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Abstract

The influence of variations in tectonics (rock uplift rates), climate, and associated vegetation cover
(including other factors) on catchment processes has long been of interest to geomorphologists.
However, the interactions of climate and vegetation with surface processes are relatively complex to
understand. For example, an increase in precipitation supports vegetation growth and, at the same time,
leads to high erosion rates. This study investigates the influence of different rock uplift rates and
variations in precipitation and vegetation cover in catchment erosion at variable timescales (from
millennial to daily timescales). The investigation is done through numerical simulations using a complex
landscape evolution model (Landlab) modified to account for vegetation cover (and type) and remote
sensing, and geographical information system (GIS). The model inputs were parameterized to four study
areas with similar granodioritic lithology and distinct climate and ecological settings in Chilean Coastal

Cordillera.

Three sets of numerical simulations were conducted using Landlab: (1) To evaluate the role of
changing rock uplift rates over the periodicity of variations in climate and vegetation at Milankovitch
timescales (i.e., 21 kyr, 41 kyr, and 100 kyr) on long term catchment processes. (2) To identify which
factor, precipitation or vegetation change is vital in influencing catchment erosion at season timescale.
(3) The role of vegetation cover and type in influencing erosion rates during extreme precipitation events

in present-day climatic conditions.

The results indicate that at longer timescales, catchment processes are significantly influenced by
Milankovitch timescale variations in climate and vegetation. These transient changes are superimposed
upon tectonically driven rock uplift rates. At the seasonal timescale, precipitation variations pose a first-
order control on catchment erosion, and the role of vegetation changes is secondary but still significant.
However, at daily timescales, vegetation cover and type distribution play a more vital role (over

precipitation variations) in controlling erosion rates during extreme precipitation events.

Overall, this thesis augments the understanding of the significance of each natural driver (i.e.,
tectonics, climate, and vegetation) over others, at different timescales, on catchment-scale surface

processes in distinct climate and ecological settings.



Zusammenfassung

Der Einfluss von Schwankungen in der Tektonik (Gesteinshebungsraten), des Klimas und der damit
verbundenen Vegetationsbedeckung (einschlieBlich anderer Faktoren) auf die Prozesse in
Wassereinzugsgebieten ist flir Geomorphologen schon lange von Interesse. Die Wechselwirkungen von
Klima und Vegetation mit Oberflachenprozessen sind jedoch relativ komplex zu verstehen. So fordert
beispielsweise eine Zunahme der Niederschldge das Wachstum der Vegetation und fiihrt gleichzeitig zu
hohen Erosionsraten. In dieser Studie wird der Einfluss verschiedener Felshebungsraten und
Schwankungen der Niederschldge und der Vegetationsbedeckung auf die Erosion in Einzugsgebieten
auf unterschiedlichen Zeitskalen (von Jahrtausenden bis zu téglichen Zeitskalen) untersucht. Die
Untersuchung erfolgt durch numerische Simulationen unter Verwendung eines komplexen
Landschaftsentwicklungsmodells  (Landlab), das so modifiziert wurde, dass es die
Vegetationsbedeckung  (und -art) sowie Fernerkundungsdaten und ein  geografisches
Informationssystem (GIS) berlicksichtigt. Die Modelleingaben wurden fir vier Untersuchungsgebiete
mit ahnlicher granodioritischer Lithologie und unterschiedlichen klimatischen und 6kologischen

Bedingungen in der chilenischen Kiistenkordillere parametrisiert.

Mit Hilfe von Landlab wurden drei numerische Simulationen durchgefiihrt: (1) Bewertung der Rolle
von sich dndernden Gesteinshebungsraten Uber die Periodizitit von Klima- und Vegetationsvariationen
auf Milankovitch-Zeitskalen (d.h. 21 kyr, 41 kyr und 100 kyr) auf langfristige Einzugsgebietsprozesse.
(2) Es soll ermittelt werden, welcher Faktor - Niederschlag oder Vegetationsveranderung - fir die
Beeinflussung der Einzugsgebietserosion auf der Zeitskala der Jahreszeiten entscheidend ist. (3) Die
Rolle der Vegetationsbedeckung und des Vegetationstyps bei der Beeinflussung der Erosionsraten

wahrend extremer Niederschlagsereignisse unter heutigen Klimabedingungen.

Die Ergebnisse deuten darauf hin, dass die Prozesse in den Einzugsgebieten auf langeren Zeitskalen
erheblich von den Verdnderungen des Klimas und der Vegetation auf der Milankovitch-Skala
beeinflusst werden. Diese voribergehenden Veranderungen werden von tektonisch bedingten
Gesteinshebungsraten Uberlagert. Auf der saisonalen Zeitskala beeinflussen
Niederschlagsschwankungen die  Erosion von Einzugsgebieten in erster Linie, und
Vegetationsveranderungen spielen eine untergeordnete, aber dennoch wichtige Rolle. Auf der taglichen
Zeitskala spielen jedoch die Vegetationsbedeckung und die Verteilung der Vegetationstypen eine
wichtigere Rolle (als die Niederschlagsschwankungen) bei der Kontrolle der Erosionsraten wéhrend

extremer Niederschlagsereignisse.

Insgesamt tragt diese Arbeit zu einem besseren Verstandnis der Bedeutung der einzelnen natiirlichen

Faktoren (d. h. Tektonik, Klima und Vegetation) im WVergleich zu anderen Faktoren auf



unterschiedlichen Zeitskalen bei Oberflachenprozessen in Einzugsgebieten in unterschiedlichen

klimatischen und 6kologischen Umgebungen bei.



Acknowledgments

First of all, I want to thank my supervisor Prof. Dr. Todd A. Ehlers, for putting trust in me and
providing me with this research opportunity to continue working in the ESD workgroup. | would also
like to thank Prof. Dr.-Ing. Olaf A. Cirpka and DFG for giving me a chance to work on this project in
IRTG Hydrosystem Modelling. 1 would also like to thank my second supervisor, Dr. Christoph
Glotzbach, for his detailed, constructive criticism, which helped me improve my work. I also thank the
IRTG Hydromod (and DFG) for the beneficial Spring and Fall-schools and for providing me an
opportunity to acquire international exposure during hydrogeology field school at the University of
Waterloo, Canada, in Spring — 2019. And for my research stay at the University of Calgary, where | got
the chance to work with my Canadian supervisor Dr. Yvonne Martin. | would also like to thank Dr.
Yvonne Martin for being very supportive and carrying out detailed brainstorming sessions to shape one
of my research objectives and let me attend her very informative lectures. | would also like to thank my
ex-office mate, Dr. Manuel Schmid, for being very supportive during the initial phase of my Ph.D. by
clearing even my silliest doubts related to Landlab. | would also like to thank Dr. Kirstin Ubernickel
and Dr. Mirjam Schaller for their generous data and knowledge sharing about EarthShape study areas.
I would especially like to thank Willi for constantly providing IT support; without him, my life as a
numerical modeler would have never been this easier. | would also like to acknowledge every (present

and past) member of the ESD workgroup for their constant support in research or general guidance.

Secondly, | would like to thank my very cooperative colleagues at RTG, who made my Ph.D. life
in Tubingen much easier. And not to forget Monika Jekelius in the Administration for providing

valuable assistance at every step of my Ph.D., so | didn’t have to worry about so much paperwork.

Lastly, I would like to thank my family and friends for constantly supporting me. | would especially
like to acknowledge the emotional support from my family during the ups and downs | faced during my

Ph.D. journey.



Table of Contents

L INEFOTUCTION ..ttt ettt nn s 1
11 IMIOTIVALION ...ttt ettt be et 2
1.1.1 Influence of uplift rates 0N EroSION FALES .........ccrveeiriiiieiie it 2
1.1.2 Influence of precipitation and vegetation 0N €roSion ratesS............ccovvvvereereerineeieeneennne 2

1.2 Research Questions and HYPOtNESES ..........ccueiiiiiieiieiie e 4
1.3 STUAY ATEAS......c ittt ettt b bbbt Rt b e b 6

2 MOOEI DESCIIPLION ...ttt etttk ettt et nbe e 8
21 Landscape EVOIULION MOTEN ..........c.ooiiiiiieie e 9
2.2 Landscape evolution model COMPONENTS...........uiiiiiiiiiiiiii e 9
2.3 Hydrological MOGEL...........c.oo s 14
2.3.1 Soil and Water ASSeSSMENt TOOI .........ccviiiiiiiiiiiiie e 14

3 SCIBNETIC RESUITS ...t 16
3.1 Effect rock uplift and the periodicity of variations in climate and vegetation cover on
catchment erosion at millennial tIMESCAIES ..........c.ooiiiiiiiii s 16
3.1.1 Declarations of contribution to the joint publication...............ccccccoiviiiiiiiniiiieice 16

3.1.2  Effect of rock uplift and Milankovitch timescale variations in precipitation and vegetation
COVEr ON CAtChMENT BrOSION FALES. ... .ciiiiiee e ittt e s ctie et e e st e e st e e e st e e e s srbar e e s sbbe e e e serraeaeaas 17

3.2 Effects of seasonal variations in vegetation and precipitation on catchment-scale erosion rates
in Chilean Coastal COrdillEra ...........ccuviiiiiiiiie et e nraee s 45

3.2.1 Declarations of contribution of all co-authors in the manuscript...........c.cccooeeviieniinnnne 45

3.2.2 Manuscript Draft: Effects of seasonal variations in vegetation and precipitation on
catchment-scale erosion rates along a climate and ecological gradient (Chile): Insights from

NUMErICAl MOTEITING ... 46

3.3 Effects of extreme precipitation events on catchment erosion along a climate and ecological
gradient in Chilean Coastal COrdillera.............coiiiiiiiiiiiii e 76
3.3.1 Declarations of contribution of all co-authors in the manuscript...........c.cccooevviieiiennns 76
3.3.2  Manuscript Draft: Effects of extreme precipitation events on catchment erosion along a
climate and ecological gradient in the Chilean Coastal Cordillera..............ccccevevvviviieiiieeiinenne, 77

N O o o (1] o] o SRRSO 107
4.1 Research qUEStioNS FEVISITEA. ..........cuiiiiiiiiiie e 107
4.2 L@ 111 (oo USSR 111

ST Y o o =T 0| TP TP P RSP PTOPRRPRRPP 112

R B O ENICES ...ttt et e et e e e e et e eeee et e aeaarr i ——— 113



List of Figures (excluding manuscripts)

Figure 1. The representative study areas in the Chilean Coastal Cordillera were used for the model setup
(ESRI 2019). These study areas are part of the German EarthShape priority research program

(WWW.EAINSNAPE.NEL). . .eii ettt ettt et et e et e e ante e e atte e et e e enae e e nrae e nee e e 7

Figure 2. An example of a landscape evolution model domain to investigate the coupled effects of
tectonics, climate, and biota on erosion and sedimentation over a synthetic steady-state topography

generated USING Lan@Iah..........oooiiiiiie e 8

Figure 3. Conceptual representation of fluvial processes in a single model cell in SPACE. The major
elements are; z: topographic elevation, R: bedrock elevation, H: sediment depth, H*: bedrock roughness,

U: uplift rate, and ¢: sediment porosity (adapted from Shobe et al., 2017).........ccccevviiviiniiiiiie 10

Figure 4. Conceptual representation of hillslope processes in DepthDependentDiffuser. The major

elements are S: topographic slope, gs: sediment flux along the slope, and d*: sediment transport decay

Figure 5. Schematic diagram of water balance concept in SWAT model (adapted from Neitsch et al.,
40 RSO TSPS 15

Figure 6. A simplified representation of the methodology of ArcSWAT-2012 in the estimation of
surface water discharge rates at the catchment outlet. The input files include a DEM, LULC, soil map
(obtained from Harmonized World Soil Database), and weather parameters. The weather parameters
include precipitation, solar radiation, wind speed, and temperature from weather stations or

StOChastiCally GENEIALEM. .........cviiiie et 15



List of Tables (excluding manuscripts)

Table 1. Contribution of authors (in percentage) in the manuscript with the title "Effect of rock uplift
and Milankovitch timescale variations in precipitation and vegetation cover on catchment erosion rates”.
The article was published 0N 26.08.2021. ..........oooiiiiiiiiee et 16

Table 2. Contribution of authors (in percentage) in the manuscript with the title “Effects of seasonal
variations in vegetation and precipitation on catchment-scale erosion rates along a climate and

ecological gradient (Chile): Insights from numerical modelling”. ..., 45

Table 3. Contribution of authors (in percentage) in the manuscript with the title “Effects of extreme
precipitation events on catchment erosion along a climate and ecological gradient in the Chilean Coastal
(O00] (o111 [=1 SO UPTOPRPTRPRTPPN 76



1 Introduction

Several decades of research have demonstrated the influence of tectonics, climate, and biota in
shaping modern landscapes. In natural systems, the interactions of the above parameters with physical,
chemical, and biological surface processes are highly complex. The first such study by Grove Karl
Gilbert (1877) highlighted the importance of the coupled influence of the above parameters on

catchment-scale weathering, erosion, and sedimentation processes.

Also, the significance of each natural driver in modifying the topography varies over different
timescales. For example, the rock uplift rate is conventionally identified as the first-order driver of long-
term mean erosion rates at millennial timescales. However, it is also widely documented that surface
processes are significantly affected by mean annual precipitation (MAP) and vegetation cover (amongst
other factors). In contrast, at shorter (e.g., seasonal or diurnal) timescales, the changes in rock uplift
rates are statistically negligible. In that scenario, the significance of seasonality in precipitation over
vegetation (or vice-versa) on erosion rates is still debated. The ambiguity in current knowledge on the

topic raises a variety of open questions, a couple of which define the motivation of this thesis.

This thesis aims to enhance the knowledge on the topic by investigating the role of rock uplift rates,
climate, and vegetation cover (also plant functional types) on catchment-scale erosion and sedimentation
at variable timescales in distinct climate and ecological settings. The investigated timescales range from
a millennial (Milankovitch) to seasonal and diurnal. The top-down approach (e.g., temporal
downscaling) in the model formulation is adopted to capture the significance of each model driver (over
others) on erosion rates at different timescales. For example, it is reported that rock uplift rates play a
significant role in driving long-term erosion rates (over climate and vegetation change) at geologic
timescales (e.g., millions of years). However, at shorter timescales (e.g., diurnal to seasonal), changes
in tectonics are insignificant; hence, climate and vegetation cover variability are vital in driving erosion
rates. However, it is unclear which parameter (climate or vegetation) poses a first-order control on
surface processes at diurnal and (or) seasonal timescales. This is done by implementing a numerical
landscape evolution model (LEM) modified to account for vegetation cover (and type) for the study

areas in the Chilean Coastal Cordillera (section 1.4) with an abrupt climate and ecological gradient.

This thesis is divided into six chapters comprising the introduction, model description, scientific
results, conclusions, and appendices. The first chapter (Introduction) includes the motivation, research
questions (with underlying hypotheses), and a brief description of the study areas. The second chapter
(Model Description) includes an overview of the numerical basis of the landscape evolution model and
its components and modifications based on vegetation cover and plant functional types (PFT). It also
includes the basics of the hydrological model (used in the third objective of this thesis). The third chapter

(Scientific results) includes the research articles (one published and two latest drafts of the manuscripts)



aiming to address the respective research questions. The fourth chapter (Summary and Conclusions)
includes an overall summary, concludes the previously stated research questions and underlying

hypotheses, and provides a scientific outlook for future research.
1.1 Motivation

It has long been reported that tectonics, climate, and vegetation cover play a significant role in
shaping modern landscapes. In this section, an overview of the influence of the driving parameters (e.g.,

tectonics, climate and biota) on surface processes are documented, motivating this study.
1.1.1 Influence of uplift rates on erosion rates

For decades, the direct influence of tectonics on mean elevation, erosion rates, and river channel
profiles has been extensively demonstrated (e.g., Kirby and Whipple, 2001, 2012; Turowski et al.,
2006). For example, in an ideal steady-state topography, mean catchment erosion rates are equal to the
rock uplift rates, according to the law of continuity of mass (Tucker et al., 2001). Also, tectonically
active mountain ranges experience a high frequency of erosional events (e.g., landslides) as the erosion
rates adjust to the rock uplift rates (e.g., Burbank et al., 1996; Montgomery and Brandon, 2002). For
example, a recent study by Adams et al. (2020) highlighted the non-linear relationship between erosion
and precipitation in tectonically active mountain ranges (e.g., Himalayas). Also, the influence of
tectonic uplift on erosion rates in the fluvial systems is found to be independent of bedrock lithology,

provided the dominant drivers are saltation-abrasion of the river erosion (Egholm et al., 2013).
1.1.2 Influence of precipitation and vegetation on erosion rates

The coupled effects of climate and tectonics on erosion rates have been widely accepted in the
scientific community. For example, climate change plays a crucial role in shaping the landscapes when
the rock uplift rates are constant (Whipple et al., 1999). Also, the main controlling factors for bedrock
erosivity are related to climate (apart from lithology) (Whipple and Tucker, 1999). The increase in
catchment relief with decreasing precipitation has already been documented (e.g., Bonnet and Crave,
2003; Gabet et al., 2004). This implies that at a given rock uplift rate, erosion rates decrease with a

decrease in precipitation and lead to higher topographic elevations.

Recently, the idea of control of vegetation cover on surface processes has widely flourished, as an
increase in vegetation cover stabilizes the slopes and hence reduces erosion and sediment transport. A
significant scientific contribution has been made to link landscape development with vegetation cover
(e.g., Acosta et al., 2015; Amundson et al., 2015; Istanbulluoglu, 2005). The first numerical modeling
study implementing a vegetation—erosion coupling was conducted by Collins et al. (2004). This study
was followed by the work of Istanbulluoglu and Bras (2005), which quantified the effect of vegetation
on landscape relief and drainage formation. Recent work by Schmid et al. (2018) quantified the



individual and coupled effects of precipitation and vegetation cover variations over millennial
timescales. Several observational studies at shorter timescales demonstrated the impact of vegetation
cover on erosion reduction. For example, Boix-Fayos et al. (2008) reported a reduction of sediment
yield by 54%, linked with a three-fold increase in forest cover in SE Spain. Also, a plot-scale study by
Meng et al. (2021) reported higher erosion rates in earth bank terraces than the slopes with hedgerows
(shrubs). Large-scale vegetation restoration and afforestation play a significant role in reducing

sediment transport (Wang et al., 2016) and rainfall to runoff conversion (Gao et al., 2015).

The natural systems are highly complex, and landscape development involves an interplay of
tectonics, climate, and vegetation cover. Considering the constant rock uplift rates over timescales
relevant in this study (< 10° years), the erosion rates are influenced by both precipitation and associated
vegetation cover changes. However, it is challenging to quantify the individual effects of precipitation
and vegetation cover on surface processes. For example, an increase in rainfall leads to higher surface
runoff but, at the same time, facilitates vegetation growth. This is due to the increase in water availability
for plant growth, including temperature, solar radiation, soil characteristics, etc. Previous regional
studies have reported a positive relationship between precipitation and vegetation cover (e.g., Huxman
etal., 2004; Salaetal., 1988; Zhang et al., 2016). The first observational study by Langbein and Schumm
(1958) suggested the association of high MAP with denser vegetation to reduce erosion rates. Also, the
catchment-scale erosion rates vary spatially and temporally (Wang et al., 2021) and depend on
topography (slope), vegetation cover, and type (Zhang et al., 2011, 2014; Starke et al., 2020) and
precipitation rates (Cerda, 1998). However, the degree of influence of precipitation and vegetation cover
may be different based on the timescales of topographical change. For example, Wei et al. (2015)
documented that differences in vegetation cover may contribute to long-term erosion and sedimentation.
However, seasonal variations in runoff and sediment yield are mainly contributed by intra-annual
rainfall variations. An efficient method to explore the effects of variations (ranging from millennial to
diurnal timescales) in precipitation and (or) vegetation cover on erosion rates is through numerical
landscape evolution modeling (LEM). The LEM can be parameterized for variations in vegetation-

dependent surface processes (e.g., hillslope, fluvial, infiltration, etc.) over various time scales.



1.2 Research Questions and Hypotheses

This section comprises a detailed description of the research questions and their underlying
hypotheses addressed in this study. The models utilized in addressing the research questions are

described in the second chapter of this thesis.

Research Question 1: How do the rock uplift rates and the periodicity of variations in climate and
vegetation cover affect the erosion and sedimentation over millennial (i.e., Milankovitch cycles)

timescales?

This study investigates the transient landscape response for mixed bedrock-alluvial systems. This
is done for different rock uplift rates and periodic changes (Milankovitch cycles) in precipitation and
vegetation. The focus is on the changes in erosion and sedimentation occurring over millennial to

million-year timescales. The underlying hypotheses evaluated in this study are as follows:

(i) If vegetation cover and climate vary on Milankovitch timescales, then any increase or decrease in
catchment erosion will be more pronounced over longer (e.g., 100 kyr) rather than shorter
(e.g., 21 kyr) periodicities due to the longer duration of change imposed.

(ii) Ifincreasing rates of tectonic uplift (e.g., 0.05 - 0.2 mm yr™) cause an increase in catchment erosion
rates, then any periodic variations in climate and vegetation cover will be muted (or lower
amplitude) at higher uplift rates, as the effect of rock uplift on erosion will outweigh climate and
vegetation change effects.

The above hypotheses are investigated using a stepwise increase in model complexity through
numerical landscape evolution modeling. The contributions of individual processes (i.e., climate,
vegetation, or tectonics) are identified separately before looking into the fully coupled system and
resulting interactions. A two-dimensional landscape evolution model (Hobley et al., 2017) is
implemented, which couples fluvial (Shobe et al., 2017) and hillslope (Johnstone and Hilley, 2014) and
weathering (Ahnert, 1976) processes. This study is primarily focused on documenting the predicted
sensitivity of catchments to variations in tectonics, climate, and vegetation change. The mean catchment
vegetation cover is considered in the study. The model setup is tuned to the climate and ecological
conditions along the Chilean Coastal Cordillera (Fig. 1), which features a similar lithological and
tectonic setting. This was done to provide realistic vegetation cover and precipitation parameterizations

in different ecological settings.

Research Question 2: How do the seasonal variations in precipitation and vegetation cover affect

catchment-scale erosion rates in different climate and ecological settings?

This study investigates the seasonal transients in catchment erosion rates due to variations in

precipitation and vegetation cover for four locations in the extreme climate and ecological gradient (i.e.,



arid, semi-arid, Mediterranean, and humid temperate) of the Chilean Coastal Cordillera. The underlying
hypotheses evaluated in this study are as follows:

(i) If precipitation is the first-order driver of seasonal erosion rates, then the influence of seasonal
changes in vegetation cover would be of low significance.
(i) Inarid and semi-arid regions, the catchment-scale erosion rates are more sensitive to seasonality

in precipitation and vegetation than in the Mediterranean and humid-temperate regions.

To test the above hypotheses, a sensitivity analysis of fluvial and hillslope erosion is investigated
over four Chilean study areas (Fig. 1). This is done to investigate the individual effects of seasonal
changes in vegetation cover and precipitation compared to simulations with coupled variations in
precipitation and vegetation cover. A landscape evolution modeling approach is applied, similar to
research question 1, with an addition of the consideration of infiltration and evapotranspiration and

spatially variable vegetation cover.

Research Question 3: How do the extreme precipitation events affect catchment-scale erosion

rates in regions with variable land use and land cover types?

This study investigates the influence of vegetation cover, PFT-dependent coupled hillslope and
fluvial processes, soil-water infiltration, and evapotranspiration on catchment-scale erosion rates at daily
time steps using a complex landscape evolution model. Emphasis is placed on the sensitivity of erosion
to different land cover types and stochastic precipitation variations, including extreme events. The
underlying hypotheses evaluated in this study are as follows:

(i) If land use and land cover (LULC) distribution pose first-order control on catchment erosion, then
regions with less resilient vegetation cover (barren or grasses) would experience more erosion
during extreme events, despite the prevalence of high magnitude precipitation in regions with more
resilient vegetation cover (e.g., shrubs and trees).

(ii) If Landlab LEM (modified to account for PFTs) provides a reliable output at shorter time scales, its

results should be comparable with that of a physically-based model.

The Landlab-SPACE LEM is simulated at daily time steps for ~4 decades to test the first hypothesis.
The LEM couples PFT-dependent hillslope and fluvial processes and soil-water infiltration to compute
catchment erosion for four study areas in the Chilean Coastal Cordillera. The surface water discharge
rates (normalized by domain area) obtained from LEM (Landlab-SAPCE) (Hobley et al., 2017) and the
hydrological model (Soil and Water Assessment Tool) (Winchell et al., 2013) are compared and

correlated for validation of LEM results, to test the second hypothesis.



1.3 Study Areas

This section summarizes the geologic, climate, and vegetation settings of the four selected
catchments in the Chilean Coastal Cordillera (Fig. 1) investigated in this thesis. These catchments are
located in the Pan de Azlcar National Park (arid, ~26°S), Santa Gracia nature preserve (semi-arid,
~30°S), La Campana (mediterranean, ~33°S), and Nahuelbuta (temperate-humid, ~38°S) national parks.
These study areas span ~1,300 km of the Chilean Coastal Cordillera. These study areas are selected for
their steep climate and ecological gradient from North (arid environment with small shrubs) to South
(humid-temperate environment with evergreen mixed forests) (Schaller et al., 2020). The study areas

are part of the German-Chilean priority research program EarthShape (www.earthshape.net) and

ongoing research efforts within these catchments.

The bedrock of the four study areas is composed of granitoid rocks, including granites,
granodiorites, and tonalites in Pan de Azlcar, La Campana, and Nahuelbuta, respectively and gabbro
and diorites in Santa Gracia (Oeser et al., 2018). The soil types in each catchment based on grain size
distribution are defined as sandy loam in three northern catchments and sandy clay loam in Nahuelbuta
(Bernhard et al., 2018). The western margin of Chile along the latitudes of the different study areas is
characterized by a similar tectonic setting whereby an oceanic plate (currently the Nazca plate) has been
subducting under the South American plate since the Palaeozoic. Despite this common tectonic setting
along, slight differences in current rock uplift rates are documented in the regions surrounding the three
northern catchments (i.e., < 0.1 mm yr* for ~ 26 °S to ~33 °S) (Melnick, 2016) and the southern
catchment (i.e., 0.04 to > 0.2 mm yr™* for ~38 °S over the last 4+1.2 Ma) (Glodny et al., 2008; Melnick
et al., 2009). Over geologic (millennial) timescales, measured denudation rates in the region range
between ~0.005 to ~0.6 mm yr™ (Schaller et al., 2018).

