan de Azucar, grass vegetation type shows highest negative correlation with ero-
sion rates (r = -0.2), for Santa Gracia and La Campana the shrub-type vegetation class
shows highest negative correlations (r = -0.5 and r = -0.6) and for Nahuelbuta area the
tree vegetation cover is the only parameter with a negative correlation with erosion rates
with medium significance (r = -0.4). This suggests that there exists a shift of the main
controlling factor on erosion rates between the different climatic zones from MAP for Pan
de Azucar, Santa Gracia and La Campana and vegetation for Nahuelbuta but also a shift
in the main vegetation type that has a effect in the respective basins.
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5 Conclusion

Results from our presented simulations indicate that the reaction of the investigated
study areas Pan de Azucar (very arid), Santa Gracia (arid), La Campana (humid) and
Nahuelbuta (very humid), to changes in climate and vegetation cover for LGM to PD
conditions varies in magnitude and frequency and shows a complex pattern of transient
erosion rates. Main findings from the conducted model experiments are:

1. Climatic changes since LGM to PD cause only small changes in total cumulative
vegetation cover in study areas. However there are large shifts in the composition
of vegetation cover due to a shift in climatic limits and adjustment of PFT stability.

2. Changes in mean annual precipitation since LGM conditions result in highly variable
short-term reactions of mean catchment erosion rates for Pan de Azucar and Santa
Gracia Area. La Campana and Nahuelbuta don’t show large variations in erosion
rates, due to precipitation changes. Santa Gracia and La Campana also show
significant lowering of erosion rates under steady-state uplift rate.

3. Changes in vegetation (cumulative and composition) lead to high short-term vari-
ability in erosion rates for Pan de Azucar and Nahuelbuta area around the steady-
state mean and therefore show no significant adjustment to a new dynamic mean
value. Santa Gracia and La Campana show lower variability in short-term ero-
sion rates. The La Campana area shows large decrease of mean values below the
steady-state uplift rate.

4. Coupled simulations (with varying precipitation and vegetation cover) show large
short-term variations in erosion rates for Pan de Azucar and Nahuelbuta. Santa
Gracia and La Campana areas show a decrease of the long-term mean erosion rates
but lesser short-term variations. This suggests that climate change since LGM
conditions has lead to an significant decrease in catchment wide erosion rates for
study areas in semi-arid to mediterranean conditions.

5. Correlation coefficients between erosion rates and different model parameters show
that the influence of precipitation changes on erosion rates decreases going from N
to S. Southern area of Nahuelbuta shows dominant effects of tree vegetation cover
on erosion rates, compared to precipitation values. In general the data suggests
that for the arid to semi-arid areas, grass and shrub vegetation has most impact
on erosion rates while for mediterranean and humid areas, tree vegetation is the
dominant class for reduction of erosion values.

Taken together, these results suggest a high sensitivity of investigated focus areas to
LGM to PD climatic changes. Comparison of three sets of simulations also show that
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coupled simulations predict different reactions than simulations with single input forcing
and show the need for landscape evolution models to incorporate a better representation
of erosion/vegetation feedbacks if the goal is to predict testable, realistic results
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4 Conclusions

Despite the fact that nearly all physical processes on the Earth’s surface are modified
by the presence of biota, due to the lack of completely abiotic environments on Earth, only
little data exists to exactly constrain the controlling parameters of vegetation cover and
composition on the erosion and deposition of material on a large scale. Since the early,
ground breaking studies which incorporate an empirical approach for the determination of
the influence of vegetation cover and climate on erosion and sediment flux [Kramer and
Weaver, 1936, Langbein and Schumm, 1958], our current knowledge about vegetation-erosion
interactions was expanded by a number of experimental, theoretical and numerical studies
[Collins and Bras, 2004, Dietrich and Perron, 2006, Collins and Bras, 2010, Yetemen et al.,
2010].

This thesis aims to advance the knowledge in the field of large-scale interactions be-
tween climate, vegetation and landscape evolution by developing a numerical model frame-
work which incorporates the hindering effect of vegetation on surface processes as well
as precipitation-erosion interactions and a new, innovative, coupled model-scheme which
allows for a more precise description of the feedbacks of climate to the plant biosphere and
topographic changes.

The investigated hypothesis were:

(I) The effects of vegetation cover on surface processes occur over temporal
and spatial scales shorter than geologic processes (e.g. rock uplift, cli-
mate change). However, short term vegetation effects on topography are
recorded over geologic timescales in the form of variations in different
topographic metrics (e.g relief, slope, channel steepness)

(II) Climatic change since the last glacial maximum has lead to an increase
in the density and changes in the composition of vegetation cover and
has a measurable stabilizing effect on catchment properties such as mean
erosion rates, relief or slope in the Chilean Coastal Cordillera.

The following sections gives a brief overview and interpretation about the main findings
of the three research packages that belong to this thesis and proposes a scientific outlook
about the main problems that need to be addressed in the future to gain more valuable
knowledge about vegetation - landscape interactions.
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4.1 Summary of results

4.1.1 Evaluation of Hypothesis (I)

The qualitative effect of vegetation cover as a geomorphic agent which slows the ero-
sion of landscapes has been well established by previous works. However, the functional
relationships in which these processes work and their quantitative total effect on equilib-
rium topographies and the transient reactions to changes was so far only insufficiently
constrained. Especially the threshold behaviour of erosional processes, which governs if
the catchment system is dominated by the erosion-enhancing effect of precipitation or the
erosion-dampening effect of vegetation cover still is subject to active research. These prob-
lems were approached in this thesis by the development of a numerical model framework,
which incorporates vegetation cover into surface process equations, that was calibrated
to reproduce the topographic gradient for four areas in the Chilean Coastal Cordillera.
These areas were chosen because their lithologic and tectonic similarities allow for better
constrainment of free parameters of the landscape evolution model and are situated in four
different climate zones with associated differences in vegetation cover which were used as
initial parameters for model setup.

The results for these respective model experiments [Schmid et al., 2018] show that it is
possible to reproduce the topographic gradient (relief, slope, channel steepness) between
the four Earthshape focus areas in steady-state simulations, with only precipitation and
vegetation cover as free parameters which were derived from available remote sensing data
for individual study areas.

Factual, this gives evidence for the fact that the decreasing effect of vegetation on the
efficiency of surface processes poses a large enough magnitude to modify topographies to
build up a large equilibrium gradient without differences in tectonic uplift or lithological
parameters. Although in previous studies, the effect of vegetation cover on the shape
of landscapes was recognized [Istanbulluoglu and Bras, 2005, Dietrich and Perron, 2006]
and connections between sediment yield and vegetation covers were drawn [Langbein and
Schumm, 1958, Jansson, 1988] but vegetation was mostly described as a second-order control
on topographies and erosion rates, behind the thought-of first order control of relief and slope
which results from differences in tectonics, lithology or climate [Montgomery and Brandon,
2002, Roering et al., 2007, van Dongen et al., 2019]. This thesis shows that vegetation cover
should be taken into account as a first-order control on topographic catchment metrics
since it directly affects the mean basin slope angle and the topographic relief.
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This is also supported by the findings of the transient experiments, also conducted in
Schmid et al. [2018]. The results of the conducted experiments, which include transient
shifts either by a instantaneous step-change or a homogeneous oscillation of vegetation cover
and mean annual precipitation, both separately and coeval, show that a separate transient
change in vegetation cover leads to a reaction of topographic metrics and erosion rates which
outweighs the opposed effects of a transient change in associated precipitation values, for arid
areas. In humid areas, the difference between the magnitudes of topographic adjustment by
either changing vegetation cover or precipitation decreases but still, the effect of vegetation
cover is able to compensate the effect of changes in precipitation. This suggests that there
exists a fundamental difference in the reaction of areas, situated in different climate zones
to changes in their surface vegetation cover and gives hints about a controlling threshold
where the main sensitivity of catchment topographies is either dominated by the hindering
effect of vegetation or the erosion increasing effect of precipitation. This proposed behaviour
is supported by the findings of a study by Moglen et al. [1998] which found a difference
in sensitivity of catchment drainage density between arid and humid landscapes, where
the reaction of landscapes was mostly controlled by the initial values of precipitation or
vegetation.

Regarding the the initial proposed hypothesis that although the processes that lead
to an establishment or change in vegetation cover act on shorter timescales
than geologic processes, their net effect on topographies can be of a magnitude
that is recorded in topographic metrics, these results prove that landscapes show
distinguished reactions to changes in vegetation cover which act as a first-order control on
catchment topography. Arid landscapes generally show a stronger topographic reaction to
changes in vegetation cover than humid landscapes, which results from the higher sensitivity
of the hillslope diffusion coefficient and the fluvial erodibility to changes in vegetation cover
for arid regimes and that the amount of precipitation needed to increase surface vegetation
cover increases in more humid areas.

Since it proves difficult in a real-world setting to determine the exact triggers of a
topographic reaction because changes in climate and topography mostly happen coeval,
numerical modelling, as conducted in this thesis, proves as a valuable tool which may be
of help to disentangle the complex erosional history of catchments.
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4.1.2 Evaluation of Hypothesis (II)

To build up upon this hypothesis, which shows that while changes in vegetation cover
represent a main control in the evolution of catchments but the absolute magnitude is
highly dependent on the climatic regime, a more in-depth view about realistic climatic
histories and associated changes in vegetation composition and density for individual study
areas was developed. The climatic histories and resulting vegetation composition for each
individual Earthshape study area are presented in Werner et al. [2018].