The previous gradients in MAP and MAT and latitudinal variations in solar radiation result in a
southward increase in vegetation density (Bernhard et al., 2018). The vegetation gradient evident from
mean MODIS Normalized Difference Vegetation Index (NDVI) values range from ~0.1 in Pan de
Azucar (north) to ~0.8 in Nahuelbuta (south) (Didan, Kamel, 2015). This gradient in climate and
vegetation cover from north to south in the Chilean Coastal Cordillera acts as a natural laboratory to
study the effects of variations in precipitation and vegetation (in different environments) on catchment-

scale erosion rates over variable timescales.
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Figure 1. The representative study areas in the Chilean Coastal Cordillera were used for the model setup (ESRI

2019). These study areas are part of the German EarthShape priority research program (www.earthshape.net).



2 Model Description

This chapter describes the numerical landscape evolution and hydrological models used in this
study. We also describe the landscape evolution model components simulating the surface processes in
the subsequent sections. The description of selected components (e.g., fluvial, hillslope, soil-water
infiltration, etc.) also includes the modification of underlying governing equations based on vegetation
cover.

Biota (Vegetation)

Climate (precipitation)

Veg-dependent
Hillslope and
Fluvial processes

.

10 7 2 10
8 8
6 6
Yoo, 4 4 L™
™y +
Sediment 2 2
deposition

SRERERR

Tectonics (rock uplift rate)

Figure 2. An example of a landscape evolution model domain to investigate the coupled effects of tectonics,
climate, and biota on erosion and sedimentation over a synthetic steady-state topography generated using Landlab.

The numerical models offer an excellent tool for investigating the complex interplay of tectonics,
climate, and vegetation on various surface processes, which play a significant role in shaping the
landscapes over various timescales (e.g., Horritt and Bates, 2002; Tucker and Hancock, 2010). These
timescales range from hours to a day (e.g., simulation of flood events) to millions of years (e.g., the
evolution of topography). These models include the mathematical representation of the theory behind
each process and their interactions in landscape development (Coulthard, 2001; Hobley et al., 2017;
Willgoose, 2005; Tucker and Hancock, 2010). A simplified representation of a landscape evolution
model domain of a synthetic low relief catchment evolved as a result of coupled forcings in tectonics
(rock uplift rates), climate (precipitation), and biota (vegetation) is shown in Fig. 2.



2.1 Landscape Evolution Model

This thesis utilizes a flexible, open-source python-based Landlab modeling toolkit (with plug and
play functionality). Landlab allows for the coupling of various process-based models (or components)
simulating, for example, fluvial and hillslope processes, weathering, hydrology, geodynamics, etc.,
over large temporal and spatial scales in a single grid (Hobley et al., 2017). It also allows for the
formulation of numerical model setups (e.g., application-specific equations in combination with pre-
defined Landlab components) over a two-dimensional simulation grid with user-defined size, shape,
and boundary conditions. The two-dimensional model grids are especially essential for storing spatially
variable model parameters. The gridding engine of Landlab supports multiple grid shapes, for example,
rectangular (or raster), hexagonal, and Voronoi-Delaunay mesh grids (Hobley et al., 2017). The
composition of Landlab grids involves nodes (points in space [X, y]), cells (polygons surrounding the
non-boundary nodes), and links (directional connections between adjacent pairs of nodes). The number
of links per node depends on the grid shape; for example, rectangular grids have four links, and

hexagonal grids have six links per node.

In this study, for simplicity, we utilized the rectangular (raster) grid, which is supported by most of
the Landlab components and also compatible with raster-based model input (e.g., DEM, satellite-derived
NDVI, and land cover maps). The core nodes (hon-boundary) are enclosed by cells and active links.
The boundary (or parameter) nodes may be categorized as a fixed value (Dirichlet), fixed gradient
(Neumann), looped or closed. Similarly, links at boundary nodes are defined as active (allowing flux
between nodes), fixed (allowing fixed flux), or inactive (allowing no flux). The Landlab components

(and their functionality) used in this study are described in section 1.3.1.
2.2 Landscape evolution model components

As mentioned in the previous section, Landlab offers a variety of physically-based models in the
form of model components and allows for user-defined models. The models used in this study include
the simulations of the fluvial (Shobe et al., 2017) and hillslope (Johnstone and Hilley, 2014) processes,
weathering and soil production (Ahnert, 1976; Barnhart et al., 2019), hydrology (Barnhart et al., 2020),
and soil-water infiltration (Green and Ampt, 1911; Julien et al., 1995; Rengers et al., 2016). A detailed
description of the model components (and governing equations), including the modification based on

vegetation (e.g., fluvial and hillslope processes and infiltration), is presented in this section.

Fluvial Processes

The simulation of fluvial processes involves the SPACE 1.0 component of the Landlab. SPACE is
an acronym for Stream Power with Alluvium Conservation and Entrainment. It is an extension of the
work of Davy and Lague (2009), Lague (2010), and Zhang et al. (Zhang et al., 2015) that treats bedrock



and sediment layers separately (Shobe et al., 2017). The SPACE is a type of erosion-deposition model
in terms of sediment dynamics (e.g., sediment is conserved in the river bed and the water column). The
bedrock erosion is calculated progressively with the thinning of the sediment layer, allowing for
simultaneous bedrock erosion and sediment entrainment. The model also allows the transition between
detachment- and transport-limited fluvial processes over large spatial and temporal scales. The
conceptual representation of the SPACE model is depicted in Fig. 3. The major processes (in the form
of equations) are described in subsequent paragraphs; for detailed explanations of processes (not
included here), please refer to Shobe et al. (2017).

S

Qi TP
EE D

- ..¢i .....'.___
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dx

Figure 3. Conceptual representation of fluvial processes in a single model cell in SPACE. The major elements
are; z: topographic elevation, R: bedrock elevation, H: sediment depth, H*: bedrock roughness, U: uplift rate, and
¢: sediment porosity (adapted from Shobe et al., 2017).

The model computes the rate of change in topography based on the conservation of mass. Such that
the change in channel bed elevation (z) at a time interval of dt is equal to the change in bedrock elevation
(R) and sediment depth (H),

dz dR dH
o aw T 1)

Following Davy and Lague (2009), the change in sediment depth is calculated based on the

conservation of sediment in the channel bed as,

dH _ Ds—Ej

dt_ 1_¢1 (2)
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where Dsis the sediment deposition flux per unit bed area [L T™*] on the river bed, Es is the sediment
entrainment flux per unit bed area [L T™] in the water column, and ¢ is the sediment porosity. Similarly,
the rate of change in bedrock elevation is calculated as follows,
dR
P U-E,, 3
where U is the rate of rock uplift and E, is the bedrock erosion flux per unit bed area [L T*]. For
simplicity, the porosity of bedrock is assumed as zero. The bedrock erosion, sediment entrainment, and

deposition fluxes (per unit bed area) are calculated as,

Er = (KerSn - wcr) e—H/H*’ (4)

By = (K,QS™ - w5) (1 eHi) 5)
o

D=2, ©)

where, Ks [m™] and K, [m™] are the sediment erodibility and bedrock erodibility parameters,
respectively. The above equations denote the threshold stream power for sediment entrainment and
bedrock erosion as wes [Mmyr?] and we [myr™]. Bedrock roughness is denoted as H-[m], and the
term e ~H/H- corresponds to the soil production from bedrock. With higher bedrock roughness

magnitudes, more sediment would be produced.

The parameters, Ks and K, were modified in the model using the approach of Istanbulluoglu (2005)
and Schmid et al. (2018) by introducing the effect of Manning's roughness to quantify the effect of
vegetation cover on bed shear stress,

T, = pwg(ns + nv)G/loqunFtv (7

where pw [kg m™] and g [m s7] are the density of water and acceleration due to gravity, respectively.
Manning's numbers for bare soil and vegetated surface are denoted as ns and ny. F; represents the shear

stress partitioning ratio. Manning's number for vegetation cover and F; are calculated as follows,

ny=n (%) @)
= () ®

where ny, is Manning's number for the reference vegetation. Here, V. is reference vegetation cover

(V=100 %), V is local vegetation cover in a model cell, and w is an empirical scaling factor.

By combining the stream power equation (Tucker et al., 1999; Howard, 1994; Whipple and Tucker,
1999) and the above concept of the effect of vegetation on shear stress, we follow the approach of

11



Schmid et al. (2018) to define new sediment and bedrock erodibility parameters influenced by the
surface vegetation cover on fluvial erosion, as follows,

KUS = KSpr(nS + nU)G/loFt7 (10)
KUT = KT'pr(nS + nU)G/loFt7 (11)

where Kys [m™] and Ky, [m™] are modified sediment erodibility and bedrock erodibility, respectively.
These are influenced by fractional vegetation cover V. Hence, Ks and K, in Egs. 4 and 5 are replaced
by Kys and Ky, to include an effect of vegetation cover on fluvial processes in the model.

For the inclusion of the effect of PFTs in fluvial processes, the Manning's number for vegetated
surfaces (nv, in a model cell) is replaced by the Manning’s number for grasses (ng), shrubs (nsn), or trees
(ny) in Egs. 10 and 11, based on the approach of Kalyanapu et al. (2010).

Hillslope Processes

The simulation of hillslope processes involves the DepthDependentDiffuser component of the
Landlab. This component applies a linear diffusion rule, with dependency on sediment depth and
topographic slope in the style of Johnstone and Hiley (2014). The schematic diagram for a simple

hillslope diffusion model is shown in Fig. 4.

Figure 4. Conceptual representation of hillslope processes in DepthDependentDiffuser. The major elements are
S: topographic slope, gs: sediment flux along the slope, and d*: sediment transport decay depth.

The rate of change in topography due to hillslope diffusion (Fernandes and Dietrich, 1997; Martin,
2000) is defined as follows:

dz

E = VQS' (12)

where gs is sediment flux along the slope S. We applied the slope- and depth-dependent linear diffusion
rule following the approach of Johnstone and Hilley (2014) such that,

qs = K;Sd, (1 — e~H/d), (13)

where Kj is the diffusion coefficient [L? T™], d- is sediment transport decay depth [m], and H denotes
sediment thickness.
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The diffusion coefficient is defined as a function of vegetation cover present on hillslopes, which is
estimated following the approach of Istanbulluoglu and Bras (2005), Dunne et al. (2010), and Schmid
et al. (2018) as follows,

K, = Kye= (@), (14)

where Kq is defined as a function of vegetation cover V, an exponential decay coefficient a, and linear

diffusivity Ky for bare soil.

Weathering and soil production

The simulation of weathering and soil production involves the Exponential\Weatherer component of
the Landlab. This component is based on the exponential weathering (mixture of chemical, biological,
and physical) of bedrock on the hillslopes, which leads to the thickening of the sediment layer. It applies
the soil production function in the style of Ahnert (1976) to calculate the rate of weathering, such that:

H
W=W, e, (15)

where W is the weathering (or soil production rate) [LT], W, is the maximum rate of weathering [LT"
1, d~ is sediment transport decay depth [m], and H is the sediment thickness.

Hydrology

The simulation of precipitation-induced surface runoff involves the FlowAccumulator component
of the Landlab. The FlowAccumulator component accumulates the channel flow and calculates the
drainage area by implementing different methods for directing the flow in Landlab (Barnhart et al.,
2020). The d8 flow routing scheme is implemented in this study, where the flux (through an active link)
is directed to the neighboring node with the steepest slope. This runoff rate is calculated as a product of
drainage area and precipitation input.

Soil water infiltration and vegetation modification

The simulation of weathering and soil production involves the SoillnfiltrationGreenAmpt
component of the Landlab. The soil-water infiltration rate is estimated by applying the Green-Ampt
equation (Green and Ampt, 1911; Julien et al., 1995),

fo = K (1+%2), (16)

F
where f(t) is the infiltration rate [m s™] at time t, K is the effective hydraulic conductivity [m s™], F is

cumulative infiltration [m], W is suction at the wetting front [m], and A6 is the difference between

saturated and initial volumetric moisture content [m® m™].
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Following the approach of Istanbulluoglu and Bras (2006) for loamy soils, the soil-water infiltration

is modified to account for variable vegetation cover in each grid cell, as follows:

L&) =fO)A-V®)+ 4fOWVE), A7)
I,(t) = Min[P(t), I.(t)], (18)

where I is the infiltration capacity and V is the vegetation cover (between 0 and 1) in a model grid cell

at time-step t.
2.3 Hydrological model

A hydrological model represents the components and physical processes (e.g., precipitation,
evapotranspiration, infiltration, etc.) of the water cycle and is based on water balance in the watershed.
While addressing the third research question in this thesis (see section 1.3), the output (i.e., runoff rates)
of the landscape evolution model is cross-checked with the hydrological model to validate the results.

Hence, a brief description of the model is presented in this sub-section.
2.3.1 Soil and Water Assessment Tool

This study (in section 3.3) utilizes ArcSWAT-2012, an ArcView extension of the Soil and Water
Assessment Tool (SWAT) hydrological model. This section includes a generalized description of the

SWAT model's functionality, inputs, and methodology.

SWAT is a physically-based, semi-distributed hydrological model based on the water balance
concept. Catchment processes, including runoff, evapotranspiration, sediment, nutrient transport, and
crop growth, are simulated based on topographical, meteorological, soil, and land cover data (Winchell
et al., 2013). The model is developed to predict the impact of land management practices on water,
sediment, and agricultural sediment yields in large and complex watersheds with varying soil and land
cover over long periods (Arnold et al., 1998). It is implemented due to its capability to account for the
spatial distribution of land use and land cover in the watershed. It is a computationally efficient model
enabling the study of long-term impacts (e.g., from days to decades). However, it is a continuous-time
model and is not designed to simulate detailed, single event flood routing. A schematic diagram for the

water balance concept implemented in SWAT is represented in Fig. 5.

For a better physical description and to enhance the accuracy of the water balance, a watershed is
discretized into several sub-basins. The topographic slopes are extracted from the watershed and stored
as a separate raster layer. Input information for each sub-basin is grouped into different categories, i.e.,
climate, hydrologic response units (HRUSs), and main channel (reach) draining the sub-basin. Each HRU
combines land cover, soil type, and topographic slope. Surface water discharge is predicted for each
HRU and routed to obtain total surface runoff for the watershed. A flowchart representing the simple
methodology of ArcSWAT-2012 is shown in Fig. 6.
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Figure 5. Schematic diagram of water balance concept in SWAT model (adapted from Neitsch et al., 2011).
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Figure 6. A simplified representation of the methodology of ArcSWAT-2012 in the estimation of surface water
discharge rates at the catchment outlet. The input files include a DEM, LULC, soil map (obtained from
Harmonized World Soil Database), and weather parameters. The weather parameters include precipitation, solar
radiation, wind speed, and temperature from weather stations or stochastically generated.
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3 Scientific Results

This section comprises the manuscripts addressing the research questions and testing their
underlying hypotheses. This section is divided into three manuscripts, out of which one is already
published in a journal, and the other two are the latest versions of the manuscripts and are soon to be

submitted for publication.

3.1 Effect rock uplift and the periodicity of variations in climate and vegetation cover

on catchment erosion at millennial timescales
3.1.1 Declarations of contribution to the joint publication

This section of the dissertation was published and is available online through open access under
https://doi.org/10.5194/esurf-9-1045-2021. The full citation of the publication is as follows:

Sharma, H., Ehlers, T. A., Glotzbach, C., Schmid, M., and Tielborger, K.: Effect of rock uplift and
Milankovitch timescale variations in precipitation and vegetation cover on catchment erosion rates,
Earth Surf. Dyn., 9, 1045-1072, https://doi.org/10.5194/esurf-9-1045-2021, 2021.

The manuscript was prepared and contributed by five authors, namely Hemanti Sharma (HS), Todd
A. Ehlers (TAE), Christoph Glotzbach (CG), Manuel Schmid (MS), and Katja Tielborger (KT). Todd
Ehlers formulated the initial research framework with feedback from Christoph Glotzbach and Katja
Tielborger. The initial model setup was prepared by Hemanti Sharma with the help of Manuel Schmid.
All the co-authors jointly contributed in analysis and interpretation of results. The manuscript was
prepared by Hemanti Sharma and Todd Ehlers with the feedback from Christoph Glotzbach and Katja
Tielborger. The detailed contributions of each author for the above publication are presented in Table
1.

Table 1. Contribution of authors (in percentage) in the manuscript with the title "Effect of rock uplift
and Milankovitch timescale variations in precipitation and vegetation cover on catchment erosion
rates”. The article was published on 26.08.2021.

Author Author Scientific Data Analysis & Paper
position ideas [%0] | generation [%] | interpretation [%] | writing [%0]
HS 1 35 60 50 55
TAE 2 35 10 30 20
CG 3 10 0 5 10
MS 4 10 30 10 0
KT 5 10 0 5 15
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3.1.2

Effect of rock uplift and Milankovitch timescale variations in precipitation and vegetation

cover on catchment erosion rates

Earth Surf. Dynam., 9, 1045-1072, 2021

https://doi.org/10.5194/esurf-9-1045-2021 Earth Surface
© Author(s) 2021. This work is distributed under Dynamics
the Creative Commons Attribution 4.0 License.

C
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Abstract. Catchment erosion and sedimentation are influenced by variations in the rates of rock uplift (tec-
tonics) and periodic fluctuations in climate and vegetation cover. This study focuses on quantifying the effects
of changing climate and vegetation on erosion and sedimentation over distinct climate—vegetation settings by
applying the Landlab—SPACE landscape evolution model. As catchment evolution is subjected to tectonic and
climate forcings at millennial to million-year timescales, the simulations are performed for different tectonic
scenarios and periodicities in climate—vegetation change. We present a series of generalized experiments that
explore the sensitivity of catchment hillslope and fluvial erosion as well as sedimentation for different rock uplift
rates (0.05, 0.1, 0.2 mm a’l) and Milankovitch climate periodicities (23, 41, and 100 kyr). Model inputs were
parameterized for two different climate and vegetation conditions at two sites in the Chilean Coastal Cordillera at
~26°S (arid and sparsely vegetated) and ~ 33° S (Mediterranean). For each setting, steady-state topographies
were produced for each uplift rate before introducing periodic variations in precipitation and vegetation cover.
Following this, the sensitivity of these landscapes was analyzed for 3 Myr in a transient state. Results suggest
that regardless of the uplift rate, transients in precipitation and vegetation cover resulted in transients in erosion
rates in the direction of change in precipitation and vegetation. The transients in sedimentation were observed
to be in the opposite direction of change in the precipitation and vegetation cover, with phase lags of ~ 1.5—
2.5 kyr. These phase lags can be attributed to the changes in plant functional type (PFT) distribution induced by
the changes in climate and the regolith production rate. These effects are most pronounced over longer-period
changes (100 kyr) and higher rock uplift rates (0.2 mm yr—"). This holds true for both the vegetation and climate
settings considered. Furthermore, transient changes in catchment erosion due to varying vegetation and precip-
itation were between ~ 35 % and 110 % of the background (rock uplift) rate and would be measurable with
commonly used techniques (e.g., sediment flux histories, cosmogenic nuclides). Taken together, we find that
vegetation-dependent erosion and sedimentation are influenced by Milankovitch timescale changes in climate
but that these transient changes are superimposed upon tectonically driven rates of rock uplift.

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

The pioneering work of Grove Karl Gilbert (Gilbert, 1877)
highlighted the fact that surface uplift, climate, and biota
(amongst other things) jointly influence catchment-scale
rates of weathering and erosion. In recent decades a wide
range of studies have built upon these concepts and quan-
tified different ways in which climate, tectonics, or vegeta-
tion cover influence rates of erosion and sedimentation. For
example, recent work highlights the fact that denser vegeta-
tion and lower precipitation both decrease erosion (Alonso
et al., 2006; Bonnet and Crave, 2003; Huntley et al., 2013;
McPhillips et al., 2013; Miller et al., 2013; Perron, 2017;
Schaller et al., 2018; Starke et al., 2020; Tucker, 2004). In
addition, periodic changes in climate (such as changes driven
by Milankovitch timescale orbital variations) have also been
recognized as influencing rates of catchment erosion and
sedimentation (Braun et al., 2015; Hancock and Anderson,
2002; Hyun et al., 2005; Schaller et al., 2004), although
our ability to measure orbital-timescale-induced erosional
changes can be challenging (e.g., Schaller and Ehlers, 2006;
Whipple, 2009). Several studies have also documented how
the combined effects of either climate and vegetation change
or variable rates of rock uplift and climate change (including
glaciation) impact catchment-scale processes (Herman et al.,
2010; Mishra et al., 2019; Schmid et al., 2018; Tucker, 2004;
Yanites and Ehlers, 2012). Taken together, previous studies
have found that the long-term development of topography
(such as over million-year timescales) is in many situations
sensitive to the tectonic, climate, and vegetation history of
the region and that competing effects of different coeval pro-
cesses (e.g., climate change and tectonics) exist but are not
well understood.

Quantification of climate, vegetation, and tectonic effects
on catchment erosion is challenging because these processes
are confounded and can, if coupled, have opposing effects
on erosion and/or sedimentation. For example, precipitation
has both direct (positive) and indirect effects on erosion that
operate via vegetation cover. Namely, plants require water
to grow and survive, and vegetation cover is usually posi-
tively affected by precipitation both on a global scale (i.e.,
when comparing biomes across latitudinal gradients) and on
a regional or local scale (e.g., Huxman et al., 2004; Sala et
al., 1988; Zhang et al., 2016). Though vegetation cover is
also influenced by temperature, seasonality, and many other
abiotic factors such as soil type and thickness, the positive
relationship of biomass and cover with water availability is
rather general. For example, in dry ecosystems such as hot
deserts and Mediterranean systems, vegetation cover is pri-
marily limited by water availability and is therefore very
low. As precipitation increases, vegetation cover increases
rapidly, although water availability can still be the limiting
factor in addition to other factors (Breckle, 2002). In tem-
perate systems, wherein water is abundant and soils are well
developed, plant growth is primarily limited by low winter
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temperatures. Overall, the relationship between precipitation
and vegetation cover follows a saturation curve with large
sensitivity (e.g., measured as rain use efficiency — RUE) to
precipitation in arid to Mediterranean systems and low sen-
sitivity in temperate or tropical systems (Gerten et al., 2008;
Huxman et al., 2004; Yang et al., 2008; Knapp et al., 2017).
Previous modeling and observational studies have made
significant progress in understanding the interactions be-
tween surface processes and either climate (Dixon et al.,
2009; Routschek et al., 2014; Seybold et al., 2017; Slater
and Singer, 2013), vegetation (Acosta et al., 2015; Amund-
son et al., 2015; Istanbulluoglu and Bras, 2005), or cou-
pled climate—vegetation dynamics (Dosseto et al., 2010; Jef-
fery et al., 2014; Mishra et al., 2019; Schmid et al., 2018).
Over geologic (millennial to million-year) timescales, obser-
vational studies of these interactions are impossible (or re-
quire proxy data) and numerical modeling approaches pro-
vide a means to explore interactions between climate, veg-
etation, tectonics, and topography. The first observational
study of this kind suggested that high MAP (mean annual
precipitation) is associated with denser vegetation, hence
resulting in lower erosion rates (Davy and Lague, 2009).
One of the first numerical modeling studies implementing
a vegetation—erosion coupling was conducted by Collins et
al. (2004). This study was followed by work from Istanbul-
luoglu and Bras (2006), which quantified the effect of vege-
tation on landscape relief and drainage formation. More re-
cently, work by Schmid et al. (2018) included the effects
of transient climate and vegetation coupled with a land-
scape evolution model to predict topographic and erosional
variations over millennial to million-year timescales. How-
ever, Schmid et al. (2018) presented a simplified approach
to consider hillslope and detachment-limited fluvial erosion
and only considered a homogeneous substrate. Other stud-
ies have documented the fact that sediment or bedrock ero-
sion by rivers is not dominated purely by detachment-limited
(Howard, 1994) or transport-limited fluvial erosion (Will-
goose et al., 1991). Rather, it often involves a combination
of or transition between the two conditions (e.g., Pelletier,
2012). Given this, treatment of bedrock erosion and sedi-
ment transport for mixed bedrock—alluvial streambeds pro-
vides a more realistic framework for understanding the in-
fluence of climate, vegetation, and tectonic processes on to-
pographic development. Recent work (Shobe et al., 2017)
presented an additional component (SPACE) to the Land-
lab surface process model. SPACE allows for the simulation
of mixed detachment—transport-limited fluvial processes, in-
cluding separate layers for bedrock and loose sediment. Fi-
nally, the sensitivity of topography to different rock uplift
rates in variable climate—vegetation settings has not yet been
investigated. The combined interactions of tectonics (rock
uplift) and variable climate and vegetation warrant investi-
gation given the significant influence of rock uplift on mean
elevation, erosion rates and river channel profiles (Kirby and
Whipple, 2012; Turowski et al., 2006), and hillslopes.
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In this study, we complement previous work and inves-
tigate the transient landscape response for mixed bedrock—
alluvial systems. We do this for different rates of rock uplift
and periodic changes (Milankovitch cycles) in precipitation
and vegetation. Our focus is on erosion and sedimentation
changes occurring over millennial to million-year timescales.
Sub-annual to decadal-scale changes are beyond the scope
of this study. More specifically, this study evaluates the fol-
lowing two hypotheses: first, if vegetation cover and climate
vary on Milankovitch timescales, then any increases or de-
creases in catchment erosion will be more pronounced over
longer (e.g., 100kyr) rather than shorter (e.g., 21kyr) pe-
riodicities due to the longer duration of change imposed.
Second, if increasing rates of tectonic uplift cause increases
in catchment erosion rates, then any periodic variations in
climate and vegetation cover will be muted (lower ampli-
tude) at higher uplift rates because the effect of rock up-
lift on erosion will outweigh climate and vegetation change
effects. Given the complexity of this problem, we inves-
tigate these hypotheses through numerical landscape evo-
lution modeling using a stepwise increase in model com-
plexity whereby the contributions of individual processes
(i.e., climate, vegetation, or tectonics) are identified sepa-
rately before looking into the fully coupled system and re-
sulting interactions. We apply a two-dimensional coupled
detachment—transport-limited landscape evolution model for
fluvial processes. In addition, hillslope diffusion (Johnstone
and Hilley, 2014) and weathering and soil production (Ah-
nert, 1977) processes are considered. Although this study
is primarily focused on documenting the predicted sensi-
tivity of catchments to variations in tectonics, climate, and
vegetation change, we have tuned our model setup to the
conditions along the Chilean Coastal Cordillera (Fig. 1),
which features a similar tectonic setting but an extreme cli-
mate and ecological gradient. This was done to provide re-
alistic parameterizations for vegetation cover and precipita-
tion in different ecological settings. This area is also part
of the German—Chilean priority research program, Earth-
Shape: Earth Surface Shaping by Biota (https://esdynamics.
geo.uni-tuebingen.de/earthshape/index.php?id=129, last ac-
cess: 15 January 2021), for which extensive research is on-

going.

2 Methods

We apply the landscape evolution model, Landlab (Hob-
ley et al., 2017), using the SPACE 1.0 module of Shobe et
al. (2017) for detachment- vs. transport-limited fluvial pro-
cesses. The Landlab-SPACE programs were modified for
vegetation-dependent hillslope and fluvial erosion using the
approach of Schmid et al. (2018). In general, the geomor-
phic processes considered involve weathering and regolith
production calibrated to the Chilean Coastal Cordillera ob-
servations of Schaller et al. (2018), vegetation-dependent
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Figure 1. The representative study areas in the Chilean Coastal
Cordillera used for the model setup. The model parameters were
loosely tuned to the climate and vegetation conditions in these
areas (Schmid et al., 2018). The Pan de Azucar area in the
north neighbors the Atacama Desert and has sparse vegetation
cover (10 %) and an arid climate (30 mm yr*l)4 The La Campana
area in south has a Mediterranean climate and ecosystem with
more abundant vegetation (70 %) and precipitation (350 mm yrfl).
These two study areas are part of the German EarthShape pri-
ority research program (https://esdynamics.geo.uni-tuebingen.de/
earthshape/index.php?id=129, last access: 15 January 2021).

coupled detachment—transport-limited fluvial erosion, and
depth-dependent hillslope diffusion. The model parameters
(i.e., bedrock and sediment erodibility and diffusion coef-
ficient) in the simulations are based on those of Schmid et
al. (2018). A detailed explanation of the weathering, erosion,
sediment transport, and deposition processes is provided in
Appendix A, and a summary of model parameters used is
given in Table A1.

2.1 Model setup and scenarios considered

The model consists of a 10km by 10km rectangular grid
with 100 m node spacing (Fig. 2a), with a total domain area
of 100km?. We conducted generalized simulations that are
loosely tuned to the climate and vegetation conditions in two
areas in the Chilean Coastal Cordillera (Fig. 1), which have

Earth Surf. Dynam., 9, 1045-1072, 2021
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predominantly granitoid lithology (van Dongen et al., 2019;
Kojima et al., 2017; Oeser et al., 2018; Rossel et al., 2018).
These areas exhibit a large climate and vegetation gradient
ranging from an arid climate (MAP: 30 mm) and sparse veg-
etation (10 %) in Pan de Azucar National Park to a wetter
Mediterranean climate (MAP: 35cm) with more abundant
vegetation (70 %) in La Campana National Park.

Bedrock elevation and sediment cover thickness are con-
sidered to be separate layers to quantify simultaneous
bedrock erosion and sediment entrainment across the model
domain. Simulations were conducted for 15 Myr to gener-
ate a steady-state topography with the mean values of pre-
cipitation and vegetation cover for the two study areas. The
rates of rock uplift are kept constant during the steady-state
simulations and subsequently in the transient stage with os-
cillating vegetation cover and precipitation. After the de-
velopment of a steady-state topography, transient forcings
in vegetation cover and mean annual precipitation (MAP)
(Fig. 2b) were introduced for 3 Myr. Vegetation cover var-
ied by £10 % around the mean value used to develop the
steady-state topography. The 10 % vegetation cover varia-
tion is based on the dynamic vegetation modeling results of
Werner et al. (2018) for the Chilean Coastal Cordillera. They
found that from the Last Glacial Maximum to the present,
vegetation cover in the region varied by ~ 10 %. The peri-
odicity of vegetation change varied between simulations (Ta-
ble Al).

Changes in vegetation cover are driven by climatic vari-
ations; MAP has been shown to be much more influential
than temperature changes, especially in relatively dry regions
(e.g., Mowll et al., 2015) and in grasslands (e.g., Sala et al.,
1988). Many previous studies have shown that annual pri-
mary production (ANPP) and associated vegetation cover in-
crease linearly (Mowll et al., 2015; Xia et al., 2014) or in an
asymptotic manner with MAP (Huxman et al., 2004; Smith et
al., 2017; Yang et al., 2008; Zhang et al., 2016; Knapp et al.,
2017). These findings are also highly consistent among dif-
ferent approaches such as global (Gerten et al., 2008) and re-
gional (Zhang et al., 2016) models, field and remotely sensed
observations across biomes and among years (Huxman et al.,
2004; Xia et al., 2014; Yang et al., 2008), and rapid vege-
tation responses to rainfall manipulation experiments (Smith
et al., 2017). An asymptotic relationship appears to be the
more common case, especially when looking at warm and
dry ecosystems, i.e., regions up to approximately 600 mm
MAP (Huxman et al., 2004; Mowll et al., 2015). Here, it has
been demonstrated that the sensitivity of ANPP to MAP de-
creases from more water-limited systems such as deserts to
Mediterranean and temperate regions (Huxman et al., 2004;
Yang et al., 2008). Namely, the same increase in MAP will
yield a much larger increase in vegetation cover in dry re-
gions than in wetter ones. To implement these effects, we
use an empirical approach based on vegetation—precipitation
relationships observed in the Chilean Coastal Cordillera (see
Schmid et al., 2018, for details) to estimate what mean an-
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nual precipitation rates are associated with different vegeta-
tion cover amounts (Fig. 2b and c).

The effects of vegetation cover on hillslope and fluvial
processes are modified from the approach of Schmid et
al. (2018); see also the Appendix and Table Al. Briefly,
we applied a slope- and depth-dependent linear diffusion
rule following the approach of Johnstone and Hilley (2014).
The diffusion coefficient (Kg4) is defined as a function of
the bare soil diffusivity (Kp) and exponentially varies with
vegetation cover following the approach of Istanbulluoglu
and Bras (2005) and Dunne et al. (2010). Fluvial erosion
is estimated for a two-layer topography (i.e., bedrock and
sediment are treated explicitly) in the coupled detachment—
transport-limited model. Bedrock erosion and sediment en-
trainment are calculated simultaneously in the model fol-
lowing the approach of Shobe et al. (2017). The effects of
vegetation cover on fluvial erosion were implemented using
the approach of Istanbulluoglu and Bras (2005) and Schmid
et al. (2018) and by introducing the effect of a vegetation-
dependent Manning roughness. The sediment and bedrock
erodibility (Kys and K, respectively) are influenced by the
fraction of vegetation cover V (see the Appendix for gov-
erning equations). Figure 3 shows the range of resulting dif-
fusion coefficients (Kq) and sediment and bedrock erodi-
bility (Kys and K,p, respectively) values considered in this
study. The exponential and power-law relationships produc-
ing these values, respectively, are a source of nonlinearity
manifested in the results discussed in subsequent sections.

As the study areas exhibit similar granitoid lithology, the
erosional parameters (Table A1) are kept uniform for both
the study areas. However, parameters based on climate con-
ditions, namely soil production rate (Schaller et al., 2018),
MAP, and vegetation cover (Schmid et al., 2018), are differ-
ent for these areas. The vegetation cover and precipitation
rate are kept uniform across the model domain due to low
to moderate relief in target catchments (~ 750 m for Pan de
Azucar and ~ 1500 m in La Campana).

The model scenarios considered were designed to provide
a stepwise increase in model complexity to identify how vari-
ations in precipitation, vegetation cover, or rock uplift rate in-
fluence erosion and sedimentation. The model scenarios in-
clude the following.

1. Influence of oscillating precipitation and constant veg-
etation cover on erosion and sedimentation (Figs. 4a
and 5, Sect. 3.1)

. Influence of constant precipitation and oscillating veg-
etation cover on erosion and sedimentation (Figs. 4b
and 6, Sect. 3.2)

. Influence of coupled oscillations in precipitation and
vegetation cover on erosion and sedimentation (Figs. 4c
and 7, Sect. 3.3)
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Figure 2. Model geometry as well as climate and vegetation forcings used in this study. (a) A simple representation of the model setup with
a square grid, and catchment outlet in the lower left corner. (b) Graphical representation of the magnitude and pattern of fluctuations imposed
on vegetation (top) and precipitation (bottom) during the transient state of the model. Red rectangles represent one cycle, whose effects are
discussed in detail. (¢) Graphical representation of precipitation and vegetation cover correlation from the Chilean study areas used as the
empirical basis for how precipitation rates vary for £10 % changes in vegetation cover (Schmid et al., 2018).
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Figure 3. Graphical representation of the range of vegetation-
dependent diffusion coefficient (K, left y axis), sediment erodi-
bility (Kys), and bedrock erodibility (Kyp) values considered in this
study (see the Appendix for governing equations). The combined
erodibility is referred to as Ky (right y axis).

4. Influence of different periodicities of precipitation—
vegetation change on erosion and sedimentation (Fig. 8,
Sect. 3.4)

5. Influence of rock wuplift rate and oscillating
precipitation—vegetation on erosion sedimentation
(Fig. 9, Sect. 3.5)

The porosity (0.2) used in this study is lower than the usual
range for soil (0.3-0.4), as sediment produced as a result
of weathering in the study areas is a mixture of fine- and
coarse-grained regolith (Schaller et al., 2020). Manning’s
numbers for bare soil and reference vegetation cover are the
same as used by Schmid et al. (2018). The rate of rock up-
lift is kept temporally and spatially constant (0.05mma~!)
for both study areas for the simulations in scenarios 1-4.
This is done in order to minimize the effect of tectonics
on topography to isolate the sensitivity of geomorphic pro-
cesses to changing precipitation and vegetation cover. In sce-
nario 5, the effect of different rock uplift rates (i.e., 0.05,
0.1, and 0.2 mma~") is studied in combination with the cou-
pled oscillations in precipitation and vegetation cover. The
rock uplift rate used in scenarios 1-4 is estimated from the
findings of Melnick (2016) and Avdievitch et al. (2018),
which suggests modern and paleo-uplift and exhumation
rates of <0.lmma~! for the study areas and northern
Coastal Cordillera in general. Similarly, the periodicity of os-
cillations for precipitation and vegetation cover is kept con-
stant (23 kyr) for model scenarios 1, 2, 3, and 5. In scenario 4,
the effect of different periodicities (i.e., 23, 41, and 100 kyr)
is studied in combination with coupled oscillations in precip-
itation and vegetation cover. The periodicities of oscillations
are based on Milankovitch cycles (Ashkenazy et al., 2010;
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Hyun et al., 2005). In the simulations with variations in ei-
ther vegetation cover or climate, a perfect sinusoidal func-
tion is used to demonstrate the oscillations in precipitation
rates for both catchments (Fig. 4a and b). However, in the
case of coupled oscillations in vegetation cover and climate,
an asymmetric sinusoidal function is used for precipitation
rates (Fig. 4c). This is done due to the observed nonlinear
relationships between changing vegetation cover and precip-
itation in Fig. 2. The nonlinearity stems from the fact that in
high-vegetation-cover settings (e.g., 70 %; Fig. 2) a large in-
crease in precipitation is needed to increase vegetation cover
by 10 % compared to a smaller decrease in precipitation re-
quired to reduce vegetation cover by 10 %.

2.2 Boundary and initial conditions

An initial low-relief (< 1 m) random-noise topography was
applied to the model grid at the start of the simulations.
The initial topographies had a slight initial topographic slope
of ~1.4x 107 (Fig. 2a). The boundaries on all sides of the
domain were closed (no flow) except the southwest corner
node, which was an outlet node. From these conditions, the
steady-state topography was calculated over 15 Myr model
time, and the resulting bedrock elevation and sediment thick-
ness were used as input for the transient scenarios described
in Sect. 2.1.

3 Results

In the following sections, we focus our analysis on the mean
catchment sediment thickness (i.e., the combined thickness
of soil and regolith) over the entire domain, mean bedrock
erosion rates (excluding sediment erosion), mean sediment
entrainment rates, and mean catchment erosion rates. The
mean catchment erosion rates are the sum of bedrock ero-
sion and sediment entrainment rates. To simplify the presen-
tation, results are shown only for the first cycle of transient
climate and vegetation change. Results from the first cycle
were representative of subsequent cycles (not shown), and
no longer-term variations or trends in erosion—sedimentation
were identified or warrant discussion.

3.1 Influence of oscillating precipitation and constant
vegetation cover on erosion and sedimentation

(scenario 1)

In this scenario, with a rock uplift rate of 0.05 mm a~! and
23 kyr periodicity in precipitation, the mean catchment sed-
iment entrainment rates follow the pattern of change in pre-
cipitation (Fig. 5a and b), but with an offset (phase lag) be-
tween the maxima and minima of entrainment and precipi-
tation. A higher variation in the range of sediment entrain-
ment rates (i.e., —0.036 to 0.043mm yr~'; Fig. 5b) is ob-
served for simulations with 10 % vegetation cover. Negative
values in sediment entrainment rates correspond to sediment
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Figure 4. Graphical representation of the different precipitation and vegetation forcings applied to the model scenarios described in the text.
Forcings for sparse vegetation (10 %) cover are shown on the left and dense vegetation (70 %) cover on the right. Scenarios explored include
(a) oscillating precipitation and constant vegetation cover, (b) oscillating vegetation and constant precipitation, and (c) coupled oscillations

in precipitation and vegetation cover.

deposition rates during drier periods. The peak in sediment
entrainment rates (e.g., 0.043mmyr~! for 10% veg., and
~0.038 mmyr~! for 70 % veg.; Fig. 5b) is observed with
a time lag of ~ —2kyr before the peak in maximum pre-
cipitation in both the 10 % and 70 % vegetation cover sim-
ulations. This result suggests that as precipitation increases
sediment is readily entrained where available in the catch-
ment until bedrock is locally exposed. The changes in mean
catchment sediment thickness (Fig. 5c) are influenced by
changes in the sediment entrainment and precipitation rates,
but with a lag time between the maximum in precipitation
and the minimum in sediment thickness. The lowest mean
catchment sediment thickness (e.g., ~ 0.97 m for 10 % veg.,
and ~ 1.9m for 70 % veg.; Fig. 5c) also occurs with a time
lag of (~ 3 kyr) after the peak in precipitation rates for both
the 10 % and 70 % vegetation cover simulations. The same
time lag ~ 3 kyr is observed in the peak in mean catchment
bedrock erosion (e.g., ~ 0.087mmyr~! for 10% veg. and
~0.1mmyr~! for 70% veg.; Fig. 5d) and coincides with
when the minimum sediment cover is present and more
bedrock is exposed for erosion. As we use the total change in
bedrock elevation to estimate bedrock erosion rates, the loss
in bedrock due to weathering (exponential) is also accounted
for. The phase lag in bedrock erosion and sediment thickness
can be attributed to exponential weathering, which is dis-
cussed in detail in Sect. 4.2. Finally, the mean catchment ero-
sion rates follow the pattern of change in precipitation rates
(Fig. 5a and e) without a phase lag. The maximum erosion
rates are similar in range for both the 10 % and 70 % vegeta-
tion cover simulations (e.g., ~ 0.12 mm yr~!; Fig. 5¢). How-

https://doi.org/10.5194/esurf-9-1045-2021

23

ever, in the 10 % vegetation cover simulation, the minimum
in the mean catchment erosion rate decreases more (e.g., to
~0.01 mmyr~!; Fig. Se) relative to the higher-vegetation-
cover scenario. The different decreases in the minimum ero-
sion rate between the two vegetation cover amounts cor-
respond to the differences in precipitation rates (Figs. 4a
and 5a).

The absence of a phase lag between the mean catch-
ment erosion and precipitation rates reflects the fact that the
combined sediment entrainment and bedrock erosion rates
when added together track the overall trend in precipita-
tion rate changes, but the individual components (sediment
vs. bedrock) respond differently.

3.2 Influence of constant precipitation and oscillating
vegetation cover on erosion and sedimentation

(scenario 2)

Results from this scenario with constant mean annual pre-
cipitation (at the mean value of the previous scenario) and
oscillating vegetation cover (Figs. 4b and 6a) show a starkly
different catchment response from scenario 1 (Sect. 3.1). The
sediment entrainment rates for both simulations (Fig. 6b)
show a small decrease in entrainment as vegetation cover
increases (e.g., ~—0.05mmyr~! for 10% veg., and ~
—0.01mmyr~! for 70 % veg.; Fig. 6b. As vegetation cover
decreases later in the cycle, entrainment rates increase
(e.g., to ~0.13mmyr~! for 10 % veg., and to 0.01 mm yr—!
for 70 % veg.; Fig. 6b). The larger magnitude of increase
in entrainment for the 10 % vegetation cover case corre-
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Figure 5. Temporal evolution of catchment-averaged predictions for scenario 1 described in the text (Sect. 3.1). Graphical representation of
mean catchment sedimentation and erosion to (a) oscillating precipitation [mm yr*l] and constant vegetation cover [-] in terms of (b) sed-
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entire catchment. The periodicity of climate and vegetation oscillations is 23 kyr with a rock uplift rate of 0.5 mm yr

sponds to the minimum (0 %) vegetation cover for which the
potential for erosion is the highest. In the 10 % vegetation
cover simulation, the lowest mean catchment sediment thick-
ness was observed ~ 1.5 kyr after the minimum in vegetation
cover (Fig. 6¢).

The range of mean catchment sediment thickness varies
significantly in the simulations (e.g., ~ 0.72-1.38 m for 10 %
veg., and ~ 2.2—~ 2.3 m for 70 % veg.; Fig. 6¢). The same
time lag (~ 1.5kyr) is observed between the peak in mean
catchment bedrock erosion rates (Fig. 6d) and the minimum
in vegetation cover. This is most likely due to the maxi-
mum exposure of bedrock for erosion when catchment av-
erage sediment thicknesses are at their minimum. Also, the
first phase of the cycle is mainly depositional while bedrock
erosion (including weathering) is observed, which happens
partly in places where there is no deposition. Finally, mean
catchment erosion rates (Fig. 6e) are significantly affected
(~+0.25mm yr~!) by oscillating vegetation cover in simu-
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lations with a mean 10 % vegetation. For the 70 % vegetation
cover simulation, a similar maximum in erosion also occurs
during the minimum in vegetation but is far less dramatic,
presumably due to the still somewhat large (60 %) amount
of vegetation cover present. Although the relief and slopes
are lower in sparsely vegetated catchment (10% V), sig-
nificantly higher erosion rates are observed as precipitation
is kept constant at 30mmyr—', while the vegetation cover
was reduced to 0 %. This can be attributed to low (bedrock—
sediment) stream power thresholds.

3.3 Influence of coupled oscillations of precipitation and
vegetation cover on erosion and sedimentation

(scenario 3)

The catchment response to coupled oscillations in precipita-
tion rate and vegetation cover (Fig. 4c) for erosion and sed-
imentation represents a composite of the effects discussed
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Figure 6. Temporal evolution of catchment-averaged predictions for scenario 2 described in the text (Sect. 3.2). Graphical representation of
mean catchment sedimentation and erosion to (a) constant precipitation [mm yr_l] and oscillating vegetation cover [—] in terms of (b) sed-
iment entrainment [mm yrfll, (¢) sediment thickness [m], (d) bedrock erosion [mm yrfll, and (e) mean erosion rates [mm yrfl] for the
entire catchment. The periodicity of climate and vegetation oscillations is 23 kyr with a rock uplift rate of 0.5 mm yrfl .

in the previous two sections (Fig. 7). For example, the mean
catchment sediment entrainment rates have a peak in entrain-
ment rates (~ 1.5 kyr) prior to the peak in climate—vegetation
values. A similar effect was noted for scenario 1 (Fig. 5,
Sect. 3.1). As the precipitation rates and vegetation cover
decrease later in the cycle (Fig. 7a), the sediment entrain-
ment rates increase. In more detail, the 70 % vegetation cover
simulations show a modest increase similar to that observed
in scenario 1 (Fig. 5b), whereas the 10 % vegetation cover
shows a sharp peak in the sediment entrainment rates when
0% vegetation cover is present. This latter observation is
similar to what is observed for scenario 2 (Fig. 6b, Sect. 3.2).
Thus, in the case of covarying precipitation rates and vege-
tation cover, the response observed in terms of sediment en-
trainment is not predicted to be the same for all degrees of
vegetation cover and depends heavily on the initial vegeta-
tion cover of the system around which variations occur.

https://doi.org/10.5194/esurf-9-1045-2021

25

Mean catchment sediment thicknesses in the 10 % vegeta-
tion cover simulation show a modest response and vary be-
tween 1.16 and 1.24 m (Fig. 7c), with a time lag of ~ 2.5 kyr
between the peak in precipitation—vegetation and minimum
sediment thickness. This lag is also observed in the case
of the 70 % vegetation cover simulation, but with a higher
amplitude of change in sediment thickness (e.g., 2-2.22 m;
Fig. 7c¢). A similar trend in time lags between the peaks
in climate—vegetation and bedrock erosion (Fig. 6d) is also
present. These observations for variations in sediment thick-
ness again represent the combined effects of the results dis-
cussed in Sect. 3.1 and 3.2 (Figs. Sc and 6c).

The amplitude of change in bedrock erosion is 0.05—
0.06 mm yr~" for 10 % veg. and 0.05-0.08 mm yr—" for 70 %
veg. (Fig. 7d). The bedrock erosion response for both sim-
ulations represents a composite of the effects shown in the
previous two scenarios (Sect. 3.1 and 3.2). Here the increase
in time lag in the maximum in erosion rates (most notable
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of mean catchment sedimentation and erosion to (a) coupled oscillations in precipitation [mm yr‘l] and vegetation cover [—] in terms of
(b) sediment entrainment [mm yrfl], (c) sediment thickness [m], (d) bedrock erosion [mm yrfl], and (e) mean erosion rates [mm yrfl] for
the entire catchment. The periodicity of climate and vegetation oscillations is 23 kyr with a rock uplift rate of 0.5 mm yr— L

for the 70 % vegetation cover simulation) resembles the ef-
fect of a large increase in precipitation rates (compared to
Fig. 5d) for the first part of the cycle. Whereas the second
peak in bedrock erosion visible in the 10 % vegetation cover
scenario more closely resembles the effects shown in Fig. 6d
when the vegetation cover goes to 0 %, the landscape is in-
creasingly sensitive to erosion with whatever runoff (albeit
little) is available.

Finally, the mean catchment erosion rates (Fig. 7e) again
show the combined effects of the sediment entrainment rate
and bedrock erosion histories previously discussed (Fig. 7b
and d). In the simulation with 70 % initial vegetation cover,
the mean catchment erosion rates follow the pattern of
changes in precipitation rates (e.g., ranging from 0.04 to
0.1mmyr~!; Fig. 7e, see also Fig. 5e). A similar trend is
present in the first half of the cycle in the simulation with
10 % vegetation cover, but with much lower magnitudes
(i.e., 0.05 to 0.06mmyr~'; Fig. 7e). However, during the
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second half of the cycle, the erosion rates increase up to
~0.06mmyr~! and have a second peak at ~ 17-18 kyr for
the 10 % vegetation simulation when the vegetation cover is
at 0 %. The previous result is, however, in contradiction to
the detachment-limited results shown in Fig. 17 of Schmid
et al. (2018), who found that erosion rates decreased to
Ommyr~! for the period of no vegetation cover and a min-
imum precipitation rate of ~ 10mmyr~!. This contradic-
tion is related to the increase in sediment entrainment at this
time (Fig. 7b), which heavily influences the mean erosion.
The detachment-limited approach of Schmid et al. (2018)
could not account for this and will be discussed in detail in
Sect. 4.2. To summarize, as discussed previously the loca-
tions of the maximums and minimums in the mean erosion
rate and the shape of the curves (Fig. 7e) can be linked to dif-
ferent times in the climate and vegetation history when either
the effects of variable precipitation rate or vegetation cover
dominate the mean catchment erosional response.
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vegetation cover.

3.4 Influence of the periodicity of
precipitation—vegetation variations on erosion and

sedimentation (scenario 4)

Here we show the influence of different periodicities (23,
41, and 100kyr) in precipitation and vegetation change on
catchment erosion and sedimentation for the cases of a 10 %
mean vegetation cover (Fig. 8) and 70 % vegetation cover
(Fig. 9). We find higher variations in mean sediment en-
trainment rates (Figs. 8b and 9b) for both the 10% and
70 % vegetation cover simulations for the shorter periodic-
ities (23 and 41kyr). However, the phase lag in the peaks
of sediment entrainment and precipitation rates was higher
for longer periodicities (e.g., ~ 9 %, ~ 16.2 %, ~ 19 % in 23,
43, and 100kyr, respectively) for the 10 % vegetation cover
case (Fig. 8b). These phase lags are, however, dampened
in the highly vegetated landscapes (70 %) at longer periods
(.e.,~9%,~9.5%,~ 14 % in 23, 43, and 100 kyr, respec-
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tively; Fig. 9b). In a landscape with 10 % vegetation cover,
the simulation with longer periodicity (100 kyr) shows higher
variations in mean catchment sediment thickness (e.g., 1.14—
1.25 cm; Fig. 8c). This is mimicked in the landscape with
70 % vegetation cover, with the range of sediment thickness
between 1.95 and 2.27 cm (Fig. 9¢). A similar trend with a
higher amplitude of change is also observed for bedrock ero-
sion rates in the sparsely vegetated landscape (10 %) with
values ranging from 0.05 to 0.062mmyr~! (Fig. 8d) for
longer periodicity (100kyr). The same pattern is observed
in highly vegetated landscapes (70 %), with the values of
bedrock erosion rates ranging from 0.045 to 0.094 mm yr—!
(Fig. 9d) for the longer periodicity (100 kyr).