The vegetation history, produced by LPJ-GUESS, for the study areas suggests that
cumulative catchment vegetation cover for LGM conditions was generally lower than PD
cover for all four study areas. However, the increase in vegetation cover over LGM to PD
conditions shows different sensitivities to external forcings between the focus areas. While
arid to semi-arid focus areas of Pan de Azucar and Santa Gracia show a more pronounced
reaction of vegetation cover to changes in precipitation, the more temperate and humid
areas of La Campana and Nahuelbuta exhibit a higher sensitivity to changes in temperature.
This is also supported by the direct correlation between precipitation and FPC values for
individual PFT’s: While PFT’s which are adjusted and situated in arid climates show a
steep, linear increase for FPC values with increasing precipitation whereas the PFT’s which
are situated in more humid conditions tend to show a less pronounced increase in FPC
value for increasing precipitation.

This effect is in agreement with the current, empirical derived relationship between
cumulative vegetation cover and mean annual precipitation for the Eartshape focus areas
[Schmid et al., 2018] and other studies [Yu et al., 2003, Kong et al., 2017] which suggests
that the amount of increase in precipitation, which is needed to increase the vegetation
cover, gets higher for more humid conditions.

While the cumulative vegetation cover of the focus areas shows no large shifts as a
result of LGM to PD climate forcing, the PFT composition of individual areas shows large
adjustments: while desertic environments (cold and hot) dominate LGM conditions, with
vegetation mostly composed of grass and shrubs, there is a development towards a higher
variety in occuring PFT’s , with an increase in tree PFT classes, and therefore development
towards forest-like vegetation for PD conditions for La Campana and Nahuelbuta while
Santa Gracia area develops vegetation cover from grass to mostly temperate shrubs.

To quantify these findings in terms of the influence of vegetation cover changes on
catchment evolution, a coupled model framework was developed which gives a direct feed-
back between LPJ-GUESS derived vegetation cover values and physical surface processes.
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The results from the experiments conducted with this newly developed model framework,
presented in [Schmid et al., in prep.] suggest that there exists significant difference in the
reaction of the individual Earthshape areas to the climatic history since LGM conditions.

While the very arid and very humid areas of Pan de Azucar and Nahuelbuta show no
long-term deviation of mean catchment erosion rate from the steady-state value but only
short shifts of mean erosion rates to either smaller or larger values, areas located in more
intermediate, mediterranean conditions like Santa Gracia and La Campana show lesser
short-term variation in mean erosion rates but a long-term decrease, with mean erosion
rates being constantly less than the steady-state uplift value. Compared to other studies
[Schaller et al., 2018, van Dongen et al., 2019], which postulate higher values of denudation
and catchment-wide erosion for these areas, these results give evidence for an, possibly
tectonically triggered, topographic in-equilibrium which results in higher erosion rates than
the climate and vegetation history does predict.

Correlation coefficients between erosion rates and either vegetation types or precipitation,
show that the effect that vegetation cover exerts on the mean catchment erosion rates
increases from North to South, with Nahuelbuta study area showing highest correlation
between erosion rates and tree vegetation cover compared to other areas.

Correlation between mean temperature and erosion rates is strongly negative for Pan
de Azucar, Santa Gracia and La Campana study area but shows no significant correlation
for Nahuelbuta. This leads to an argument, supported by the initial findings in Werner
et al. [2018], that vegetation cover is highly sensitive to changes in temperature, in humid
environments where the ecosystem is not water-limited but more temperature-limited.
Therefore changes in mean annual temperature can indirectly affect the mean catchment-
wide erosion rates by modifying catchment vegetation cover.

These results show that the second examined hypothesis, that the climatic change
since the last glacial maximum has lead to an increase in the density and
changes in the composition of vegetation cover and has a measurable stabilizing
effect on catchment properties in the study areas, can be accepted with some
restrictions: the transient decrease of mean LGM-PD erosion rates for Santa Gracia and
La Campana area due to climatic and associated vegetation changes, lead to an increase
in topographic elevation, relief and slope in these areas, since the erosion rates are smaller
than the proposed tectonic uplift rates, which leads to a positive net mass balance.