Overall variations in mean catchment erosion rates
(Figs. 8e and 9e) were not observed to be significant (<
0.0001 mmyr~1) as the period of precipitation and vegeta-
tion change increases.
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Figure 9. Temporal evolution of catchment-averaged predictions for scenario 4 described in the text (Sect. 3.4). Graphical representation of
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cover [—] in terms of (b) sediment entrainment [mm yr_l], (c) sediment thickness [m], (d) bedrock erosion [mm yr™ 1 1, and (e) mean erosion
rates [mm yr_l] for the entire catchment. The rate of rock uplift is kept constant at 0.5 mm yr_l. The simulations represent 70 % initial

vegetation cover.

3.5 Influence of rock uplift rate and oscillating
precipitation—vegetation on erosion sedimentation

(scenario 5)

Here we investigate the response of mean catchment erosion
and sedimentation for different rates of rock uplift (i.e., 0.05,
0.1, 0.2mmyr~") for the 10% vegetation cover (Fig. 10)
and 70 % vegetation cover (Fig. 11) scenarios. To simplify
the presentation and comparison of results, the periodicity of
precipitation and vegetation change is kept the same as in
Sect. 3.3 (i.e., 23 kyr). In general, the results discussed below
demonstrate the fact that the transient catchment response
to coupled oscillations in precipitation rate and vegetation
cover are similar in shape regardless of the rock uplift rate.
The magnitude of change in mean catchment erosion associ-
ated with precipitation and vegetation changes increases with
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increasing uplift rate, despite an identical amount of vegeta-
tion and precipitation change imposed (Figs. 10a and 11a) on
each rock uplift rate simulation.

In more detail, the temporal pattern of changes in sedi-
ment entrainment rates (Figs. 10b and 11b) is similar for
all uplift rates considered, but the amplitude of change in-
creases as the uplift rate increases. In addition, the phase
lag between the peaks in sediment entrainment rates and
maximum precipitation rates in the 10 % vegetation simu-
lation (Fig. 10b) varies with the rock uplift rate. For exam-
ple, the peaks in sediment entrainment rates have a phase lag
of ~ —4kyr, —2.5, and —2kyr for rock uplift rates of 0.2,
0.1, and 0.05mma~!, respectively (Fig. 10b), in first half of
the vegetation—precipitation oscillation. However, the phase
lags are overall shorter in highly vegetated landscapes (70 %)
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Figure 10. Temporal evolution of catchment-averaged predictions for scenario 5 described in the text (Sect. 3.5). Graphical representation of
mean catchment sedimentation and erosion with different rates of rock uplift [mm a 110 (a) coupled oscillations in precipitation [mm yr—!]
and vegetation cover [-] in terms of (b) sediment entrainment [mm yr*I], (c) sediment thickness [m], (d) bedrock erosion [mm yr*l], and
(e) mean erosion rates [mm yr— 1 for the entire catchment. The periodicity of climate and vegetation oscillations is 23 kyr. The simulations

represent 10 % initial vegetation cover.

(e.g., ~ —3, —2, —1kyr) before the maximum in precipita-
tion for rock uplift rates of 0.2, 0.1, and 0.05 mm a—l, respec-
tively (Fig. 11b).

For the landscape with 10 % vegetation cover, the sim-
ulation with the highest rates of rock uplift (0.02mma~")
showed lower mean catchment sediment thickness (e.g., ~
0.5-~ 0.6 m; Fig. 10c). In contrast, the slowest rock uplift
simulation (0.05 mma~"') had thicker sediment of ~ 1.16—
~ 1.24m (Fig. 10c). The same pattern was observed in the
catchment with 70 % vegetation cover: the higher sediment
thicknesses occur for the lower rates of rock uplift (e.g., ~ 2—
~ 2.2 m; Fig. 11c). These results for sediment thickness vari-
ations reflect the fact that higher rock uplift rates result in
steeper slopes (not shown) and higher mean catchment ero-
sion rates (Figs. 10e and 11e) such that regolith production
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rates are outpaced by erosion and therefore result in thin-
ner sediment. Also, the thicker sediment for lower uplift
rates could be an integrated result of slightly lower erosion
rates compared to sediment production rates over the whole
15 Myr model runtime (steady state). This result is akin to
the observational results from Heimsath et al. (1997).
Temporal variations in bedrock and mean catchment ero-
sion rates are similar to those described in Sect. 3.3 (Fig. 7)
for the sparsely and more heavily vegetated conditions. The
primary difference is that at high rock uplift rates the am-
plitude of bedrock or mean catchment erosion increases
(Figs. 10d, e and 11d, e). To summarize, these results high-
light the fact that regardless of the rock uplift rate, similar
temporal changes are observed in sediment entrainment or
thickness and in bedrock and catchment erosion for oscil-
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represent 70 % initial vegetation cover.

lating precipitation rates and vegetation cover. However, the
amplitude of change (or absolute change) in entrainment and
erosion rates increases with increases in rock uplift rate. This
will be discussed in detail in Sect. 4.4.

4 Discussion

In this section, we synthesize the results from previous sec-
tions (scenarios 1-5) in detail. We further investigate the
effects of coupled climate and vegetation oscillations (sce-
nario 3) on the occurrence of erosion and sedimentation on a
spatial scale.
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4.1 Differences in effects between oscillating vegetation

or precipitation

Here the sensitivity of erosion and sedimentation to vari-
able precipitation and/or vegetation cover is analyzed. In
the scenario with oscillating precipitation and constant veg-
etation cover, sparsely vegetated landscapes (10 %) erode
slowly during periods of lower precipitation. This might be
attributed to the dependency of the bedrock erosion and sed-
iment entrainment on the amount of water available through
precipitation, which in turn affects the erosion rates. The
mean erosion in this scenario is dominated by bedrock ero-
sion with a significant contribution from sediment entrain-
ment. Also, the mean erosion rates over one climate oscil-
lation cycle are observed to be slightly higher (~ 20 %) than
mean erosion rates at steady state for sparsely vegetated land-
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scape (10 % V). For densely vegetated landscape (70 % V),
this difference is significant (i.e., 50 % higher mean ero-
sion rates during a transient cycle in comparison to steady
state). This implies the nonlinearity of the erosion response
to changes in MAP, which is significantly higher in a densely
vegetated landscape where the amplitude of change in MAP
(e.g., 260-720 mm) is much higher than drier landscapes
(e.g., 10-60 mm).

Similarly, in a scenario with constant precipitation and
variable vegetation cover, sparsely vegetated landscapes
(10 %) are observed to be much more sensitive in terms of
erosion rates during periods of no vegetation cover. The am-
plitude of erosional change was 10 times higher than that of
densely vegetated landscapes. The mean erosion in sparsely
vegetated landscapes is dominated equally by bedrock ero-
sion (Fig. 6d) and sediment entrainment due to the higher
availability of bare soil. This justifies the argument of a
higher sensitivity of sparsely vegetated landscapes to ero-
sion and sedimentation. This result confirms the findings
of Yetemen et al. (2015) (see Fig. 2g), which suggests that
shear stress (erosion) decreases significantly (1 to 0.1) as the
total grass cover (vegetation) is increased from 0% (bare
soil) to 20 %. Also, a small change in vegetation cover in
densely vegetated landscapes would not result in signifi-
cant differences in erosional processes. Unlike the previous
scenario (oscillating precipitation and constant vegetation
cover), we do not observe nonlinearity in erosion response
to the changes in vegetation cover (i.e., mean erosion rates
over one transient cycle are equal to steady-state mean ero-
sion rates).

In general, mean catchment sediment thickness is ob-
served to be inversely proportional to precipitation owing to
higher stream power. This in turn translates to a higher sed-
iment flux during wetter periods. The influence of oscillat-
ing precipitation and constant vegetation cover on sediment
thickness is slightly higher in simulations with sparse veg-
etation cover. In simulations with constant precipitation and
oscillating vegetation cover, the sensitivity of sediment thick-
ness is much higher in landscapes with sparse vegetation.
This can be attributed to an absence of vegetation cover. A
decreased impact of oscillating vegetation cover on sediment
thickness occurs in landscapes with denser vegetation cover
and demonstrates that surface processes in these settings are
not highly dependent on changes in vegetation density. This
has been explained by Huxman et al. (2004), who found that
vegetation cover responds to MAP variations in wet and dry
systems during dry years.

4.2 Synthesis of coupled oscillations of precipitation and
vegetation cover simulations

The sensitivity of erosion and sedimentation to coupled os-
cillations in precipitation and vegetation cover (scenario 3,
Sect. 3.3) indicates that mean catchment erosion rates
(Fig. 7e) are correlated with precipitation for densely veg-
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etated landscapes (70 %). This is due to the dominating
effect of mean annual precipitation changes (from 26 to
72cmyr~!) on erosion over vegetation cover change (from
60 % to 80 %; Fig. 7a) in these landscapes. This can be at-
tributed to the higher amplitude of precipitation oscillations
in these simulations required to change vegetation cover by
+10% (Fig. 2b). In the case of a sparsely vegetated land-
scape (10 %), mean erosion rates (Fig. 7e) are also correlated
with precipitation, but only for the first half of the cycle when
vegetation cover is present. However, mean erosion rates in-
crease rapidly in the second half of the cycle when MAP
decreases (from 60 to 10mmyr~!; Fig. 7a) and vegetation
cover magnitudes decrease (from 20 % to 0 %; Fig. 7a). This
inverse correlation between precipitation and erosion can be
attributed to increasing susceptibility of the surface to sedi-
ment entrainment as vegetation cover decreases to bare soil,
even with very low precipitation rates. The nonlinearity of
erosion response to changes in MAP is reduced by half (in
comparison to changing climate and constant vegetation) in
coupled simulations.

Thus, the temporal evolution of mean erosion rates be-
tween heavily (70 %) and sparsely (10 %) vegetated land-
scapes varies depending on the initial vegetation state of the
catchment. As a result, correlated and anticorrelated relation-
ships between precipitation, vegetation cover, and erosion are
predicted and are the result of precipitation or vegetation
exerting a dominant or subsidiary influence on catchment
erosion at different times in the catchment history and for
different catchment precipitation and vegetation cover con-
ditions. This prediction is consistent with observed correla-
tions of vegetation cover and catchment average erosion rates
recently documented along the western Andean margin by
Starke et al. (2020).

The lag behavior observed in sediment entrainment, thick-
ness, and bedrock erosion is explained in additional simula-
tions we conducted (results not shown for brevity) wherein
the weathering (regolith production) function was turned off
in the model simulations (see Fig. Al). In these simulations,
we did not observe any significant phase lags in maximum
and minimum erosion rates, sediment thickness, or vegeta-
tion cover—precipitation. Also, the erosion rates for sparsely
vegetated catchment (10 % V') drop to a minimum during the
phase of bare soil and minimum precipitation (10 mm yr—1).
Hence, sediment supply through weathering can be attributed
to double peaks observed in mean catchment sediment en-
trainment rates (Fig. 7b) and erosion rates (Fig. 7e). When
there is no explicit weathering—regolith production involved
in the model simulations, sediment supply for entrainment is
significantly reduced. As a result, entrainment rates are ob-
served to be 2 orders of magnitude lower than bedrock ero-
sion; hence, entrainment rates are not shown in Fig. Al. This
implies that weathering plays a major role in leading to the
phase lags observed in the above results.
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4.3 Differences between the periodicities of climate and
vegetation cover oscillations

The periodicity of change in climate will mainly affect veg-
etation via the lag time it takes for the vegetation to respond;
i.e., if the vegetation structure does not change (e.g., grass-
lands or forests), then grasslands are very flexible (Bellard
et al., 2012; Kelly and Goulden, 2008; Smith et al., 2017).
Grasslands can plastically respond from year to year, while
forests may die off and be replaced by grasslands when it be-
comes drier and vice versa. This change in vegetation type
might lead to the fluctuations in sedimentation and erosion
rates due to periodicity of change in climate and vegetation
cover.

4.4 The effect of rock uplift rate on signals of varying
precipitation and vegetation cover

No difference in erosion rates was identified between the
two different vegetation—precipitation simulations for a given
uplift rate when the erosion rate is averaged over the full
period of vegetation—precipitation change. In a steady-state
landscape, erosion rates are equal to the rock uplift rates ac-
cording to the law of continuity of mass (e.g., Tucker et al.,
2001). This means that steady-state landscapes experience
higher erosion rates with higher uplift rates. However, the
mean catchment erosion rates shown in Figs. 10e and 1le
show temporal variations in the erosion rate driven by os-
cillations in the precipitation rate and vegetation. When av-
erage erosion rates are calculated over a complete cycle of
the oscillation, the mean erosion rates are slightly higher
than rock uplift rates owing to the nonlinearity of erosion
response to changes in MAP. This result indicates that any
climate- or vegetation-driven changes in erosion will not be
evident when observed over too long a period of time, but
they might introduce shorter-term transients (high or low)
depending on the climate—vegetation cycle of change. This
finding is significant for observational studies seeking to
measure the predictions shown in this study. More specifi-
cally, thermochronometer dating approaches used to quantify
denudation rates over million-year timescales will be hard-
pressed to measure any signal of how climate or vegetation
change on Milankovitch timescales influences denudation.
Rather, the rate of tectonic rock uplift or exhumation (in the
case of erosion rates equalling the rock uplift rate) will be
measured. In contrast, observational techniques sensitive to
decadal (e.g., sediment fluxes) or millennial (e.g., cosmo-
genic radionuclides measured from river terraces) processes
can be sensitive to timescales less than the period of oscilla-
tion and are more likely to record transient catchment erosion
rates influenced by variations in precipitation or vegetation
cover.

The vegetation- and precipitation-driven transients in
mean catchment erosion rates predicted by this study were
large enough to be measured by some observational tech-
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niques. For example, in sparsely vegetated landscapes the
half-amplitude of change in erosion rates (from steady-state
values) slightly decreases as the uplift rate increases. A
higher magnitude of change in transient erosion rates (from
steady-state values) is found in densely vegetated landscapes
and is again slightly decreased as the uplift rate increases.
Previous work by Schaller and Ehlers (2006) investigated
the ability of denudation rates calculated from cosmogenic
radionuclides measured in a sequence of fluvial terraces to
record periodic (Milankovitch timescale) variations in de-
nudation rates. The magnitude of change in predicted tran-
sient erosion rates described above is above the detection
limit reported by Schaller and Ehlers (2006), particularly
when the mean catchment denudation rate is ~ 0.1 mm yr~!
or higher. Thus, the predictions suggested in this study are
testable in field-based studies, and other methods such as
basin sedimentation rate histories (e.g., determined from
magneto-stratigraphy, optically stimulated luminescence, or
other methods) also hold potential.

4.5 Spatial changes in where erosion and
sedimentation changes occur

In the previous sections, our analysis focused on the spatially
averaged response of the catchment in terms of changes in
sedimentation and erosion. Here, we discuss the same model
results as previously presented for but show two examples
(for two different vegetation covers) of the spatial variations
of erosion and sediment thickness within the catchments.
This provides a basis for understanding where in the catch-
ment changes are occurring.

Spatial variations in the pattern of erosion and sedimen-
tation in the simulations with 23 kyr coupled precipitation
and vegetation oscillations, as well as a rock uplift rate of
0.05mma"!, are shown in the topographic elevation, sedi-
ment thickness, and erosion rate changes for both the maxi-
mum and minimum in precipitation and vegetation cover. In
the simulations with sparse vegetation cover (10 %) (Fig. 12)
at the maximum in precipitation and vegetation cover, ero-
sion rate changes from steady state are ~ 0.03mmyr~! in
valleys and ~ 0.01 mmyr~! on hillslopes. At the minimum
in precipitation and vegetation cover, erosion rate changes
from steady state are higher in valleys than hillslopes. This
may be attributed to an absence of vegetation during this
period, when the surface (bedrock or sediment) is readily
available for erosion even with lower precipitation rates. The
sediment thickness is observed to be slightly higher in the
streambeds and valleys for streams with larger accumula-
tion area. However, the smaller streams have lower sediment
thickness compared to connected hillslopes. For example,
higher sediment thickness (~ 1.24 m) is observed near the
catchment outlet in the lower left corner of the domain. At
the maximum in the precipitation and vegetation cover cy-
cle, the landscape experiences a slightly higher contrast in
sediment thickness compared to the steady-state condition,

https://doi.org/10.5194/esurf-9-1045-2021



H. Sharma et al.: Effect of rock uplift and Milankovitch timescale variations in precipitation

1061

Stea.\d_y. state Maximum IV!inimum
(@  (initial) () in cycle (¢) incycle 03
7 175 —
0 g 02 E
- 1 =
E 01 -92')‘
o~ 125 6 5 i
g 100 00 25
c
I 75 4 [ e 26
] 5 o8
[=) 50 2 3 5
25 -2 3
0 -0.3
124 (0] 0.06
123 s o0s  E
T 122 8 8 P
~ - 002 = 2
= 121 6 6 s
o ; gg
9 120 000 ETC
2 s 4 ‘1 and b
a 118 o 2 .g
117 -004 =
o =
116 0 -0.06
0.060 0.03
0:037: o 002 &
= 00ss 8¢ e ';
= 0052 ¢ I8 S E
3 0.050 Py 000 § §,
c 4 )
i .
2 0.047 A5 0018 2
o 0045 o | s
| -002 9
0.042 104 3
0+ -
0.040 0 5 -0.03

Distance [km]

Distance [km]

Distance [km]

Figure 12. Two-dimensional map-view representation of changes in topographic elevations [m] (a—c), sediment thickness [m] (d—f), and
erosion rates [mm yr_l] (g—i). These changes are represented with respect to steady-state conditions (a, d, g) for maximum (b, e, h) and
minimum (¢, f, i) values of precipitation and vegetation in an oscillation cycle. The simulations represent 10 % initial vegetation cover.

whereby a net lowering of the sediment layer is observed of
approximately 2 to 5 cm on the hillslopes and ~ 6 cm near the
catchment outlet. This can be attributed to higher sediment
fluxes during this period. At the minimum in the precipitation
and vegetation cover cycle, the landscape experiences a slight
difference from the steady-state sediment thickness (~ 2 cm
lowering) except for deposition in higher-order streams (up
to ~ 2 cm) near the catchment outlet.

In the simulations with dense vegetation cover (70 %)
(Fig. 13), erosion rate changes from steady-state condi-
tions are higher during the maximum in the precipita-
tion and vegetation cover cycle with higher magnitudes
(~0.08mmyr~! in valleys and up to ~0.02mmyr~! on
hillslopes and ridges) due to the higher precipitation rates.
At minimum precipitation and vegetation cover magnitudes
(P =26cm; V =60%), erosion rate changes are reduced
(up to —0.03 mm yr—') in valleys and (up to —0.01 mm yr—!)
on hillslopes in comparison to the erosion rates at steady
state. Sediment thickness is observed to be relatively higher
in the streambeds and valleys (~ 2.25 m) than the hillslopes.
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It is contrastingly higher in the lowlands than the areas at
higher elevations. At maximum precipitation and vegetation
cover (maximum in the cycle) sediment thickness is ~ 10 cm
lower on hillslopes and up to ~ 30 cm lower in valleys. The
same trend with lower amplitude is evident for the minimum
in the precipitation and vegetation cover cycle. This implies
that at higher vegetation cover, sediment thickness is signifi-
cantly reduced as a result of higher sediment flux during the
peak in precipitation rates. This in turn signifies the domi-
nance of precipitation changes over vegetation cover change
in highly vegetated landscapes.

4.6 Comparison to previous studies

Results presented in this study document a higher sensitiv-
ity of catchment erosion and sedimentation of sparsely veg-
etation landscapes (10 %) to changes in vegetation cover,
whereas densely vegetated (70%) landscapes are more re-
sponsive to changes in precipitation than vegetation changes.
This confirms the broad findings of Schmid et al. (2018) and
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Figure 13. Two-dimensional map-view representation of changes in topographic elevations [m] (a—c), sediment thickness [m] (d—f), and
erosion rates [mm yrfl] (g—i). These changes are represented with respect to steady-state conditions (a, d, g) for maximum (b, e, h) and
minimum (¢, f, i) values of precipitation and vegetation in an oscillation cycle. The simulations represent 70 % initial vegetation cover.

Yetemen et al. (2019), which suggest vulnerability of erosion
rates in sparsely vegetated landscapes to changes in vegeta-
tion cover and, for densely vegetated landscapes, sensitivity
to the changes in MAP. However, there are differences be-
tween the results of Schmid et al. (2018) and this study, par-
ticularly for the temporal changes in erosion rates we ob-
serve for the sparse-vegetation-cover (10 %) scenario with
coupled precipitation—vegetation cover oscillations. More
specifically, previous results from the detachment-limited
model shown in Fig. 17 of Schmid et al. (2018) show that
catchment erosion rates in sparsely vegetated landscapes de-
crease as the precipitation and vegetation cover increases
in the first part of a cycle. In the second part of the cycle
when precipitation and vegetation decrease to their minimum
Schmid et al. (2018) predict erosion rates of ~Ommyr~!.
However, in the coupled detachment—transport fluvial ero-
sion model presented here (SPACE), we observe a different
behavior and erosion rates slightly increase as precipitation
and vegetation cover increase (from 0.05 to 0.065 mmyr—';
Fig. 7e), rather than decrease. This difference is due to the
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higher sediment entrainment rates we predict during the pe-
riod of no vegetation and low precipitation (10 mmyr—1),
which is a result of higher vulnerability of bare soil to ero-
sion, even with very low precipitation rates. Therefore, the
application of a detachment-limited vs. coupled detachment—
transport-limited modeling approach has bearing on the pre-
dicted response, and when comparing results to natural sys-
tems care should be taken in which approach is used.
Previous geochemistry-related observational studies from
the Chilean Coastal Cordillera (EarthShape study areas,
https://esdynamics.geo.uni-tuebingen.de/earthshape/index.
php?id=129, last access: 15 January 2021) are also available
for comparison to this study. For example, the steady-state
sediment thicknesses in our simulations for 10 % and 70 %
initial vegetation cover are predicted to be higher than the
field observations reported by Schaller et al. (2018) and
Oeser et al. (2018), who reported a ~ 20 and ~ 60 cm depth
of mobile sediment layers on hillslopes in the Pan de Azucar
and La Campana study areas, respectively. Also, the natural
topography is steeper with higher relief, and rock uplift rates
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might be different. Spatial variations in vegetation also occur
(e.g., in La Campana), with higher vegetation density along
valleys, which might lead to the discrepancies between the
observed and predicted sediment thickness. However, the
trend in our results (higher sediment thickness for densely
vegetated — 70 % — landscapes) follows the findings of
Oeser et al. (2018), who document sediment increase with
increasing mean annual precipitation and vegetation in the
Chilean Coastal Cordillera.

In addition, previous field studies (Oeser et al., 2018;
Owen et al., 2011; Schaller et al., 2018) applied cosmogenic
nuclides to estimate the denudation and soil production rates
in the Chilean Coastal Cordillera. They suggest an increase
in soil production rates from arid zones in the north to wet
tropical zones in the south of the Chilean Coastal Cordillera.
These findings are consistent with the predicted increase in
sediment depths (e.g., 1.24m for V =10% and 2.22m for
V =70 %; Fig. 7b) in our study. Finally, the effects of rock
uplift and precipitation rates on topography and erosion rates,
as documented by Bonnet and Crave (2003) and Lague et
al. (2003), show a linear relationship between mean topo-
graphic elevation and rock uplift rate for steady-state condi-
tions.

4.7 Model limitations

The model setup used in this study was intended to quan-
tify the sensitivity of hillslope and fluvial erosion as well as
sediment transport and depositional processes for different
climates with variations in precipitation rates and vegetation
cover over Milankovitch timescales. This study was designed
as an incremental step forward from previous modeling stud-
ies (Collins et al., 2004; Istanbulluoglu and Bras, 2005, 2006;
Schmid et al., 2018).

There are several simplifying assumptions made in our
modeling approach that warrant discussion and potential in-
vestigation in future studies. For example, this study as-
sumed uniform vegetation cover and lithology for the en-
tire catchment. The assumption of uniform vegetation cover
in the catchment is likely reasonable given the relatively
small (10 x 10 km?) size of catchments investigated and the
modest topographic relief produced (between ~ 75-600 m;
Fig. 10a). Although temperature and precipitation (and there-
fore vegetation cover) can vary with elevation, the generally
low relief of the catchments in this study does not make this
a major concern. Due to the long (geologic) timescales con-
sidered in this study and computational considerations, mean
annual precipitation rates were applied and stochastic distri-
butions of precipitation could not be considered. While our
approach is common for landscape evolution modeling stud-
ies conducted on geologic timescales, we recognize that in
some settings (such as the arid region of this study; Fig. 1)
precipitation events are rare, stochastic in nature, and might
have an influence on the results presented here. This is a
caveat that warrants future investigation.
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The vegetation—erosion parameterization considered in
this study follows from that of Istanbulluoglu and
Bras (2006) and Schmid et al. (2018). In this parameteriza-
tion the total vegetation cover of the catchment is consid-
ered only, rather than the distribution of vegetation cover by
individual plant functional types (e.g., grass, shrubs, trees)
that would have different Manning’s coefficients associated
with them. The “total vegetation cover” approach used in our
(and previous) work is a reasonable starting point for under-
standing landscape evolution over large spatial and tempo-
ral scales because (a) more detailed observations about the
changes in the distribution of plant functional types over Mi-
lankovitch timescales is not available and would be poorly
constrained, and (b) empirical relationships between total
vegetation cover and precipitation are available and easily
implemented (e.g., Fig. 2b). However, future work should fo-
cus on exploring how the temporal and spatial distribution of
different plant functional types during changing climate im-
pacts catchment erosion given that recent work (Mishra et
al., 2019; Starke et al., 2020) has identified this as impor-
tant. This limitation can be handled in future studies with
the full coupling of dynamic vegetation models, such as
LPJ-GUESS (Smith et al., 2014; Werner et al., 2018), to a
landscape evolution model for the explicit treatment of how
different vegetation types change temporally and spatially
within a catchment and influence catchment erosion. Also,
the total vegetation cover in the model is not disturbed by
flow and entrainment, which were observed to have a large
impact on the results of Collins et al. (2004) and Istanbul-
luoglu and Bras (2005). If the vegetation cover was spa-
tiotemporally influenced by the above processes in our sim-
ulations, the resulting erosion and sedimentation would have
been hybrid between sparse (10 % V') and densely vegetated
(70 % V') catchments, with vegetation losses in channels. The
timescale for the current study was based on Milankovitch
cycles to address the effects of periodicity on erosion and
sedimentation. However, the effects of seasonal (sub-annual)
variations in precipitation (Istanbulluoglu and Bras, 2006;
Yetemen et al., 2015) and satellite-derived vegetation cover
(with catchment-variable plant function type distributions)
also warrant future investigation to determine if coupled sea-
sonal variations in vegetation cover and precipitation influ-
ence catchment erosion.