However, for Pan de Azucar and Nahuelbuta, the constant LGM to PD mean erosion
rates would lead to no long-term adjustment of topographic metrics as a result of short-
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Figure 9: Conceptualized sketch of the topographic gradient along the Earthshape Study areas
in the Chilean Coastal Cordilleras (position along the gradient depicted with red stars). This
shows the proposed qualitative composition of the topographic signal which is observed between
Earthshape study areas of Pan de Azucar in the North and La Campana in the South. Overall
change in topographic metrics is proposed to be a composite effect of lowered long-term erosion
rates and higher tectonic uplift rates for Santa Gracia and La Campana area.

term variations in erosion rates. This acts as evidence of a climatic and biotic signal within
the topographic gradient along the Coastal Cordilleras which modulates the topographic
metrics of the Santa Gracia and Nahuelbuta study areas. However, the LGM to PD shifts in
mean erosion rates for these areas are not large enough to explain the absolute differences
in elevation by their own, so, a second, tectonic signal which modulates the topographic
evolution of the study areas is most likely. This proposed combination of the tectonic and
biotic influence on the topographic gradient between the focus areas is shown in Fig. 9
in a conceptualized sketch, where the black dotted line depicts the dynamic equilibrium
that acts as a baseline topographic state that areas of Pan de Azucar and Nahuelbuta
have adjusted to. Green dotted line and green shaded area depict the amount of increase
in topographic metrics (e.g relief, slope, channel steepness; compare Fig. 6) that are due
to precipitation/vegetation interactions. The black solid line, with the red shaded area
depicts the proposed tectonic signal that acts independent from the precipitation/vegetation
interactions but magnifies differences between focus areas.
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4.2 Scientific Outlook

While the work that was done in this thesis provides new insights about the interaction
between climate, vegetation and physical surface processes, there still remains a lot of knowl-
edge to be gained. With more concise empirical work, both in the field or in the laboratory,
the parameters than govern the evolution of landscapes within a numerical framework can
be more precisely constrained. This would lead to a better numerical approximation of the
absolute behaviour of topographies, regarding changes in climate and associated vegetation
changes.

The equations that govern the rate of erosion and sediment transport through a land-
scape are well-tested in the ’classic’ use-cases, which focus mainly on the interaction between
tectonics and precipitation on topographic dynamics, but there exists little knowledge about
the laws of bedrock weathering and material transport on hillslopes, which take into account
the coupled effect of precipitation and biota.

This could be resolved by the combination of flume-studies which focus on the effect of
submerged vegetation on flow dynamics within a river channel (e.g Järvelä [2002, 2005]) and
small-scale experiments on hillslope plots to determine the rate of transport of sediment due
to diffusive hillslope processes as a function of precipitation and vegetation (e.g Marston
[2010]).

Compared to the strict negative relationship between vegetation cover and the hillslope
diffusion coefficient [Istanbulluoglu and Bras, 2005] there are studies that suggest a positive
relationship between the efficiency of soil diffusion and an increase in mean annual precipita-
tion cover [Owen et al., 2011, Perron, 2017] or a decoupling of climate and hillslope sediment
flux for short timescales due to buffering of sediment in the fluvial network until large flood
events occur [Lavé and Burbank, 2004]. This shows the need to explore the processes in
which physical external forcings erode and transport sediment within landscapes even more.

In addition to these basic physical processes that still need to be resolved, this thesis
shows that the common assumption of landscapes reaching either a topographic or flux
steady-state with tectonic uplift does not hold true if changes in climate or vegetation cover
shift the landscape into transient adjustments. This shows the need for studies that aim to
draw conclusions about tectonic uplift rates by the means of analytically determination of
erosion rates, to eventually correct for mismatches due to climatic and vegetational shifts.
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5 Appendices

5.1 Data repositories

Paths to the data that was used for simulations and papers. All paths link to the specific
directory that contains the data on the ESD-Group Fileserver.

Werner et al. 2018

- Simulations:
/esd/esd02/data/old_users/mschmid/dissertation_data/simulations/werneretal2018

- Paper:
/esd/esd02/data/old_users/mschmid/dissertation_data/papers/werneretal2018

Schmid et al. 2018

- Simulations:
/esd/esd02/data/old_users/mschmid/dissertation_data/simulations/schmidetal2018

- Paper:
/esd/esd02/data/old_users/mschmid/dissertation_data/papers/schmidetal2018

Schmid et at. - in prepraration

- Simulations:
/esd/esd02/data/old_users/mschmid/dissertation_data/simulations/schmidetal-inprep

- Paper:
/esd/esd02/data/old_users/mschmid/dissertation_data/papers/schmidetal-inprep

Source - Code for Landlab Model

- Source Code - Tarball:
/esd/esd02/data/old_users/mschmid/dissertation_data/source

Dissertation LaTex source files

- Tex-Files and Source-Files:
/esd/esd02/data/old_users/mschmid/dissertation_data/dissertation
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