Finally, the results of this study rely upon the vegetation—
erosion parameterizations described in Sect. 2 and the Ap-
pendix (see also Fig. 3). While there is an observational ba-
sis for these relationships (see Sect. Al and A2), there are,
frankly, a sparse number of field studies available robustly
constraining how different vegetation types and amounts
influence hillslope and surface water erosional processes.
Thus, we consider the erosional parameterizations used here
to be hypotheses (rather than robust geomorphic transport
laws) that warrant investigation in future field or flume stud-
ies.
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5 Summary and conclusions

In this study, we investigate the effects of variable veg-
etation cover and climate over Milankovitch timescales
on catchment-scale erosion and sedimentation. Simulations
were presented to document if these transients are muted
(lower amplitude) at higher rock uplift rates. The approach
used here complements previous studies by using a coupled
fluvial detachment—transport-limited and hillslope diffusion
landscape evolution model, and it also investigates the de-
gree to which transient effects of vegetation cover and pre-
cipitation are measurable in observational studies. The main
conclusions deduced from this study are the following.

i. The stepwise increase in complexity of the model simu-
lations was essential for identifying temporal changes in
catchment erosion and sediment thickness. A nonlinear
response in erosion and sediment thickness to varying
precipitation and vegetation cover was observed, and re-
sults were dependent on the initial vegetation and pre-
cipitation state of the catchment. The sources of non-
linearity stem from (a) a nonlinear relationship between
precipitation changes required to cause a £10 % change
in vegetation cover (Fig. 2) and (b) exponential and
power-law relationships in the prescribed vegetation-
dependent hillslope and fluvial, respectively, geomor-
phic transport laws (Fig. 3, see also the Appendix).

ii. Analysis of results for covarying precipitation and veg-
etation cover indicates that erosion and sedimentation
in densely vegetated landscapes (V = 70 %) are more
heavily influenced by changes in precipitation than
changes in vegetation cover. This is due to the higher
amplitude of precipitation change needed to cause vari-
ations in vegetation cover in densely vegetated settings
(Figs. 5a and 7e).

iii. Analysis of results for covarying precipitation and veg-
etation cover indicates that erosion and sedimentation in
sparsely vegetated landscapes (V = 10 %) are more sen-
sitive to variable vegetation cover with constant precip-
itation rates (Figs. 6 and 7e), particularly when precip-
itation rates decrease and vegetation cover approaches
0%.
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iv. Concerning the first hypotheses stated in the Introduc-
tion, we found that the effect of Milankovitch period-
icity variations on the amplitude of change in sediment
thickness and bedrock erosion is more pronounced for
longer climate and vegetation oscillations (100kyr) in
both climate and vegetation settings. This finding con-
firms the hypothesis. Furthermore, periodicity effects
on erosion and sediment thickness are larger in densely
(70 %) vegetated landscapes than sparsely (10 %) vege-
tated landscapes, thereby indicating a sensitivity of the
response to the biogeographic zone the changes are im-
posed on.

v. With respect to our second hypothesis, all transient forc-
ings in precipitation and vegetation cover explored in
this study resulted in variations in erosion and sediment
thickness around the mean erosion rate, which is deter-
mined by the rock uplift rate. As rock uplift rates in-
creased from 0.05 to 0.2mma~!, the effects of peri-
odic changes in precipitation and vegetation cover on
erosion rates became more pronounced and were be-
tween about 35 % and 110 %, respectively, of the back-
ground rock uplift rate. This finding negates the hypoth-
esis and suggests that regardless of the tectonic setting
considered (within the range of rock uplift rates ex-
plored here) erosional transients from varying precipi-
tation and vegetation cover occur, but the detection of
these changes requires measurement of erosion rates
integrating over short timescales such that the average
(tectonically driven) mean erosion rate is not recovered.

vi. Finally, in comparison to previous studies, the 35 %
to 110 % transient changes in erosion rate documented
here are at, or above, the detection limit for measure-
ment cosmogenic radionuclides in river sediments pre-
served in fluvial terraces, but they would be unde-
tectable with bedrock thermochronometer dating tech-
niques that average erosion rates over longer timescales.
The potential to measure vegetation-related transient
changes in erosion rates with cosmogenic nuclides
is highest in settings with higher rock uplift rates
(e.g., 0.1 and 0.2 mm a~!) and at longer (41 to 100 kyr)
periodicities.
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Appendix A: Effect of vegetation and precipitation on
hillslope and fluvial erosion

The approach in our study follows the law of continuity of
mass (e.g., Tucker et al., 2001). It states that the rate of
change in topographic elevation (z) is defined as follows:

0z

o (A1)

9z 0z
= U — —(fluvial) + — (hillslope),
at( )+ 3 t( pe)
where U is uplift rate [m yr‘l] and ¢ is time [yr]. The sec-
ond and third terms on the right-hand side refer to the rate
change in topographic elevation due to fluvial and hillslope
processes, respectively.

A1 Vegetation-dependent hillslope processes

The rate of change in topography due to hillslope diffusion

(Fernandes and Dietrich, 1997; Martin, 2000) is defined as

follows:

9z .

E(hlllslope) =Vgs, (A2)

where ¢ is sediment flux along the slope S. We applied the

slope- and depth-dependent linear diffusion rule following

the approach of Johnstone and Hilley (2014) such that
_H

g = KaSd, (1-¢ 7). (A3)

where Kq is the diffusion coefficient [m? yr_lJ, d, is sed-

iment transport decay depth [m], and H denotes sediment

thickness.

The diffusion coefficient is defined as a function of vege-
tation cover present on hillslopes, which is estimated follow-
ing the approach of Istanbulluoglu and Bras (2005), Dunne
et al. (2010), and Schmid et al. (2018) as follows:
Kg = Kpe™@V), (A4)
where K is defined as a function of vegetation cover V, an

exponential decay coefficient o, and linear diffusivity K, for
bare soil.

A2 Vegetation-dependent fluvial processes

The fluvial erosion is estimated for a two-layer topogra-
phy (i.e., bedrock and sediment are treated explicitly) in
the coupled detachment—transport-limited model, SPACE 1.0
(Shobe et al., 2017). Bedrock erosion and sediment entrain-
ment are calculated simultaneously in the model. Total flu-
vial erosion is defined as

oH

at’ A%

9 IR
a—f(ﬂuvial) =5t

where the left-hand side denotes the total fluvial erosion rate.
The first and second terms on the right-hand side denote the
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bedrock erosion rate and sediment entrainment rate, respec-
tively.

The rate of change in the height of bedrock R per unit
time [m yr‘l] is defined as
dR

——=U-E,

ar (A6)

where E; [m yr’l] is the volumetric erosion flux of bedrock
per unit bed area.

The change in sediment thickness H [m] per unit time [yr]
was calculated following Davy and Lague (2009) and Shobe
etal. (2017). It is defined as a fraction net deposition rate and
solid fraction sediments, as follows:

9H _ D, E,
aw 1-o

) (AT)

where Dg [m yr’l] is the deposition flux of sediment,
Es [m yr’]] is volumetric sediment entrainment flux per unit
bed area, and ¢ is the sediment porosity.

Following the approach of Shobe et al. (2017), Eg and
E; are given by

Es= (qumsn _wcs) 1 _e_Hl*) s

E = (qumsn - wcr) eiH/H*,

(A8)
(A9)

where K [m™!] and K; [m™!] are the sediment erodibility
and bedrock erodibility parameters, respectively. The thresh-
old stream power for sediment entrainment and bedrock ero-
sion are denoted as w¢s [m yr"] and wer [m yr’l] in the
above equations. Bedrock roughness is denoted as H, [m],
and the term e ~#/H« corresponds to the soil production from
bedrock. With higher bedrock roughness magnitudes, more
sediment would be produced.

K, and K; were modified in the model using the approach
of Istanbulluoglu (2005) and Schmid et al. (2018) by intro-
ducing the effect of Manning’s roughness to quantify the ef-
fect of vegetation cover on bed shear stress:

7y = pwglng +ny)% 109" S" F,, (A10)

where py, [kg m~3]and g [m s~2] are the density of water and
acceleration due to gravity, respectively. Manning’s numbers
for bare soil and vegetated surface are denoted as ng and ny.
F; represents the shear stress partitioning ratio. Manning’s
number for vegetation cover and F; are calculated as follows:

VY
(2 . All
ny nvr<vr> ( )
3
A=) (A12)
" \ns+ny)

where n,; is Manning’s number for the reference vegetation.
Here, V; is reference vegetation cover (V = 100 %), V is lo-
cal vegetation cover in a model cell, and w is an empirical
scaling factor.
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By combining the stream power equation (Tucker et al.,
1999; Howard, 1994; Whipple and Tucker, 1999) and the
above concept of the effect of vegetation on shear stress, we
follow the approach of Schmid et al. (2018) to define new
sediment and bedrock erodibility parameters influenced by
the surface vegetation cover on fluvial erosion, as follows:

Kys = Kspwg(ns +"v)6/loFt,
Kyr = Krpwg(ns +nv)6/10Ft,

(A13)
(A14)
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where Kys [m™!] and Ky, [m~!] are modified sediment
erodibility and bedrock erodibility, respectively. These are
influenced by fractional vegetation cover V. Hence, K and
K in Eqs. (A8) and (A9) are replaced by Kys and Ky, to
include an effect of vegetation cover on fluvial processes in
the model. The trends of Kg, Kys, and K, are illustrated in
Fig. 3.
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A3 Influence of coupled oscillations of precipitation and
vegetation cover on erosion and sedimentation
(scenario 3) without weathering function
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Figure A1. Temporal evolution of catchment-averaged predictions for scenario 3 (with no weathering) described in the text (Sect. 3.3).
Graphical representation of normalized mean catchment sedimentation and erosion to (a) coupled oscillations in precipitation [mm yr~ and
vegetation cover [-] in terms of (b) sediment thickness [-], (¢) bedrock erosion [-], and (d) mean erosion rate [-] for the entire catchment.
The periodicity of climate and vegetation oscillations is 23 kyr with a rock uplift rate of 0.5 mm yrfl.

https://doi.org/10.5194/esurf-9-1045-2021 Earth Surf. Dynam., 9, 1045-1072, 2021

39



1068 H. Sharma et al.: Effect of rock uplift and Milankovitch timescale variations in precipitation

Table A1. Landscape evolution model input parameters used and corresponding units.

Model parameters Values
Grid size 10 [km] x 10 [km], dx: 100 [m]
Model runtime (totalTime) Steady state: 15 [Mal], transient state: 3 [Ma]
Rock uplift rates (U) 0.05,0.1,0.2[mma— ]]
Periodicities (sinePeriod) 23,41, 100 [kyr] (Milankovitch cycles)
Initial sediment thickness (H_initial) 0[m]
Bedrock erodibility (K;) 2x 1079 m™ 1
Sediment erodibility (Ks) 2x 1078 [m™ 1
Soil production decay depth (h*) 0.5 [m]
Reach-scale bedrock roughness (H*) 1[m]
Porosity (¢) 0.2 [-]
Fraction of fine sediments (Ff) 0.2 [-]
Effective terminal settling velocity (Vs) 10 [m a_IJ
m,n 0.6,1[-]
Bedrock erosion threshold stream power (w_cr) 5 x 1074 [m a_1]
Sed. entr. threshold stream power (w_cs) 5% 1073 [ma~!]
Maximum sediment production rate (W) 9.7x107° [m yr_l] (10 % veg. cover, 1.3 x 1074 [m yr_l] (70 % veg. cover)
Mean annual precipitation (P) 0.03 [m yr_l] (10 % veg. cover), 0.35 [m yr‘l] (70 % veg. cover)
Bare soil diffusivity (Kp,) 0.01 (m2yr~1]
Exponential decay coefficient («) 0.3[-]
Critical channel formation area (Acri;) 1 x 100 [m?]
Reference vegetation cover (V) 1 (100 %)
Manning’s number for bare soil (n5) 0.01 [-]
Manning’s number for ref. vegetation (ny) 0.6 [-]
Scaling factor for vegetation influence (w) 1[-]
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3.2 Effects of seasonal variations in vegetation and precipitation on catchment-scale

erosion rates in Chilean Coastal Cordillera
3.2.1 Declarations of contribution of all co-authors in the manuscript

This section of the dissertation comprises the manuscript in late stage of preparation for a potential
publication. The title of the manuscript is designed as “Effects of seasonal variations in vegetation and
precipitation on catchment-scale erosion rates along a climate and ecological gradient (Chile): Insights

from numerical modelling”.

The manuscript was prepared and contributed by two authors, namely Hemanti Sharma (HS), and
Todd A. Ehlers (TAE). Hemanti Sharma and Todd Ehlers jointly developed the research idea. The model
input data was procured and processed by Hemanti Sharma followed by model modifications and

simulation runs. The manuscript was written by Hemanti Sharma with the help of Todd Ehlers.
The detailed contributions of each author for the above publication are presented in Table 2.

Table 2. Contribution of authors (in percentage) in the manuscript with the title “Effects of seasonal
variations in vegetation and precipitation on catchment-scale erosion rates along a climate and

ecological gradient (Chile): Insights from numerical modelling™.

Author Author Scientific Data Analysis & Paper
position ideas [%0] | generation [%] | interpretation [%] | writing [%0]
HS 1 70 90 60 70
TAE 2 30 10 40 30
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Abstract

Precipitation in wet seasons influences catchment erosion and significantly contributes to annual
erosion rates. However, wet seasons are also associated with increased vegetation cover, which helps
resist erosion. This study investigates the effect of present-day seasonal variations in rainfall and
spatially variable vegetation cover on erosion rates for four catchments along with the extreme climate
and ecological gradient (from arid to temperate) in the Chilean Coastal Cordillera (~26 °S — ~38 °S).
We do this using the Landlab-SPACE landscape evolution model modified to account for vegetation-
dependent hillslope-fluvial processes and hillslope hydrology. Model inputs include SRTM DEM (90m)
for initial catchment conditions; MODIS NDVI for vegetation seasonality; weather station observations
of precipitation (between 2000 — 2019); and evapotranspiration obtained from GLDAS NOAH.
Simulations were conducted with a step-wise increase in complexity to quantify the sensitivity of
catchment scale erosion rates to seasonal variations in precipitation and vegetation cover. The
simulations were conducted for 1,000 years (20 years of vegetation and precipitation observations
repeated 50 times). After detrending the results for long-term transient changes, the last 20 years were
analyzed. Results indicate that when vegetation cover is varied but precipitation is held constant, the
amplitude of change in erosion rates ranges between 6.5% (humid-temperate) to 36% (Mediterranean
setting). In contrast, in simulations with variable precipitation change and constant vegetation cover, the
amplitude of change in erosion rates is higher and ranges between 13% (arid) to 91% (Mediterranean
setting). Finally, simulations with coupled precipitation and vegetation cover variations demonstrate
variations in catchment erosion of 13% (arid) to 97% (Mediterranean setting). Taken together, we find
that precipitation variations more strongly influence seasonal variations in erosion rates. However, the
effects of seasonal variations in vegetation on erosion are also significant (between 5-36%). Finally,
seasonal variations in vegetation are most pronounced in semi-arid to Mediterranean settings and least

prevalent in arid and humid-temperature settings.

Keywords: Landlab, SPACE, Chilean Coastal Cordillera, vegetation cover, seasonality in precipitation
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1 Introduction

Catchment scale erosion rates vary spatially and temporally (Wang et al., 2021) and depend on
topography (slope), vegetation cover, type (Zhang et al., 2011, 2014; Starke et al., 2020), and
precipitation rates (Cerda, 1998). Over annual timescales, temporal variations in catchment erosion
occur in response to seasonal precipitation and vegetation cover variations. For example, previous work
has found that a significant fraction of annual erosion occurs during wet seasons with high runoff rates
(e.g., Hancock and Lowry, 2021; Leyland et al., 2016; Gao et al., 2021; Wulf et al., 2010). However,
this increase in precipitation during wet seasons also promotes vegetation growth, which in turn retards
the erosion rates (e.g., Langbein and Schumm, 1958; Zheng, 2006; Schmid et al., 2018). Seasonality in
both precipitation and vegetation cover plays a crucial role in intra-annual changes in erosion rates
(Istanbulluoglu and Bras, 2006; Yetemen et al., 2015). The intensity, frequency, and seasonality of
precipitation and vegetation cover change depend on the climate and ecological conditions of the area
of interest (Herrmann and Mohr, 2011). One means of investigating the effects of seasonality in
precipitation and (or) vegetation cover on erosion rates is through landscape evolution modeling (LEM),
which can be parameterized for variations in vegetation-dependent hillslope and fluvial processes over

seasonal time scales.

Previous modeling and observational studies have investigated the effects of seasonality in
precipitation and vegetation on catchment erosion. For example, Bookhagen et al. (2005), Wulf et al.
(2010), and Deal et al. (2017) investigated the effects of stochastic variations in precipitation on erosion
and sediment transport in the Himalayas. They found that high variability in rainstorm days (>80% of
MAP) during the wet season (summer monsoon) caused high variability in suspended sediment load.
Work by Chakrapani (2005) documents the control of mean local relief and seasonality in precipitation
on sediment load in rivers. Similar seasonality in sediment loads was reported in a field study in Iran,
using sediment traps and erosion pins. These authors concluded that wet seasons have maximum erosion
rates (>70% of annual), which decreases in the dry season (<10% of annual) (Mosaffaie et al., 2015).
Field observations in the heavily vegetated Columbian Andes concluded that soil erosion and nutrient
losses are significantly influenced by precipitation seasonality (Suescun et al., 2017). In contrast, work
by Steegen et al. (2000) in a loamy agricultural catchment in central Belgium found that suspended
sediment concentrations in the streams were lower during summer (wet) than winters (dry) due to the
development in vegetation cover in the wet season. Other workers have found a dependence of seasonal
erosion on ecosystem type. For example, Istanbulluoglu et al. (2006) found a reduction in soil loss
potential to storm frequency in humid ecosystems compared to arid and semi-arid regions. Work by Wei
et al. (2015) documented that differences in vegetation cover may contribute to long-term erosion and
sedimentation. However, seasonal variations in runoff and sediment yield are mainly contributed by

intra-annual rainfall variations. Previous work in a Mediterranean environment, e.g., Gabarrén-Galeote
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et al. (2013) described rainfall intensity as the main factor in determining hydrological erosive response,

regardless of the rainfall depth of an event.

When looking at seasonal vegetation changes in more detail, several different studies suggest these
changes are important for catchment erosion. For example, Garatuza-Payan et al. (2005) emphasized
that seasonal patterns in erosion are strongly influenced by plant phenology demonstrated by the changes
in vegetation cover (as measured by NDVI). A similar study on the Loess Plateau, China, by Zheng
(2006) documented decreasing soil erosion as vegetation cover increases during the wet season. Work
conducted in a forested setting (Zhang et al., 2014) documents the importance of tree cover as an
effective filter for decreasing the effects of rainfall intensity on soil structure, runoff, and sediment yield.
Numerical modeling studies have also found a significant impact of vegetation on erosion. For example,
Zhang et al. (2019) found that when precipitation is kept constant, the effect of vegetation cover change
on sediment yields is significant (20-30% of total flux). Also, during the early to the mid-wet season,
the richness and evenness of plant cover play an essential role in reducing erosion rates during low
rainfall events (Hou et al., 2020). However, in the case of high-intensity rainfall events at the start of a
wet season, when vegetation cover is low, the duration and intensity of rainfall were found to
significantly affect erosion rates (Hancock and Lowry, 2015). Other work conducted in a Mediterranean
environment points to the coincidence of peak rainfall erosivity in low vegetation cover settings, leading
to an increased risk of soil erosion (Ferreira and Panagopoulos, 2014). Despite potentially conflicting
results in the previous studies, what is clear is that seasonality in precipitation and vegetation covers are
associated with variations in catchment erosion. However, which factor (precipitation or vegetation)

plays the dominant role is unclear.

This study complements the previous work by applying a Landscape Evolution Model (LEM) to
investigate seasonal transients in catchment erosion due to variations in precipitation and vegetation.
We do this for four locations in the extreme climate and ecological gradient (i.e., arid, semi-arid,
Mediterranean, and humid temperate) of the Chilean Coastal Cordillera. Our efforts are focused on
testing two hypotheses: (1) if precipitation is the first-order driver of seasonal erosion rates, then the
influence of seasonal changes in vegetation cover would be of low significance, and (2) catchment
erosion in arid and semi-arid regions is more sensitive to seasonality in precipitation and vegetation than
the Mediterranean and humid temperate regions. To test the above hypotheses, we conduct a sensitivity
analysis of fluvial and hillslope erosion over four Chilean study areas to investigate the individual effects
of seasonal changes in vegetation cover and precipitation compared to simulations with coupled
variations in precipitation and vegetation cover. We do this using a two-dimensional LEM (the Landlab-
SPACE software), which explicitly handles bedrock and sediment entrainment and deposition. We build
upon the approach of Sharma et al. (2021) with the additional consideration of soil-water infiltration.

The input parameters include SRTM DEMs (90 m) of four regions in different climate/ecological
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settings (Fig. 1) as initial topographies; MODIS NDVI (between 2000 — 2019) as a proxy of vegetation
cover; and weather station observations of precipitation (between 2000 — 2019).

2 Study Areas

This section summarizes the geologic, climate, and vegetation settings of the four selected
catchments (Fig. 1) investigated in the Chilean Coastal Cordillera. These catchments are located in the
Pan de Azlcar National Park (arid, ~26°S), Santa Gracia nature preserve (semi-arid, ~30°S), and the La
Campana (mediterranean, ~33°S) and Nahuelbuta (temperate-humid, ~38°S) national parks. Together,
these study areas span ~1,300 km of the Coastal Cordillera. These study areas are chosen for their steep
climate and ecological gradient from North (arid environment with small shrubs) to South (humid
temperate environment with evergreen mixed forests) (Schaller et al., 2020). The study areas are part of

the German-Chilean priority research program EarthShape (www.earthshape.net) and ongoing research

efforts within these catchments.

The bedrock of the four study areas is composed of granitoid rocks, including granites,
granodiorites, and tonalites in Pan de Azucar, La Campana, and Nahuelbuta, respectively, and gabbro
and diorites in Santa Gracia (Oeser et al., 2018). The soil types in each catchment based on grain size
distribution are defined as a sandy loam in three northern catchments (with high bulk density: 1300 —
1500 kg m®) and sandy clay loam in Nahuelbuta (with lower bulk density: 800 kg m™®) (Bernhard et al.,
2018). The western margin of Chile along the latitudes of the different study areas is characterized by a
similar tectonic setting whereby an oceanic plate (currently the Nazca plate) has been subducting under
the South American plate since the Palaeozoic. Despite this common tectonic setting along, slight
differences in modern rock uplift rates are documented in the regions surrounding the three northern
catchments (i.e., < 0.1 mm yr for ~ 26 °S to ~33 °S) (Melnick, 2016) and the southern catchment (i.e.,
0.04 to > 0.2 mm yr* for ~38 °S over the last 4+1.2 Ma) (Glodny et al., 2008; Melnick et al., 2009).
Over geologic (millennial) timescales, measured denudation rates in the region range between ~0.005
to ~0.6 mm yr* (Schaller et al., 2018). To facilitate a comparison between the study areas and focus on
erosion variations from seasonal changes in precipitation and vegetation, we assume a uniform rock
uplift rate of 0.05 mm yr* for this study. This rate is broadly consistent with the range of previously

reported values.

The climate gradient in the study areas ranges from an arid climate in Pan de Azucar (north) with
mean annual precipitation (MAP) of ~11 mm yr™ to semi-arid in Santa Gracia (MAP: ~ 88 mm yr),
the Mediterranean in La Campana (MAP: ~350 mm yr), and a temperate-humid climate in Nahuelbuta
(south) with a MAP of 1400 mm yr! (Ziese et al., 2020). The observed mean annual temperatures
(MAT) also vary with latitude ranging from ~20°C in the north to ~5°C in the south (Ubernickel et al.,
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2020). The previous gradients in MAP and MAT and latitudinal variations in solar radiation result in a
southward increase in vegetation density (Bernhard et al., 2018). The vegetation gradient evident from
mean MODIS Normalized Difference Vegetation Index (NDVI) values range from ~0.1 in Pan de
Azucar (north) to ~0.8 in Nahuelbuta (south) (Didan, Kamel, 2015). In this study, NDVI values are

used as a proxy of vegetation cover density, similar to the approach of Schmid et al. (2018).

This gradient in climate and vegetation cover from north to south in the Chilean Coastal Cordillera
provides an opportunity to study the effects of seasonal variations in vegetation cover and precipitation

on catchment-scale erosion rates in different environments.
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Figure 1. Study areas in Coastal Chilean Cordillera ranging from (north to south) an arid environment in the North
(Pan de Azucar), semi-arid grasslands and shrubs (Santa Gracia), Mediterranean shrubs and forests (La Campana),
and temperate-humid forests in the South (Nahuelbuta). (Earth Resources Observation And Science (EROS)
Center, 2017)

3 Methods

This section comprises a description of model inputs (section 3.1), estimation of runoff rates (section
3.2), model setup (section 3.3), and initial and boundary conditions (section 3.4). This is followed by an
overview of simulations conducted (section 3.5) and a brief description of detrending the model results

for long-term transients (section 3.6).
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3.1. Data used for model inputs

In contrast to previous modeling studies (Schmid et al., 2018; Sharma et al., 2021) conducted in the
same region, we used current topography in the study areas as the initial condition for simulations
instead of a synthetic topography produced during a model spin-up phase in LandLab. Initial topography
for the four selected catchments was obtained by cropping the SRTM digital elevation model (DEM) in
rectangular shapes encapsulating the catchment area (Fig. 1). The DEM has a spatial resolution of 90
m; this indicates the cell size used in the model (dx and dy) (Earth Resources Observation And Science
(EROS) Center, 2017). Maximum relief of ~1852 m is observed in La Campana (~33 °S), followed by
~1063 m in Santa Gracia (~30 °S), ~809 m in Nahuelbuta (~38 °S) and ~623 m Pan de Azlcar (~26 °S).
Catchment sizes considered vary between ~64 km? in Pan de Azlcar, ~142.5 km? in Santa Gracia,
~106.8 km? in La Campana and ~68.7 km? in Nahuelbuta. We note that present-day topography as the
initial condition in simulations can introduce an initial transient in erosion rates due to model erosional

parameters (e.g., erodibility, hillslope diffusivity) differing from actual parameters within the catchment.

Precipitation data applied over each study area (Fig. 3b) was acquired from the Global Precipitation
Climatology Centre (GPCC) for the period 01/03/2000 to 31/12/2019 (DD/MM/YEAR). The data has a
spatial resolution of 1° (~111 km) and a 1-day temporal resolution and comprises daily land-surface
precipitation from rain gauges built on Global Telecommunication System-based and historical data
(Ziese et al., 2020). The previous data was augmented with daily precipitation weather station data from
01/02/2020 to 28/02/2020 obtained from Ubernickel et al. (2020). We do this to include all the seasons
between 2000 to 2019, i.e., from the Autumn of 2000 to the Summer of 2019. The periods (months of a
year) of specific seasons in the Chilean Coastal Cordillera are illustrated in Table 1. Seasonal
precipitation rates were calculated by summing up daily precipitation rates at three-month intervals. The
seasonality and intensity of precipitation in the wet season (winter) increase from arid (Pan de Azlcar)

to humid temperate (Nahuelbuta) region.

Table 1. Months of a year corresponding to specific seasons in the Chilean Coastal Cordillera

Seasons Months
Summerd* December - February
Autumn™* March - May
Winter™* June - August

Springd* September - November

*d: dry season, w: wet season

NDVI derived from remote sensing imagery has been proven effective for estimating seasonal

changes in vegetation cover density (Garatuza-Payéan et al., 2005). Normalized difference vegetation

52



index (NDVI) obtained from MODIS (Didan, Kamel, 2015) is used as a proxy for changes in vegetation
cover in the catchments. The NDVI data were acquired for 20 years (01/03/2000 — 28/02/2020), with a
spatial resolution of 250 m and temporal resolution of 16 days. For optimization during the model
simulations, the vegetation cover dataset was resampled to match the spatial resolution (90 m) of SRTM
DEM and temporal resolution of 3 months. To summarize, season variations in precipitation rate and

vegetation cover were applied to the simulations between 01/03/2000 and 28/02/2020.

Additional aspects of the catchment hydrologic cycle were determined using the following
approaches for the same periods. First, evapotranspiration (ET) data was obtained from the Global Land
Data Assimilation System (GLDAS) Noah version 2.1, with a monthly temporal resolution and spatial
resolution of 0.25° (~28 km) (Beaudoing, H. et al., 2020; Rodell et al., 2004). The data was obtained
from March-2000 to February-2020. Due to the coarse resolution of the dataset, ET is assumed to be

uniform over the entire catchment area.

Soil characteristics such as the grain size distribution (sand, silt, and clay fraction) and bulk density
were adapted from Bernhard et al. (2018) to estimate soil water infiltration capacity in each study area.
Based on these soil properties, the soils have been classified as a sandy loam (in Pan de Azlcar, Santa
Gracia, and La Campana) and sandy clay loam (Nahuelbuta). Average bulk density values of 1300 kg
m, 1500 kg m™3, 1300 kg m™3, and 800 kg m™ were used for Pan de Az(car, Santa Gracia, La Campana,
and Nahuelbuta, respectively (Bernhard et al., (2018).
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Figure 2. Parameter correlation for model input data (i.e., seasonal precipitation, vegetation cover and
evapotranspiration) including: (a) seasonal precipitation [mm season™*] and fraction of vegetation cover [-], (b)
fractional seasonal vegetation cover [-] and evapotranspiration [mm], and (c) seasonal precipitation [mm season

11 and evapotranspiration [mm]. The plots represent dataset corresponding to Autumn of 2000 to Summer of 2019.

Figure 2 shows correlations between the model input data, such as variable climatic variables (i.e.,
precipitation and evapotranspiration) and vegetation cover for each study area investigated. The

relationships, and regression lines, show for each area in different climate-ecological zones the general
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seasonal relationships over the 20 years (i.e., Autumn of 2000 — Summer of 2019) of data. For example,
the correlation between seasonal precipitation and vegetation cover (Fig. 2a) illustrates a moderate
negative correlation (r > -0.4) in semi-arid (SG) and Mediterranean (LC) regions. In contrast, vegetation
in the humid temperate region (NA) is positively correlated (r: 0.23). ET and vegetation cover are
positively correlated (Fig. 2b) in the semi-arid (SG) and Mediterranean regions (LC). However, the
correlations are negative in the humid-temperate region (NA). The correlation between seasonal
precipitation and ET (Fig. 2c) is slightly positive (r: ~0.2) in the semi-arid region (SG) and moderately
negative (r: -0.4) in the Mediterranean (LC) study area. However, we observe a strong negative
correlation (r: -0.8) between precipitation and ET in humid-temperate and Mediterranean regions (LC
and NA, Fig. 2c). This negative correlation is owed to the steep negative gradient in temperature (e.g.,
~2.5 °C in NA) and solar radiation (Ubernickel et al., 2020) during winters (wet season) in southern
latitudes (LC and NA).

3.2. Estimation of runoff rates

The precipitation rates [m season™] are subjected to soil-water infiltration [m season™] and
evapotranspiration [m season™] to estimate the runoff rates (R). The runoff rates at every time step (t)

are calculated using actual soil-water infiltration (l.) and evapotranspiration (ET) as follows,
R(t) = P(t) — I,(t) — ET(t), 1)

where P is the precipitation amount in one season. This relation is followed in the model grid cells with

non-zero sediment thickness.

The soil-water infiltration rate was estimated by applying the Green-Ampt equation (Green and
Ampt, 1911; Julien et al., 1995),

fo =K (1+£2), )

where f(t) is the infiltration rate [m s™] at time t, K is the effective hydraulic conductivity [m s™], F is
cumulative infiltration [m], W is suction at the wetting front [m], and A6 is the difference between
saturated and initial volumetric moisture content [m® m™]. Effective hydraulic conductivity is highly

complex and anisotropic; hence, it was considered uniform with 1 x 10~ m s* for each catchment.

Following the approach of Istanbulluoglu and Bras. (2006) for loamy soils, the soil-water infiltration

was modified to account for variable vegetation cover in each grid cell, as follows:
I(t) = f(OA =V()) + 4f )V (D), @)

Io(£) = Min[P(t), ()], (4)

54



where I is the infiltration capacity and V is the vegetation cover (between 0 and 1) in a model grid cell

at time-step t.
3.3. Model setup

We applied a python-based landscape evolution model, Landlab (Hobley et al., 2017), combined
with the SPACE 1.0 module of Shobe at al. (2017). The SPACE module allows coupled detachment-
transport limited fluvial processes with simultaneous bedrock erosion and sediment entrainment. The
Landlab-SPACE programs were modified for vegetation-dependent hillslope processes (Johnstone and
Hilley, 2014) and vegetation-dependent overland flow and fluvial erosion using the approach described
in Schmid et al. (2018) and Sharma et al. (2021). In addition, the geomorphic processes considered
involve weathering and regolith production (Barnhart et al., 2019) and infiltration of surface water into
the soil (Rengers et al., 2016) based on the Green-Ampt method (Green and Ampt, 1911), and runoff

modeling.

The model parameters (Table. Al) are calibrated to the distinct climate and ecological settings in
the Chilean Coastal Cordillera observations of Schaller et al. (2018). The model state parameters (i.e.,
erosion, diffusion, lithological, tectonic, etc.) in the simulations are adapted from Sharma et al. (2021).
The model was simulated at a seasonal scale (time step of three months) from the Autumn of 2000
(01/03/2000) to the Summer of 2019 (28/02/2020). Simulations were conducted for a total time of 1000
years with a time-step of 1 season (3 months) with 20 years (2000 — 2019) of observations in vegetation
and precipitation, with repetitions of 50 times, to tap long-term transient trends in the model results. The
combined effect of temporally variable (at seasonal scale) precipitation and vegetation cover (also

spatially variable) on catchment-scale erosion rates is simulated in the model.
3.4.Boundary and initial conditions

The boundaries are closed (no flow) on all sides, with a single stream outlet at the point of minimum
elevation at boundary nodes (Fig. 3). Initial sediment cover thickness is considered uniform across the
model domain, based on the observations by Schaller et al. (2018), which is 0.2 m in arid (AZ), 0.45 m
in semi-arid (SG), 0.6 m in the Mediterranean (LC), and 0.7 m in humid temperate (NA) catchments.
The initial rock uplift rate is kept constant throughout the entire model run as 0.05 mm yr, adapted

from a similar study (Sharma et al., 2021).
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Figure 3. A simplified model geometry with seasonal precipitation and vegetation forcings used in this study. (a)
Model setup representing sample DEM (low relief catchment) with no flow boundaries on all sides and a single
catchment outlet. The model involves vegetation-dependent seasonal hillslope and fluvial processes and rainfall-
infiltration-runoff modeling. (b) Seasonal precipitation and vegetation cover dataset (Mediterranean setting) for
the last five iterations of model simulations. The results of highlighted iterations (after detrending for long-term

transients) are analyzed in consecutive sections.
3.5. Overview of simulations conducted

The simulations were designed to identify the sensitivity of erosion rates to seasonal variations in
either precipitation rates or vegetation cover and the more realistic scenario of coupled seasonal
variations in both vegetation cover and precipitation. We evaluated this sensitivity with a step-wise
increase in model complexity. Three sets of simulations were designed for the four selected study areas,

which are as follows,

1. Scenario 1: Influence of constant precipitation with seasonal variations in vegetation cover
catchment-scale erosion rates.
2. Scenario 2: Influence of seasonal variation in precipitation and constant vegetation cover on

catchment-scale erosion rates.
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3. Scenario 3: Influence of coupled seasonal variations in both precipitation and vegetation cover on

catchment-scale erosion rates.

The results for scenarios 1 — 3 are illustrated in sections 4.1, 4.2, and 4.3, respectively.
3.6. Detrending of results for long term transients

Model simulations were conducted for 1,000 years using 20 years [March-2000 — Feb-2020] of
observations in vegetation cover and precipitation repeated 50 times. Simulations presented here were
conducted on the present-day topography to allow for the application of observed time series of
precipitation and vegetation change in different ecosystems and study areas. This choice of setting
comes with the compromise that the tectonic (e.g., rock uplift rates) and erosional parameters (e.g.,
diffusivity, erodibility, etc.) used in the model are likely not the same as those that led to the present-
day catchment topography. As a result, a long-term transient in erosion rates is expected as the model
tries to reach an equilibrium with assumed erosional parameters. In order to correct for any long-term
transients in erosion influencing our interpretations, we conducted a linear detrending of the results to
remove any long-term variations. Hence, the model results’ last 20 years (detrended) were analyzed and

discussed in sections 4 and 5.

4 Results

In the following sections, we focus our analysis on the mean catchment erosion rates at seasonal
scales (3 months) in the Southern Hemisphere (see Table. 1). The rock uplift rate was kept constant at
0.05 mm yr* following Sharma et al. (2021). For simple representation, the results of the last five years
of the last cycle of transient simulations starting from Autumn-2015 to Summer-2019 are displayed in
Fig. 4, 6, and 8 (after detrending, see section 3.6). The results for the entire time series (Autumn-2000
— Summer-2019) are available in the supplement (Fig. 1 — 3). The precipitation and erosion rates are

shown with the units [mm season™].

4.1. Scenario 1: Influence of constant precipitation and seasonal variations in vegetation cover on

erosion rates

In scenario 1, vegetation cover (MODIS NDVI from March 2000 to February 2020) fluctuates
seasonally (Fig. 4b), and precipitation rates are kept constant at the seasonal mean (i.e., MAP divided
by the number of seasons in a year) during the entire time-series (Fig. 4a) (Ziese et al., 2020). The range
of seasonal vegetation cover variation (and mean seasonal precipitation rates) are observed as 0.06 —
0.08 [-] (3.92 mm season™), 0.1 — 0.4 [-] (20.16 mm season™), 0.35 - 0.65 [-] (79 mm season™'), and 0.5
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- 0.85 [-] (292 mm season™) for Pan de Azlcar, Santa Gracia, La Campana and Nahuelbuta,

respectively.

The predicted mean catchment seasonal erosion rates range between 0 — 6 x 10~* mm season™,
0—9.4%x10~* mm season™, 0 — 2.3 x 103 mm season™, and 1.2 x 1073 — 4 x 10~3 mm season™*
in Pan de Azucar, Santa Gracia, La Campana, and Nahuelbuta, respectively (Fig. 4c). The mean
catchment seasonal erosion rates have an inverse linear relationship with seasonal vegetation cover for
arid, semi-arid, and Mediterranean settings (Fig. 5). However, this relationship is positive in the humid-
temperate setting, i.e., erosion increases with an increase in vegetation cover with a relatively lower
gradient (3 x 1073).

The maximum gradient between vegetation cover and erosion rates is observed in the Mediterranean
region (La Campana, gradient: —6 x 1073). The slopes in the vegetation cover — erosion rate
relationship (Fig. 5) represent the sensitivity of each catchment to changes in seasonal vegetation cover,
which indicates that the Mediterranean region (La Campana) is ~4.5 times more sensitive than the semi-
arid region (Santa Gracia). Due to very low precipitation in the arid region (Pan de Azlcar), no
significant range in erosion rates is observed (e.g. Pearson r: 0.17; p: >0.05). The results (Fig. 4 and 5)
suggest high sensitivity of erosion in the Mediterranean setting to changes in seasonal vegetation cover
(i.e., erosion rates decrease with an increase in vegetation cover). The erosion rates are lower (e.g.,
<0.005 mm season-1) due to low mean precipitation rates subjected to infiltration and

evapotranspiration.
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4.2.Scenario 2: Influence of seasonal variations in precipitation and constant vegetation cover on

erosion rates

In scenario 2, seasonal vegetation cover (MODIS NDVI from Mar-2000 — Feb-2020) is kept
constant (Fig. 6b) and precipitation rates are fluctuating seasonally (Mar-2000 — Feb-2020) (Fig. 6a).
The range of seasonal precipitation rate variations (and mean seasonal vegetation cover) are observed
in the range of 0 — 32.42 mm season™ (0.07 [-]), 0 — 191.66 mm season™ (0.17 [-]), 0.03 — 417 mm
season™ (0.52 [-]), and 26 — 987 mm season™ (0.73 [-]) for Pan de Azlicar, Santa Gracia, La Campana

and Nahuelbuta, respectively.

The simulated mean catchment seasonal erosion rates are observed in the range of 0 — 2 x 1073
mm season?, 0 — 8.3 X 1073 mm season™, 0 — 1.37 X 1072 mm season™, and 0 — 1.3 X 1072 mm
season’ in Pan de Az(car, Santa Gracia, La Campana, and Nahuelbuta, respectively (Fig. 6¢). The mean
catchment seasonal erosion rates are observed in a linear relationship with seasonal precipitation rates

(Fig. 7), with a maximum gradient in the arid region (AZ, gradient: ~1.3 x 10™%).

The gradients in precipitation — erosion rate relationship (Fig. 7) represent the sensitivity of each
catchment to changes in seasonal precipitation rates, which indicates that the arid region (AZ) is ~2.7,
~3.2, and ~8 times more sensitive than semi-arid (SG), Mediterranean (LC) and humid-temperate region
(NA), respectively. The results (Fig. 6 and 7) suggest high sensitivity of erosion in the arid and semi-
arid settings to changes in seasonal precipitation rates (i.e., erosion increases at relatively higher rates
with an increase in precipitation). The erosion rates are higher than in scenario 1 (e.g., 0 — 0.014 mm

season™) due to higher precipitation rates in scenario 2.
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Figure 6. Results of simulations with variable seasonal precipitation and constant vegetation over last 5 years
(Autumn-2015 — Summer-2019) of last cycle of transient-state model run representing: (a) mean catchment
seasonal precipitation rates [mm season?], (b) mean catchment seasonal vegetation cover [-], and (c) mean

catchment seasonal erosion rates [mm season™].
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4.3. Scenario 3: Influence of coupled seasonal variations in both precipitation and vegetation

cover on erosion rates

In this scenario, coupled variations in seasonal vegetation cover (MODIS NDVI from Mar-2000 —
Feb-2020) (Fig. 8b) and precipitation rates are presented for the years 2000 - 2019 (Fig. 8a). The range
of seasonal precipitation rates (and seasonal vegetation cover) variations are 0 — 32.42 mm season™
(0.06 —0.08 [-]), 0 — 191.66 mm season™ (0.1 — 0.38 [-]), 0.03 — 417 mm season™ (0.35 - 0.65 [-]), and
26 — 987 mm season™ (0.5 — 0.85 [-]) for Pan de Az(car, Santa Gracia, La Campana and Nahuelbuta,

respectively.

The mean catchment seasonal erosion rates are observed in the range of 0 — 2 x 10~3 mm season”
1'0—1x10"2 mmseason™, 0 — 1.4 x 1072 mm season?, and 0 — 1.4 x 10~2 mm season’* in Pan de
Azlcar, Santa Gracia, La Campana, and Nahuelbuta, respectively (Fig. 8c). Similar to scenario 2, mean
catchment seasonal erosion rates are observed in a linear relationship with seasonal precipitation rates
(Fig. 9), with a maximum gradient in an arid region (AZ, gradient: ~1.3 x 10~*). The slopes in the
precipitation — erosion rate relationship (Fig. 9) represent the sensitivity of each catchment to coupled
variations in seasonal precipitation rates and vegetation cover. The results (Fig. 8 and 9) indicate that
the arid region (AZ) is ~2.3, ~3, and ~8 times more sensitive than the semi-arid (SG), Mediterranean
(LC), and humid-temperate region (NA), respectively. The similarity in results obtained from scenarios
2 and 3 suggest the first-order control of seasonal precipitation changes on erosion rates (e.g., Pearson
r > 0.6 for arid setting, Fig. 9a), with relatively less significance of changing vegetation cover (Pearson
r < -0.19 for semi-arid setting, Fig. 9b). However, the mean vegetation cover per model cell in a

catchment plays a significant role.
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mean catchment seasonal erosion rates [mm season].
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5 Discussion

This section synthesizes the amplitude of change in erosion rates for scenarios 1 - 3 (section 5.1),
followed by discussing the effect of variability in vegetation and precipitation rates on seasonal erosion
rates (section 5.2). Next, the synthesis of catchment-scale erosion rate variability is presented over wet
and dry seasons (section 5.3). Lastly, the results are compared with previously published studies (section

5.4), followed by the model limitations description (section 5.5).
5.1. Synthesis of the amplitude of change in erosion rates for model scenarios 1-3

Here we discuss the change amplitude of mean catchment erosion rates [in percentage] at a seasonal
scale (Fig. 10) in the study areas. The amplitude of change in erosion rates to their respective mean
values is estimated using the coefficient of variation in percent (standard deviation divided by the mean
of a dataset). The coefficient of variation is defined as a statistical tool to compare multiple variables
free from scale effects, i.e., it is a dimensionless quantity (Brown, 1998). This comparison represents
the sensitivity of each catchment to changing seasonal weather for all three model scenarios (section 4.1
-4.3).

In scenario 1, with seasonal variations in vegetation cover and constant seasonal precipitation (Fig.
10a), the amplitude of change in erosion rates ranges between 6.5% in the humid-temperate setting and
23% and 36% in semi-arid and Mediterranean settings, respectively. The above results support the
findings of Zhang et al. (2019), which observed 20-30% of the total change in sediment yield with
constant precipitation and variable vegetation cover. The above study used the soil and water assessment
tool (SWAT) based on NDVI and climate parameters. Also, a 5.5% change in amplitude in erosion rates
is observed in the arid setting. However, due to an insignificant correlation between vegetation cover
and erosion rates (i.e., Pearson r: 0.17 and p>0.05, Fig. 5) and negligible vegetation cover (V < 0.1), it

is unclear if these changes in erosion rates are due to changes in vegetation cover.

In scenario 2, with constant vegetation cover and variable precipitation rates (Fig. 10b), the
amplitude of change in erosion rates ranges from 13% in the arid setting (AZ) to 52%, 65%, and 91%
in humid-temperate (NA), semi-arid (SG) and Mediterranean (LC) settings, respectively. A similar trend
is observed in scenario 3 with coupled variations in vegetation cover and precipitation rates (Fig. 10c),
with amplitude of change in erosion rates between 13% in the arid setting to 50%, 86%, and 97% in
humid-temperate, semi-arid and Mediterranean settings, respectively. The amplitude of erosion rate
changes is amplified in scenario 3, especially in the semi-arid setting (e.g., ~21% increase in change
amplitude from scenario 2 to scenario 3). This could be owed to the 35% change in amplitude of
vegetation change in the semi-arid setting (Fig. 8). Overall, these observations indicate high sensitivity

of erosion in semi-arid and Mediterranean environments over arid and humid-temperate settings.
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Figure 10. The amplitude of change in seasonal erosion rates (relative to their respective means) in (a) scenario
1: with variable vegetation cover and constant precipitation rates, (b) scenario 2: with constant vegetation cover

and variable precipitation rates, and (c) scenario 3: with coupled variations in vegetation cover and precipitation
rates.

The pattern of erosion rate changes in scenarios 1-3 implies the first-order control of precipitation
variation (over vegetation cover variation) on erosion rates at a seasonal scale. For example, a plot-scale
study by Gabarron-Galeote et al. (2013) in the Mediterranean environment in Belgium concluded that
rainfall intensity was the main factor in determining seasonal soil hydrological and erosive response.
Another field study by Suescun et al. (2017) in the Columbian Andes highlighted the significant
influence of precipitation seasonality (over vegetation cover seasonality) on runoff and erosion rates.
An observational catchment-scale study in the semi-arid Chinese Loess Plateau by Wei et al. (2015)
indicated that intra-annual precipitation variation significantly contributes to monthly runoff and
sediment yield variations.

5.2. Synthesis of catchment erosion rates over wet and dry seasons

In this section, we discuss the ratio of MAP (Fig. 11a) and mean annual erosion (MAE) (Fig. 11b)
during different seasons (i.e., autumn — summer) in a year, averaged over the entire time series (2000 —
2019). This analysis is performed for the simulation results of scenario 3 for different climate and
ecological settings (i.e., arid to humid-temperate). We do this specifically with scenario 3 results to
capture the trends in erosion rates with coupled variations in model input (i.e., precipitation and
vegetation cover).
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Figure 11. The ratio of model variables to annual means during all the seasons in a year for simulation results
from scenario 3 (coupled seasonal variations in precipitation and vegetation cover). Each point represents a unique
climate and ecological setting i.e., arid (Pan de Azlcar, AZ), semi-arid (Santa Gracia, SG), Mediterranean (La
Campana, LC), and humid-temperate settings (Nahuelbuta, NA). The plots correspond to (a) ratio of MAP per
season [%] and (b) ratio of MAE per season [%].

The distribution of the ratio of MAP during different seasons (Fig. 11a) depicts winter (June-
August) and summer (December-February) as the wettest and driest seasons of the year, respectively.
For example, all study areas receive >50% and <6% of MAP during winters and summers. The same is
reflected in Fig. 11b with 45%, 55%, 78%, and 71% of MAE in arid, semi-arid, Mediterranean, and
humid-temperate settings, respectively, during winters. On the contrary, during summers, the share of
MAE decreases from 14% in the arid setting to 1% in the humid-temperate setting. The Autumn (March-
May) receives milder precipitation amounts ranging from 20-30% of MAP in the study areas. Arid and
semi-arid settings experience a relatively higher share of MAE (e.g., ~30%) than the Mediterranean and
humid temperate settings (e.g., ~15-20%). The Spring season experiences relatively higher erosion rates
despite a lower MAP share in arid and semi-arid settings. For example, arid and semi-arid settings
experience 10-14% of MAE for ~7% of MAP. At the same time, the Mediterranean and humid-
temperate settings experience 5-7% of MAE for ~12-18% of MAP during Spring. Overall, we found out
that arid and semi-arid settings experience <15% and ~50% of MAE during wet (winter) and dry

(summer) seasons. The above relationship is amplified for the Mediterranean and humid-temperate
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settings with <5% and >70% of MAE during wet and dry seasons. The latter is in line with an
observational study by Mosaffaie et al. (2015) in a Mediterranean catchment in Iran. The above study
used field observations from 2012-2013 to conclude that maximum erosion rates (>70%) are observed

during the wet season, which decreases in dry the season (<10%).
5.3. Comparison to previous studies

In this section, we correlate the broad findings of this study to the previously published field and
observational studies. For example, in an observational study in an agrarian drainage basin in the Belgian
Loam Belt, Steegen et al. (2000) evaluated sediment transport over various time scales (including
seasonal). The above research observed lower sediment fluxes during the seasons with high vegetation
cover. An observational study by Zheng (2006) quantifying the effect of vegetation changes on soil
erosion in Loess Plateau, China, concluded that soil erosion was significantly reduced (up to ~50%)
after vegetation restoration. Another observational study in semi-arid grasslands in Loess Plateau,
China, by Hou et al. (2020) highlighted a considerable reduction in erosion rates due to the development
of richness and evenness of plant community in the early to the mid wet season. Results of scenario 1
(seasonal variations in vegetation cover with constant precipitation rates) support the findings of the
above studies with a negative correlation (Pearson r: ~—0.6 and p <0.05) between vegetation cover and
erosion rates for semi-arid and Mediterranean settings. For example, erosion rates decrease with an
increase in vegetation cover in Santa Gracia (semi-arid) and La Campana (Mediterranean) (see Fig. 5).
However, a positive correlation (Pearson r: ~0.3 and p<0.05) is observed in humid-temperate setting

from dry season to wet season (see Fig. 5).

A catchment-scale observational study in Baspa Valley, NW Himalayas (Wulf et al., 2010) analyzed
seasonal precipitation gradients and their impact on fluvial erosion using weather station observations
(1998 — 2007). The study observed a direct relationship between precipitation and sediment yield
variability, demonstrating the summer monsoon's first-order control on erosion processes. An
observational study by Wei et al. (2015) in Loess Plateau, China, evaluated erosion and sediment
transport under various vegetation types and precipitation variations. The above study highlighted that
significant changes in vegetation cover might contribute to long-term soil dynamics. However, seasonal
variations in runoff and sediment yield are mainly contributed by rainfall seasonality. The similarity in
the patterns of erosion rates in scenario 2 (variable precipitation and constant vegetation cover) and
scenario 3 (coupled variations in precipitation and vegetation) confirms the above findings. For
example, the amplitude of change in erosion rates (Fig. 10) in scenarios 2 and 3 differ by 0%, 6%, and
—2% in arid, Mediterranean, and humid-temperate settings. However, this difference is enhanced in the
semi-arid region (i.e., ~23%) due to a relatively high degree of variation (~25%) in vegetation cover

change.
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An observational study in Columbian Andes by Suescin et al. (2017) assessed the impact of
seasonality on vegetation cover and precipitation and found higher erosion rates in regions with steeper
slopes. Another study by Chakrapani (2005) emphasized the direct impact of local relief and channel
slope on sediment yield in natural rivers. The broad findings of the above studies agree with our results
of scenarios 1-3, as we find higher erosion rates in the Mediterranean and humid-temperate regions with
steeper topography (mean slope ~20 deg), which encounter high seasonality (and intensity) in

precipitation.
5.4. Model Limitations

The model setup used in this study was designed to quantify the sensitivity of erosion rates in
different climate and ecological settings with variations in precipitation rates and vegetation cover at
seasonal scales. We represent the degree of variations in erosion rates in terms of change amplitude
(with respect to the mean) for different model scenarios (see sections 4.1 —4.3). This study was intended
to introduce temporal downscaling (from millennial to seasonal time scales) to the approach of previous

similar modeling studies (e.g., Schmid et al., 2018; Sharma et al., 2021).

Our modeling approach uses several simplistic assumptions that warrant discussion and potential
investigation in future studies. For example, our model successfully captures major surface processes,
including vegetation-dependent erosion and infiltration, sediment transport, and surface runoff.
However, groundwater flow is not considered in the current study, and how it can impact the model by
groundwater entering into the streams. The reason is that groundwater flow modeling includes a high
amount of heterogeneity and anisotropy and requires much finer grid sizes (<1m) and smaller time steps
(in seconds to hours). Thus, due to the large grid-cell size (90 m) and timescales (monthly), the inclusion
of robust groundwater flow modeling is out of scope for this study. Also, this study assumed uniform
lithological and hydrological parameters (e.g., vertical hydraulic conductivity, initial soil moisture,
evapotranspiration, erodibility, etc.) over the entire catchment. As said earlier, these properties are
subjected to a high level of uncertainty and heterogeneity, the best fitting parameters, based on
previously published literature (e.g., Schaller et al., 2018; Bernhard et al., 2018; Schmid et al., 2018;
Sharma et al., 2021) are used for the model simulations. However, the heterogeneity in vegetation cover
and related soil-water infiltration per grid cell is used in this study. For the heterogeneity in vegetation
cover, we use MODIS-derived NDVI as a proxy of vegetation cover. According to Garatuza-Payan et
al. (2005), NDVI is assumed as an effective tool for estimating seasonal changes in vegetation cover
density. However, the spatial resolution (250 m) of the NDVI dataset is relatively lower than that of the
SRTM DEM (90 m) used in the study. The difference in spatial resolution of vegetation cover and

topography might introduce ambiguity in the model results.
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Another limitation arises with best-fitting generalized model parameters (e.g., rock uplift rate,
erodibility, diffusivity, etc.) on the SRTM DEM (as initial topography) rather than a steady-state
topography. We did this to capture the effects of seasonality in precipitation and vegetation cover in
modern times (2000 - 2019). However, the current topography might not have evolved with the same
tectonic and lithological parameters, and the long-term transients were evident in the model results. To
handle this limitation, we simulated the model for 50 iterations and detrended the model results to
remove those transient effects (see section 3.6). This limitation can be handled in future studies by
parameterizing the model to the current topography using stochastic (e.g., Bayesian) techniques (e.g.,
Stephenson et al., 2006; Avdeev et al., 2011). As this study aimed to capture the control of seasonal
precipitation and (or) vegetation changes on the relative variability of erosion rates, the above limitation

may not pose a problem in the model results.

6 Summary and Conclusions

In this study, we applied a numerical modeling approach (using Landlab-SPACE) to quantify the
impact of seasonal variations in precipitation and vegetation on catchment averaged erosion rates. We
performed this in regions with varied climate and ecological settings: arid, semi-arid, Mediterranean,
and humid-temperate. Three sets of simulations were designed to model erosion rates for (a) scenario 1:
constant precipitation and variable vegetation cover, (b) scenario 2: variable precipitation and constant
vegetation cover, and (c) coupled variations in precipitation and vegetation cover. The main conclusions

of this study are as follows:

1. Scenario 1, with variable vegetation cover and constant precipitation (Fig. 4), resulted in slight
variations in seasonal erosion rates (<0.02 mm yr™) in comparison to the other scenarios. The
amplitude of change in seasonal erosion rates (relative to the mean) is the smallest in humid-
temperate setting and the maximum in the Mediterranean setting (Fig. 10a). For example, it
ranges from 6.5% in humid-temperate setting (Nahuelbuta) to 23% and 36% in semi-arid (Santa
Gracia) and Mediterranean settings (La Campana), respectively.

2. Scenario 2, with constant vegetation cover and variable precipitation (Fig. 6), results in
relatively higher seasonal erosion rates (<0.06 mm yr?) in comparison to scenario 1. The
amplitude of change in seasonal erosion rates (relative to the mean) is smallest in the arid setting
and the largest in the Mediterranean setting (Fig. 10b). For example, it ranges from 13% in the
arid setting (Pan de Azlcar) to 52%, 65%, and 91% in humid-temperate (Nahuelbuta), semi-
arid (Santa Gracia), and Mediterranean settings (La Campana), respectively.

3. Scenario 3, with coupled variations in vegetation cover and precipitation (Fig. 8), results in
similar seasonal erosion rates (<0.06 mm yr) to scenario 2. Similarly, the amplitude of change

in seasonal erosion rates (relative to the mean) is the smallest in the arid setting and the largest
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in the Mediterranean setting (Fig. 10c). For example, it ranges from 13% in the arid setting (Pan
de Azlcar) to 50%, 86%, and 97% in humid-temperate (Nahuelbuta), semi-arid (Santa Gracia),
and Mediterranean settings (La Campana), respectively. A significant increase (from scenario
2) in variation in erosion rates (~21%) is owed to the ~25% variation in vegetation cover in
semi-arid settings.

4. All study areas experience maximum and minimum erosion during wet and dry seasons,
respectively (Fig. 11b). However, the difference (in maximum and minimum) is amplified from
arid (~30%) to the Mediterranean and humid-temperate settings (~70-75%). This is owed to the
range of amplitude of precipitation rates (Fig. 7) from arid (e.g., ~9 mm) to humid-temperate

settings (e.g., ~543 mm) in wet and dry seasons.

Broadly, we conclude that precipitation changes are the primary driver of erosion changes over
seasonal timescales, and changes in vegetation cover effects on erosion are secondary. For example, the
amplitude of change in erosion rates in scenarios 2 and 3 is similar (Fig. 10b-c; with a difference < 6%)
for arid, Mediterranean, and humid-temperate settings. However, this difference is amplified in the
semi-arid setting (~65-86%) due to the influence of significant vegetation cover change. Also, this
amplitude of change is determined by the ecological setting of the area of interest. For example, the
sensitivity of erosion rates to changing precipitation (Fig. 10b-c) increases from arid (~13%) to
Mediterranean settings (~91-97%) and again decreases in humid-temperate setting (~50-52%) due to

abundance of vegetation cover.
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Appendix

Table Al. Input parameters with corresponding units for the landscape evolution model

Model Parameters Values
Grid spacing (dx) 90 m
Model runtime (totalT) 1000 years (2000 — 2019 repeated over 50 times)
time-step (dt) 1 season (3 months)
Rock upliftrate (U)! 1.25x 10-5 [m season-!] (or 0.05 [mm a-!])
Initial sediment thickness (H_initial)? 20 (AZ),0.45 (SG), 0.6 (LC), 0.7 (NA) [cm]
Bedrock erodibility (Kr)! 2x10-° [m!]
Sediment erodibility (Ks)! 2x10-8[m!]
Reach scale bedrock roughness (H*)! 1 [m]
Porosity (¢)! 0.2[-]
Fraction of fine sediments (Ff)! 0.2[-]
Effective terminal settling velocity (Vs)! 2.5 [m season-!]
m, n! 0.6,1[-]

Bedrock erosion threshold stream power (@_cr)!
Sed. entr. threshold stream power (@_cs)!
Bare soil diffusivity (K;)!

Exponential decay coefficient (a)!

Critical channel formation area (A ;)3
Reference vegetation cover (V,)?
Manning's number for bare soil (ny)3
Manning's number for ref. vegetation (n,)?
Sacling factor for vegetation influence (w)3
Soil bulk density (B)*

Soil type#

Initial soil moisture (s)*

1.25x 10-5 [m season-!]
1.25x 10-6 [m season-!]
2.5x 10-4 [m2 season-!]
0.3[-]

1 x 106 [m2]

1 (100%)

0.01[-]

0.6 [-]

1[-]

1300 (AZ), 1500 (SG), 1300 (LC), 800 (NA) [kg m™3]

sandy loam (AZ, SG, LC); sandy clay loam (NA)

0.058 (AZ), 0.02 (SG), 0.053 (LC), 0.15 (NA) [m? m™3]

! Sharma et al. (2021), 2 Schaller et al. (2018), ® Schmid et al. (2018), * Bernhard et al. (2018).
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3.3 Effects of extreme precipitation events on catchment erosion along a climate and

ecological gradient in Chilean Coastal Cordillera
3.3.1 Declarations of contribution of all co-authors in the manuscript

This section of the dissertation comprises the manuscript in late stage of preparation for a potential
publication. The title of the manuscript is designed as “Effects of extreme precipitation events on

catchment erosion along a climate and ecological gradient in the Chilean Coastal Cordillera”.

The manuscript was prepared and contributed by three authors, namely Hemanti Sharma (HS), Todd
A. Ehlers (TAE), and Christoph Glotzbach (CG). Hemanti Sharma and Todd Ehlers jointly developed
the idea with further refinements suggested by Christoph Glotzbach. The model input data for Landlab
and SWAT was procured and processed by Hemanti Sharma followed by model setup and simulation
runs. The visualization, interpretation of results and manuscript preparation was done by Hemanti
Sharma with the help of Todd Ehlers. The detailed contributions of each author for the above publication

are presented in Table 3.

Table 3. Contribution of authors (in percentage) in the manuscript with the title ““Effects of extreme
precipitation events on catchment erosion along a climate and ecological gradient in the Chilean

Coastal Cordillera”.

Author Ath_or _Scientific Da.ta . Analysi.s & _P_aper
position ideas [%0] | generation [%] | interpretation [%] | writing [%0]
HS 1 70 90 70 80
TAE 2 20 10 30 20
CG 3 10 0 0 0
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Abstract

Extreme precipitation events can play an essential role in shaping landscapes. The effect of these
events on catchment erosion is expected to depend upon the intensity and duration of the event and the
density and type of vegetation present (amongst other factors). This study complements previous efforts
and applies the Landlab landscape evolution model (LEM) to investigate the vegetation-dependent
erosional response from a daily time series of precipitation events along the steep climate and ecological
gradient in the Chilean Coastal Cordillera. Results are presented for four study areas ranging from (arid)
barren land in the north (~26 °S) to (humid-temperate) dense forest in the south (~39 °S). Simulations
were conducted for 1,900 years using precipitation observations from 1982 to 2019 (repeated 50 times).
The LEM (area-normalized) surface water discharge rates at the catchment outlet were cross-checked
to predictions from the Soil and Water Analysis Tool (SWAT) hydrological model. The results suggest
that during extreme precipitation events, erosion rate changes in (arid) barren land are ~14%, ~86%, and
~93% more sensitive to precipitation changes relative to (semi-arid) grassland, (Mediterranean)
shrubland, and (humid-temperate) dense forest, respectively. This sensitivity is attributed to (1) a higher
prevalence of low frequency, high magnitude precipitation events in the northern (arid) setting during
El Nifio periods; and (2) the absence of erosionally resilient plant function types (PFT) in northern
catchments (i.e., arid and semi-arid settings). In addition, a strong positive correlation (Pearson r > 0.8,
>95% significance level) of (area-normalized) runoff rates was observed between the Landlab LEM and
the SWAT hydrological model. This underscores the utility of the Landlab LEM (as modified here to

account for variable PFTs) for simulating shorter timescale catchment processes.

Keywords: Landscape evolution model, hydrological model, plant functional types, Landlab, SWAT.
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1 Introduction

The frequency, magnitude, and duration of precipitation are significant drivers of erosion and
sedimentation processes in river catchments at shorter timescales (e.g., Bezak et al., 2021; Medeiros and
de Aradjo, 2013; Meusburger et al., 2012; Farhan and Alnawaiseh, 2018). The impact of these processes
on runoff and catchment erosion also depends on the spatial distribution of land use and land cover
(LULC) types (Nunes et al., 2011; Serpa et al., 2015; Sharma et al., 2011). The LULC also includes
vegetation density and distribution of plant functional types (PFT) such as trees, shrubs, and grasses.
Vegetation types are important because they impact flow resistance and infiltration (Stolte, 2003). In
some settings, a significant fraction of mean annual precipitation (MAP) occurs during specific heavy
precipitation events that last hours to days, strongly affecting the catchment erosion. This is owed to the
scale-dependent connectivity of runoff and sediment (Lesschen et al., 2009). The spatial extent of
changes in erosion and sedimentation patterns that occurred during these flood events can be
investigated using the landscape evolution modeling technique (Zellou and Rahali, 2017). However, the
landscape evolution models (LEM) are conventionally designed to quantify topographic evolution and
associated catchment erosion over longer (e.g., millions of years) timescales (e.g., Coulthard, 2001;
Tucker and Hancock, 2010; Willgoose, 2005). This timescale gap between short, and long-term surface
processes poses challenges when trying to understand the impact of extreme events on landform
development (Tucker and Hancock, 2010). For example, understanding the variability of erosion and
sedimentation rates across timescales is essential for knowing which processes lead to a bias in
estimating sediment fluxes leaving the catchment outlet (Kirchner et al., 2001; Vanacker et al., 2007).
For example, the combined effects of vegetation cover (and type) and variable precipitation distribution
make it difficult (amongst other factors) to quantify transients in catchment erosion. This study
investigates how vegetation density and type and stochastic variations in precipitation influence

catchment erosion.

Previous observational and modeling studies have emphasized the importance of short-term
temporal heterogeneity in precipitation (e.g., daily) on catchment erosion. For example, in a review,
Brunsden and Thornes (1979) demonstrated the episodic behavior of landscape change due to extreme
precipitation events. An observational study by Hooke and Mant (2000) in SE Spain reported a strong
relationship between catchment erosion response and flood magnitude in a semi-arid setting, using a
digital elevation model and field surveys. In another observational study in a semi-arid catchment in
Southern Bolivia, Coppus and Imeson (2002) concluded that extreme events significantly contribute to
annual erosion and sediment transport. Also, in their analysis, Gonzalez-Hidalgo et al. (2009) and
Gonzalez-Hidalgo et al. (2010) documented the asymmetric contribution of low frequency and high
magnitude precipitation events to annual catchment erosion in arid and semi-arid settings. In an

observational study using mobile laser scanning and acoustic techniques, Leyland et al. (2016) reported

79



a two-fold and four-fold increase in bank erosion and suspended sediment volumes, respectively, during
flooding in the Mekong river. Also, recent developments in modeling approaches include temporal
downscaling of non-steady-state LEMs to account for daily erosion events. These LEMS are either
parameterized or integrated with the simplistic short-term event- and physically-based models. For
example, Baartman et al. (2013) calibrated LAPSUS LEM to the simulation results of an event-based
soil erosion model (OpenLISEM) to incorporate the effect of short-term precipitation variability in long-
term landscape development. The above study documented that very high magnitude (or frequency)
extreme events (beyond natural climate variability) leave a signal in the landscape. For the simulation
of catchment erosion during flood events, Coulthard et al. (2013) coupled the CASER landscape
evolution model (Coulthard et al., 2002) and a hydrodynamic model LISFLOOD-FP (Bates and De Roo,
2000; Bates et al., 2010) to create CEASER-LF. The above model is computationally efficient with a
solid physical basis and has been extensively applied in short timescale landscape evolution modeling
studies to simulate flood events (e.g., Walsh et al., 2020; Zellou and Rahali, 2017).

The changes in land use and land cover, including vegetation cover and type, have been documented
to affect short-term catchment erosion and runoff significantly. For example, a modeling study by Boix-
Fayos et al. (2008) reported a reduction of 54% in sediment yield, linked with a three-fold increase in
forest cover (between 1956 and 1997) in a catchment in SE Spain. An observational study in a sub-
humid Mediterranean catchment in Portugal by Nunes et al. (2011) demonstrated a significant reduction
in soil erosion and an increase in infiltration capacity with an increase in shrub and tree cover. A study
by Sharma et al. (2011) using the universal soil loss equation (USLE) and geographic information
system (GIS) reported an increase in mean soil erosion potential of the watershed resulting from the
conversion of forest patches to cropland. A plot-scale study by Meng et al. (2021), using revised-USLE,
demonstrated that earth bank terraces experienced more erosion, while slopes with hedgerows (shrubs)
had lower erosion rates during moderate or heavy rainfall events. A modeling study by Serpa et al.
(2015) evaluated the impact of climate and land-use changes on sediment transport in humid and arid
settings for projected emission and land cover change scenarios (i.e., 2071-2100). The above study
highlighted the importance of climate-induced LULC change on catchment erosion to isolated changes
in climate. The previous studies underscored the significance of changes in climate and vegetation cover
(and type) on the variations in catchment erosion. However, it is not clear which factor (i.e., vegetation
type or precipitation variability) plays a more vital role in influencing catchment erosion at daily

timescales.

This study investigates the influence of vegetation cover, PFT-dependent coupled hillslope and
fluvial processes, soil-water infiltration, and evapotranspiration on catchment-scale erosion rates at a
daily timescale using a complex landscape evolution model. Emphasis is placed on the sensitivity of

erosion to different land cover types and precipitation variations, including extreme events. We do this
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by testing two hypotheses, i.e., (a) if LULC poses first-order control on catchment erosion, then regions
with less resilient vegetation cover (barren or grasses) would experience more erosion during extreme
events, despite the prevalence of high magnitude precipitation in regions with more resilient vegetation
cover (e.g., shrubs and trees), (b) if Landlab LEM (modified to account for PFTs) provide a reliable
output at shorter timescales, then its results should be comparable with that of a physically-based model.
To test the first hypothesis, we apply the Landlab-SPACE LEM at daily time steps for ~4 decades. The
LEM couples PFT-dependent detachment-transport limited fluvial processes (Shobe et al., 2017),
vegetation-dependent hillslope diffusion (Johnstone and Hilley, 2014), and soil-water infiltration
(Rengers et al., 2016; Green and Ampt, 1911) to compute catchment erosion. The simulations are
subjected to daily precipitation input obtained from weather stations (1982 — 2019) (Ziese et al., 2020)
and actual evapotranspiration obtained from Global Land Evaporation Amsterdam Model version-3
(GLEAM v3) (Martens et al., 2017). We do this for four study areas along the climate and ecological
gradient of Chilean Coastal Cordillera, with landcover types ranging from barren land in the north to
dense forest in the south. To test the second hypothesis, the surface water discharge rates are normalized
by domain area, obtained from LEM (Landlab-SAPCE) (Hobley et al., 2017), and hydrological model
(Soil and Water Assessment Tool) (Winchell et al., 2013) are compared and correlated for validation of
LEM results.

2 Study Area

This section includes the description of land cover types and topographic characteristics in the four
selected catchments, along with an abrupt climate and ecological gradient in the Chilean Coastal
Cordillera (~26 °S — ~38 °S) (Schaller et al., 2020). These catchments are located in the Pan de Azucar
National Park (arid, ~26°S), Santa Gracia nature preserve (semi-arid, ~30°S), and the La Campana
(mediterranean, ~33°S) and Nahuelbuta (temperate-humid, ~38°S) national parks (Fig. 1). The study

areas are part of the German-Chilean priority research program EarthShape (www.earthshape.net) and

ongoing research efforts within these catchments.

Mean annual precipitation (1982 — 2019) in these regions ranges from 20.5 mm yr™ in the north to
1350 mm yr™ in the south (Ziese et al., 2020). The northern catchments (i.e., Pan de Azlcar and Santa
Gracia) experience distinct climate patterns from El Nifio Southern Oscillations (ENSO). The El Nifio
(warm phase of ENSO) events pose anomalies in climate, leading to severe flooding events in the
northern latitudes of South America (Valdés-Pineda et al., 2016). However, the ENSO effects dampen
in southern latitudes; hence southern study areas, i.e., La Campana and Nahuelbuta, are not affected by
El Nifio.

The selected catchments in Pan de Azlcar (~26 °S), Santa Gracia (~29.75 °S), La Campana (~33

°S), and Nahuelbuta (~38 °S) are hereafter referred to as barren land, grassland, shrubland, and dense
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forest, respectively, based on the PFT distribution as per LULC dataset (Zanaga et al., 2021). The

topographic characteristics (i.e., area, elevation, slope, etc.) extracted from DEM (Earth Resources

Observation And Science (EROS) Center, 2017) and PFT distribution (% coverage of barren, grasses,

bushes, and trees) of the selected catchments are illustrated in Table 1.

Table 1. Topographic characteristics (SRTM DEM) and plant functional types distribution (ESA LULC) of

selected catchments in Chilean Coastal Cordillera (Z: topographic elevation, S: topographic slope).

Study Topographic Characteristics PFT Distribution
Ar Area MeanZ Max.Z Min.Z Relief MeanS Barren Grass Shrubs Trees
% [km?  [m] [m] [m] [m] ] [%] %] [%] [%]
AZ 12.53 431 666 245 421 9.8 99.94 0.04 0.02 -
SG 20.7 675 991 497 494 13 66 29 5 -
LC 9.37 653 977 388 589 16 14 1.5 91.7 54
NA 6.74 1117 1236 903 333 11.2 - 0.9 - 99.1

*AZ: Pan de Azucar, SG
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Figure 1. Study areas in Chilean Coastal Cordillera with catchments in arid — barren land in the North (Pan de

Azcar), semi-arid — grassland (Santa Gracia), Mediterranean — shrubland (La Campana), and humid temperate —
dense forest (Nahuelbuta) in the South (Earth Resources Observation And Science (EROS) Center, 2017).
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3 Methods

This section includes the description of datasets and models used in this study. We applied a coupled
landscape evolution modeling technique at daily time steps to quantify the role of temporal variability
of precipitation (frequency and magnitude) in selected catchments with different landcover types
(ranging from barren land to dense forest). We also use a hydrological model, ArcSWAT, an ArcGIS
extension of the Soil and Water Assessment Tool (SWAT), to generate surface runoff in the study areas

to validate LEM results.
3.1. Data used for model setup and simulations

The datasets used for setting up Landlab simulations include present-day digital elevation models
(DEMs) for initial topography, daily precipitation and evapotranspiration data (1982 - 2019), and land
use land cover (LULC) maps. We also use a soil classification map (HWSD) in conjunction with the

above datasets for SWAT simulations.

We use Space Radar Topography Mission (SRTM) DEM version 3.0, at a 1-Arc-second (30 m)
spatial resolution (Earth Resources Observation And Science (EROS) Center, 2017), clipped in
rectangular shapes encapsulating the catchment areas (Fig. 1), as initial topography in both Landlab and
SWAT simulations. The catchment (model domain) sizes range from ~6.74 km? in Nahuelbuta (humid-
temperate) to ~20.7 km? (~500 m) in Santa Gracia (semi-arid) (see Table. 1). As we use finer grids (30
m * 30 m) in the model domain to capture high-intensity events during shorter time steps (daily), smaller
sub-catchments are analyzed in this study to compensate for the computational expense of LEM

simulations.

The daily precipitation data [mm day™] (01/01/1982 — 31/12/2019) was obtained from the Global
Precipitation Climatology Centre (GPCC) (Ziese et al., 2020). The data has a spatial resolution of 1
degree (i.e., ~111 km). The precipitation frequency and intensity data used show an increase in
precipitation from the north (Pan de Azlcar) to the south (Nahuelbuta) (Fig. 2). However, a significant
number of days with high-intensity events occur in the northern arid region (Pan de Azlcar) and
decrease to the southern humid temperate region (Nahuelbuta). This trend can be attributed to a more
prominent influence of ENSO in the northern study areas (i.e., Pan de Azlcar and Santa Gracia). The
evapotranspiration [mm day®] dataset (1982 - 2019) is obtained from the Global Land
Evapotranspiration Model version 3 (GLEAM v3) (see Fig. Al), which applies the Priestly and Taylor
equation to estimate potential evapotranspiration using observations of surface net radiations and near-
surface temperature (Martens et al., 2017). The GLEAM estimates the evapotranspiration using

multiplicative stress based on vegetation depth and soil moisture.
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The soil database used for the SWAT model was obtained from the Harmonised World Soil
Database (in SWAT format) (Abbaspour and Vaghefi, 2019). The dataset is prepared by the Food and
Agricultural Organization of the United Nations (FAO) and the International Institute of Applied
Systems Analysis (IIASA). It combines available regional and national soil information with the data
contained in the FAO-UNESCO soil map and HWSD v_121 and soil hydrological parameters. The
dataset has a spatial resolution of 30 arc seconds (1 km) and represents a maximum of 1 m soil depth
(i.e., 30 cm topsoil layer and 70 cm sub-soil layer). It contains the information on soil texture (e.g.,
percentage of sand, silt, and clay), chemistry (e.g., organic carbon, electrical conductivity, and pH), and
hydrological parameters (e.g., bulk density, soil water capacity, hydraulic conductivity, etc.) estimated
using pedotransfer functions by Abbaspour et al. (2019).
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Figure 2. Observed precipitation rates [mm day] for 1982 — 2019 obtained from GPCC Full Data Daily Product
version (Ziese et al., 2020) in (a) arid — barren land (Pan de Azucar), (b) semi-arid — grassland (Santa Gracia), (c)

Mediterranean — shrubland (La Campana), and (d) humid temperate — dense forest (Nahuelbuta).

The LULC dataset is obtained from the European Space Agency (ESA) WorldCover 10 m 2020
product based on Sentinel-1 and 2 data and has a spatial resolution of 10 m (Zanaga et al., 2021). The

84



data is divided into 11 land cover classes aligned with the UN-FAO Land Cover Classification System.
Our study areas are broadly divided into four landcover classifications, i.e., trees, shrubs, grass, and
barren land (Fig. 3). The landcover classifications define Manning's number in each model cell based
on the plant functional types (PFT). Manning's numbers for each PFT (Table. Al) are based on the
approach of Kalyanapu et al. (2010). The catchments are broadly classified as barren (Pan de Azucar),
mixed grassland (Santa Gracia), shrubland (La Campana), and dense forest (Nahuelbuta). The LULC
data is resampled to a spatial resolution of 30 m to match the DEM resolution (model cell size).
However, the model is set up for ~4 decades of precipitation variability; we assume the same LULC

classification for an entire model run, ignoring the dynamic vegetation growth in that period.
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Figure 3. ESA Landcover dataset (2020) — PFT product (10 m spatial resolution), Landcover classes broadly
classified into tree cover, shrubland, grassland, built-up area, and barren land (Zanaga et al., 2021) in (a) arid —
barren land (Pan de Azicar), (b) semi-arid — grassland (Santa Gracia), (c) Mediterranean — shrubland (La

Campana), and (d) humid temperate — dense forest (Nahuelbuta).
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3.2. Model Setup

This section describes the model setups and input parameters for the landscape evolution model
(Landlab-SAPCE) and hydrological model (ArcSWAT).

3.2.1. Landscape evolution model — Landlab-SPACE setup

The model domain consists of rectangular grids with catchment sizes varying from ~7 km? to ~21
km? (based on the modern-day DEM) and experiences a constant uplift rate of 1.37 x 10~7 mm day™
(or 0.05 mm yr). We use the two-dimensional, python-based landscape evolution model, LandLab
(Hobley et al., 2017), which allows coupling of detachment-transport limited fluvial processes (Shobe
et al., 2017), hillslope diffusion (Johnstone and Hilley, 2014), flow accumulation (Braun and Willett,
2013), evapotranspiration (Martens et al., 2017), and soil-water infiltration (Green and Ampt, 1911)
modules (Fig. 4a). The simulations are designed to capture the erosion response of temporally constant
land cover distribution (Zanaga et al., 2021) to variable precipitation input (1982 — 2019) (Ziese et al.,
2020) at daily time steps. The precipitation is subjected to evapotranspiration and soil-water infiltration,
depending on the infiltration capacity of the sediment layer and surface water available in each model
cell at each model time-step. The model parameters are calibrated to the distinct climate and ecological
settings in the Chilean Coastal Cordillera observations of Schaller et al. (2018), which have
predominantly granitoid lithology (Kojima et al., 2017; Rossel et al., 2018; Oeser et al., 2018). The
model state parameters (i.e., erosion, diffusion, lithological, tectonic, etc.) in the simulations are adapted
from Sharma et al. (2021). The model parameters with respective units and references are illustrated in
Table Al. The combined effects of daily precipitation variations and vegetation cover and type on
catchment-scale erosion rates are simulated in the model. The (area-normalized) surface water discharge
rates at the catchment outlet obtained from Landlab are cross-checked with the predictions of the SWAT

hydrological model for validation of the results.

The land cover classification defines Manning’s roughness coefficients based on plant functional
types (PFT) (see table Al). These Manning’s numbers are hence used to estimate the modified bedrock
and sediment erodibilities, using the approach of Sharma et al. (2021). Also, we use the mean vegetation
cover fraction in the entire model domain to estimate the vegetation-dependent diffusion coefficient (for

hillslope processes), using the approach of Istanbulluoglu and Bras (2005) and Schmid et al. (2018).

Simulations were conducted for 1,900 years (38 years of precipitation and ET input repeated over
50 times). We did this to tap long-term transients in the model results arising due to the choice of model
parameters (e.g., erosivity, uplift rates), which are likely not the same resulting in the present-day

topography. We conducted a linear detrending of the results for the correction of any long-term
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transients in erosion rates. Hence, the model results' last 38 years (detrended) were analyzed and
discussed in sections 4 and 5.
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Figure 4. Model setup for (a) Landscape evolution model (Landlab) with no flow boundaries on all sides and a
single catchment outlet. Daily precipitation and annual Landcover datasets (PFT distribution) are used as input
parameters. The model experiences constant rock uplift rates, infiltration, evapotranspiration, and PFT-dependent
hillslope and fluvial processes. (b) Hydrological model (ArcSWAT), with digital elevation model (DEM), land
use land cover (LULC) obtained from European Space Agency (ESA) (Zanaga et al., 2021), soil dataset obtained
from Harmonised World soil Database (HWSD) (Abbaspour and Vaghefi, 2019), and potential evapotranspiration
(PET) obtained from Global Land Evapotranspiration Model (GLEAM v3) (Martens et al., 2017) as input
parameters to calculate surface water discharge rates. (c) Sample plot showing inter-comparison of surface water
discharge rates (normalized by catchment area) obtained from LEM and Hydrological model for correlation of
model outputs.
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3.2.2. Hydrological model — ArcSWAT setup

ArcSWAT is the ArcView extension of the Soil and Water Assessment Tool (SWAT). SWAT is a
physically-based, semi-distributed hydrological model based on the water balance concept. Catchment
processes, including runoff, evapotranspiration, sediment, nutrient transport, and crop growth, are
simulated based on topographical, meteorological, soil, and land cover data (Winchell et al., 2013). The
model is developed to predict the impact of land management practices on water, sediment, and
agricultural sediment yields in large and complex watersheds with varying soil and land cover over long
periods (Arnold et al., 1998). It is a computationally efficient model enabling the study of long-term
impacts. However, it is a continuous-time model and is not designed to simulate detailed, single event

flood routing.

A watershed is discretized into several sub-basins to enhance accuracy and provide a better physical
description of the water balance. Input information for each sub-basin is grouped into different
categories, i.e., climate, hydrologic response units (HRUSs), groundwater, and main channel (reach)
draining the sub-basin. Each HRU contains a unique combination of land cover, soil type, and
topographic slope. Surface runoff is predicted for each HRU and routed to obtain total runoff for the

watershed.

We use current topography (same as LEM) in the SWAT model to define the flow routing and
stream network. We further define the catchment outlet (same as LEM, see section 3.2.1) to delineate
the catchment geometry. The model input includes meteorological data, land cover and soil
classification, and potential evapotranspiration (Fig. 4b). The meteorological data includes weather
station precipitation observations at daily time steps (Ziese et al., 2020). The land covers were classified
into four categories, i.e., trees, shrubs, grasses, and barren land (Zanaga et al., 2021). Soil classification
data (compatible with SWAT) was obtained from Harmonized World Soil Database (HWSD v121)
(Abbaspour and Vaghefi, 2019). The potential evapotranspiration (PET), estimated using the Priestly
and Taylor method (Priestley and Taylor, 1972) obtained from GLEAM v3 (Martens et al., 2017), is
used as the input parameter to estimate actual ET. This is as per the ET obtained from the same dataset
(see section 3.2.1) used in the Landlab LEM. The model spins up for the first five years of the simulation
run. Hence, the results for 33 years (1987 — 2019) are used for analysis. SWAT provides a variety of

outputs; however, we only analyze surface water discharge rates to validate LEM results.
3.2.3. Correlation of Landlab and SWAT output

The resultant (area normalized) surface water discharge rates (Qranoiag) at catchment outlet
obtained from Landlab-LEM simulations are compared and correlated with the (area normalized)

surface runoff (Qswat) obtained from SWAT simulations to validate the model results (Fig. 4c) in
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section 5.3. We normalized the runoff rates by catchment area, as Landlab is simulated over the entire
rectangular domain encompassing the catchment shape. However, SWAT is simulated specifically over
delineated catchment (ignoring areas outside the catchment). Therefore, it is required to remove the area

effects to correlate the model outputs efficiently.
3.3. Boundary and initial conditions

The LEM and hydrological model domains consist of the topography with no-flow boundaries on
each side and a single catchment outlet. In LEM, initial sediment cover thickness and soil moisture
content are considered uniform across the model domain. These are based on the observations of
Schaller et al. (2018) and weather station data (Ubernickel et al., 2020), respectively, which are 20 cm
(0.06 m®* m?) in barren land (AZ), 45 cm (0.02 m®* m?®) in grassland (SG), 60 cm (0.05 m®* m®) in
shrubland (LC), and 70 cm (0.15 m® m™) in dense-forest (NA). The initial rock uplift rate is kept constant
throughout the entire model run as 0.05 mm yr*, adapted from a similar study (Sharma et al., 2021).

4 Results

This section includes a delineation of days with probable flood events from 1982 to 2019, with
particular emphasis on El Nifio events in the regions of northern catchments, i.e., Pan de Azlcar (~26
°S) and Santa Gracia (~29 °S). It is followed by representing erosion rates obtained from PFT-dependent
Landlab LEM. Lastly, we present together the surface water discharge rates obtained from LEM

(Landlab) and hydrological model (SWAT) for inter-comparison of results from both models.
4.1. Delineation of days with probable flood events

This section defines the precipitation threshold to delineate the days when probable flood event(s)
would have occurred. Various methods are available to trace flood events (e.g., Santos and Fragoso,
2016; Norbiato et al., 2008). However, for simplification, the flood threshold is defined as half of the
maximum precipitation amount in the entire precipitation record (i.e., 1982 — 2019) for all four
catchments. The flooded day thresholds are estimated as 21.5 mm d*, 46.8 mm d*, 82 mm d*, and 108.8
mm d* for Pan de Az(car, Santa Gracia, La Campana, and Nahuelbuta, respectively. We observe a
maximum number of probable days with flood events in Pan de Azucar (9 days), followed by La

Campana and Nahuelbuta (7 days) and Santa Gracia (6 days) (Fig. 5).

The number of days with probable flood events during El Nifio years for northern regions (Pan de
Azucar and Santa Gracia) are shown in Table 2. We observed that all of the flood events (delineated
above) in northern catchments occurred during ENSO periods in South America (Cai et al., 2020) in the

northernmost region (Pan de Azucar). Also, five out of six flood events in Santa Gracia occurred during
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ENSO periods, except a recent event (Autumn — 2017) with precipitation of ~94 mm day™, which is 22
mm higher than the MAP (i.e., 72 mm) in this region.

No. of flood events per year 1982 - 2019

SG
LC
NA

Flood events per year
[Days]

Figure 5. The number of extreme events per year between 1982 — 2019, based on the thresholds of half magnitude
of maximum precipitation event in (a) arid - barren land (AZ), (b) semi-arid - grassland (SG), (c) Mediterranean -
shrubland (LC), and (d) humid temperate - dense forest (NA).

Table 2. Number of days with probable events in Pan de Azlcar and Santa Gracia during El Nifio years (1982 —
2019).

El Nifio years Pande Aziicar (26°S) Santa Gracia (29 °S)

1982 - -
1983 1 (Winter) 1 (Winter)
1987 3 (Winter) 2 (Winter)
1992 2 (Autumn) -
1997 2 (Autumn) 1 (Winter)
1998 - -
2014 - 1 (Winter)
2015 1 (Autmn) -

* Flood events in La Campana and Nahuelbuta do not have corresponding effects due to ENSO effects
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4.2. Effect of variable precipitation rates on erosion rates using Landlab LEM

Variations in daily precipitation rates (1982 — 2019) are explored here (Fig. 2), with constant land
cover distribution simulated to observe the pattern in erosion rates. The range of precipitation rates (and
PFT distribution) is 0 — 43 mm day™ (mostly barren), 0 — 94 mm day™ (grassland), 0 — 164 mm day™
(mixed shrubland), and 0 - 217 mm day™ (dense forest) in Pan de Az(car, Santa Gracia, La Campana,
and Nahuelbuta, respectively.

The mean catchment daily erosion rates are observed in the range of 0 — 6.25 x 10~3 mm day™,
0—1.75% 102 mm day?, 0 —5.17 x 10~3 mm day™, and 0 — 3.1 X 10~3 mm day™ in Pan de
Azlcar, Santa Gracia, La Campana, and Nahuelbuta, respectively. Mean catchment daily erosion rates
are observed linearly with precipitation rates (Fig. 6a), with a higher gradient in the semi-arid region
(SG, gradient: ~2.1 x 10~*). The slopes in the precipitation — erosion rate relationship represent the
sensitivity of each catchment to variable daily precipitation rates. It indicates that the semi-arid region
(SG) is 19%, 84%, and 93% more sensitive than arid (AZ), Mediterranean (LC), and humid-temperate
area (NA), respectively. However, during the days with possible flood events, slopes in the erosion —
precipitation relationship (Fig. 6b) indicate that catchment erosion in the arid catchment is 14%, 86%,

and 93% more sensitive than semi-arid, Mediterranean, and humid temperate catchments, respectively.
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Figure 6. Relation of precipitation rates [mm day] and erosion rates [mm day™] in study areas, obtained from
simulations with variable daily precipitation and constant plant functional type distribution for (2) the last cycle of

the transient state model run (1982 — 2019) and (b) delineated extreme events between 1982 and 2019.
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4.3. Discharge rates from LEM (Landlab) and hydrological model (SWAT)

This section presents the surface water discharge rates normalized by catchment area [mm day™]
obtained from the SWAT and the last iteration of Landlab simulations with variable daily precipitation
(Fig. 7). We do this to compare the efficacy of our LEM results with that of a hydrological model over
a short time scale (33 years). The results from both models are compared for the precipitation input of

1987 — 2019, as SWAT uses the first five years of a simulation run for model spin-up.
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Figure 7. Surface water discharge rates normalized by catchment area, Qn [mm day'] obtained from SWAT and
Landlab model simulations, plotted against model runtime with ground-based precipitation input (1987 — 2019)
for the catchments in (a) arid — barren land (Pan de Azlcar), (b) semi-arid — grassland (Santa Gracia), (c)

Mediterranean — shrubland (La Campana), and (d) humid temperate — dense forest (Nahuelbuta).

We observe relatively lower surface water discharge rates in SWAT simulation results than that of
Landlab. The Landlab derived surface water discharges are observed in the range of 0 — 29.4 mm day
1 0—82.3 mmday?, 0 — 148.8 mm day’, and 0 — 197.2 mm day™ in Pan de Azcar (Fig. 7a), Santa
Gracia (Fig. 7b), La Campana (Fig. 7c) and Nahuelbuta (Fig. 7d), respectively. At the same time,
SWAT-derived discharge rates deviate negatively from Landlab results for the northern three
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catchments (Fig. 7a, b, and c) but fit well in the southern catchment (Fig. 7d). For example, the maximum
SWAT derived (area-normalized) discharge rates are 32%, 6.5%, and 28% lower than Landlab output
in Pan de Azlcar, Santa Gracia, and La Campana, respectively. However, in Nahuelbuta, we observe

~4% higher surface discharge rates in SWAT results.
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Figure 8. Catchment outlet (daily) surface water discharge rates [mm day?] in study areas, normalized by
catchment area for (a) Landlab-SPACE simulations and (b) ArcSWAT simulations during 1982 — 2019.

The area-normalized surface water discharge rates [mm day™] obtained from Landlab and SWAT
model simulations are plotted against the precipitation rates in Figures 8a and 8b. A linear response is
observed in the results from both models; however, in SWAT results, the discharge rates are rather more
scattered. Also, we find significantly lower surface water discharge rates in La Campana in SWAT
simulation results. This is owing to higher simulated soil water infiltration and evapotranspiration in
this catchment due to differences in the implementation of geomorphic and weather-related processes

in both models.

5 Discussion

This section discusses the amplitude of change in erosion rates (due to daily precipitation variations)
in the different land cover and climate settings (section 5.1). This is followed by analyzing the effect of
extreme precipitation events on spatial changes in erosion rates (section 5.2). Next, we compare the
runoff estimates from the Landlab-SPACE landscape evolution model and the SWAT hydrological

model (section 5.3). Lastly, we present the model limitations and outlook for future studies (section 5.4).
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5.1. The amplitude of change in erosion rates in distinct land cover and climate settings

In this section, we discuss the amplitude of change in catchment erosion (in percentage) with respect
to the daily means in the study areas with different land cover (PFT distribution) and climate settings,
ranging from arid, barren land (Pan de Azlcar) to humid temperate dense-forest (Nahuelbuta) (Fig. 9).
The amplitude of change in erosion rates to their respective mean values is represented as the coefficient

of variation (Brown, 1998) in percentage (standard deviation divided by the mean of a dataset).
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Figure 9. The amplitude of change in daily erosion rates (relative to their respective means) with variable
precipitation rates (from 1982 to 2019) for the catchments in arid — barren land (Pan de Azlcar), semi-arid —

grassland (Santa Gracia), Mediterranean — shrubland (La Campana), and humid temperate — dense forest
(Nahuelbuta).

The minimum amplitude of change in erosion rates (with respect to mean) is observed in the
catchment in an arid setting with mostly barren land (i.e., 122% in Pan de Azucar). It increases
significantly in the semi-arid setting (i.e., 278% in Santa Gracia) with a combination of barren land and
~29% grass cover. This abrupt increase in the amplitude of change in erosion rates is owed to a
significant increase in precipitation magnitude (e.g., 43 to 94 mm day™) and marginal difference in
vegetation cover (i.e., <10% to 20%) from the arid to the semi-arid setting. Also, the disproportional
contribution of low frequency — high magnitude precipitation events leads to high variance in erosion
rates, especially in arid and semi-arid regions (e.g., Brunsden and Thornes, 1979; Gonzalez-Hidalgo et
al., 2009, 2010; Hooke and Mant, 2000). The catchments in the Mediterranean and humid temperate

settings with extensive shrubs and tree cover (i.e., >90% vegetation cover) experience a moderate
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change in erosion (i.e., 135 — 140%). The above changes in extensively vegetated catchments are still
quite significant (e.g., >100%), owing to occasional flood events in these regions (see section 5.2). The
above variability in erosion rates for different landcover types agrees with Garatuza-Payan et al. (2005),
which used remote sensing techniques to investigate erosion rates in a semi-arid watershed. The above

study found that >98% of the variance in erosion rates could be explained by vegetation type and height.
5.2. Analysis of the effect of maximum precipitation event on spatial changes in erosion rates

This section discusses the spatial distribution of erosion rate change (with respect to mean annual
erosion rates per grid cell) during an extreme event (the day with maximum daily precipitation from
1982 to 2019) in the study areas. The catchment annual mean erosion rates (between 1982 and 2019)
are in the range of 2.6 X 1077 — 0.04 mmyr*, 1.4 x 107 — 0.73 mm yr', 8 x 1077 — 1.2 mm yr?,
and 2x 1077 —1.9 mm yr'! in Pan de Az(car, Santa Gracia, La Campana, and Nahuelbuta,
respectively.

The maximum erosion rate change (i.e., ~0.6 mm day™) is visible in the semi-arid setting (Santa
Gracia, Fig. 10b), with hillslope erosion ranging from 0.01 — 0.06 mm day™, with a catchment scale
mean of ~0.02 mm day* for 94 mm day™ precipitation rate. No significant hillslope processes are visible
in the arid setting (Pan de Azlcar, Fig. 10a) due to lower relief in Pan de Azlcar with a maximum
erosion change of ~0.5 mm day™ and a moderate catchment mean of ~0.005 mm day™. In the
Mediterranean setting (La Campana, Fig. 10c) and humid temperate setting (Nahuelbuta, Fig. 10d), the
erosion rate changes are relatively much lower (<0.02 mm day™), and the catchment means are estimated
as ~0.004 mm day™ due to the flow resistance provided by extensive vegetation cover. Also, hillslope
erosion is negligible in La Campana and Nahuelbuta, owing to vegetation-stabilized slopes in these
catchments. In addition, sedimentation of up to ~1.5 mm day™ is observed in the higher-order stream in

Nahuelbuta, despite a heavy precipitation amount of 217 mm day™.

Significant erosion rate changes are attributed to fluvial processes in the study areas. For example,
maximum erosion change (~0.5 — 0.6 mm day™) is observed in higher-order streams in Pan de Azlcar
and Santa Gracia (see Fig. 10a and 10b). This occurs when shear stress exceeds the critical stream power
to initiate erosion during the extreme precipitation events (Snyder et al., 2003). Overall, we observe a
decreasing effect of precipitation on catchment erosion from arid and semi-arid settings (comprising
barren land and grasses) to the Mediterranean and humid temperate settings (with shrubs and extensive
tree cover). For example, the precipitation magnitude during extreme events increases from 94 — 217
mm day™ from semi-arid to humid temperate settings, with decreasing (catchment mean) erosion rates
from 0.02 — 0.004 mm day™. The above observations align with the broader findings of Baartman et al.
(2013), which compared an event-based erosion model to a LEM and suggested that land cover change

may significantly impact erosion dynamics over climate variability.
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Figure 10. Changes in erosion rates (with respect to annual means per grid cell) occurred during the day with
maximum precipitation events for the catchments in (a) arid - barren land (Pan de Azdcar), (b) semi-arid - grassland

(Santa Gracia), (c) Mediterranean - shrubland (La Campana), and (d) humid temperate - dense forest (Nahuelbuta).
5.3. Comparison of discharge estimates from LEM and hydrological model

Due to the lack of observations of surface water discharge rates in the selected study areas required
to validate LEM (LandLab) output, we compare the LEM output with that of a physically-based
hydrological model (SWAT). Both models utilize the same topographical, LULC, and meteorological
datasets to minimize the ambiguity in their outputs. To do this, we conducted a correlation of results
from the LEM (Landlab) and the hydrological (SWAT) models to evaluate the validity of Landlab at
daily time steps. We do this statistically by estimating the Pearson’s correlation coefficient (PCC)
between the surface water discharge rates normalized by catchment area (Fig. 12), obtained from
Landlab and SWAT simulations for precipitation input from 1987 to 2019. The PCC (also known as
Pearson’ r) is a statistical tool to measure the linear correlation between two datasets with the same

population size (Benesty et al., 2009). It is a ratio between the covariance of two variables and the
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product of their standard deviations ranging between -1 and 1, with negative values denoting a negative

correlation and vice versa for positive values.

We observe a strong positive correlation (Pearson r: >0.8) with low standard error (<0.003) in
Landlab and SWAT derived (area normalized) surface water discharge rates in all the catchments, at
>95% significance level. This indicates the applicability of Landlab LEM at smaller (daily) time steps
to incorporate the significant erosion rates due to extreme precipitation events in long-term landscape
evolution. The differences in discharge rates are owed to the difference in implementation of water

balance modules (runoff generation and flow routing) in both models.
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Figure 11. Correlation between surface water discharge rates normalized by catchment area, obtained from
landscape evolution model (Landlab) (QuanbLas) and hydrological model (SWAT) simulations (Qswat) for the
catchments in (a) arid — barren land (Pan de AzUcar), (b) semi-arid — grassland (Santa Gracia), (c) Mediterranean

— shrubland (La Campana), and (d) humid temperate — dense forest (Nahuelbuta).
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6 Summary and Conclusions

This study quantified daily precipitation changes in erosion rates for selected catchments in the
Chilean Coastal Cordillera. Latitudinally varying land cover distributions were broadly classified as
barren, grassland, shrubland, and forest (from north to south). We modified the Landlab LEM to account
for PFT-dependent fluvial erosion (based on Manning’s roughness coefficients for different PFTs) and
vegetation-dependent hillslope diffusion (based on vegetation cover fraction in the entire catchment).
We also performed simple hydrological model simulations with the SWAT model, with soil and
modeled PET datasets to validate the LEM results. The results (surface water discharge rates normalized
by area) from both LEM and hydrological models were correlated using the Pearson correlation

coefficient. The main conclusions derived from this study are as follows:

1. Despite experiencing lower precipitation, catchments in the north (i.e., Pan de Azlcar and Santa
Gracia) experience a maximum number of days (e.g., nine events in Pan de Azlcar between 1982
and 2019) with extreme precipitation events (See Fig. 5). The majority of these days correspond to
low frequency and high magnitude EI Nino events (see Table. 2).

2. Concerning the first hypothesis stated in the introduction, we found that the catchment erosion in
the grassland with 30% vegetation cover (i.e., Santa Gracia, semi-arid setting) is 9%, 84%, and 93%
more sensitive than in barren land (Pan de Azlcar, arid setting), shrubland (La Campana,
Mediterranean setting), and dense forest (Nahuelbuta, humid temperate setting), respectively. The
sensitivity of catchment erosion is defined as the slope of precipitation and erosion curve (see Fig.
6). This finding confirms the hypothesis. Also, this high sensitivity of northern catchments (Pan de
Azlcar and Santa Gracia) is owed to the sparse vegetation and low frequency — high magnitude
precipitation events during El Nifio years (Table. 2).

3. The amplitude of change in catchment erosion (at daily timescale), with respect to the mean values,
is minimum in barren land (arid setting) and increases abruptly in the grassland (semi-arid setting),
with moderate change in the shrubland (Mediterranean setting) and dense forest (humid temperate
setting). For example, the amplitude of erosion changes ranges from 122 % in the catchment in arid
(i.e., Pan de Azlcar) to 278 % in semi-arid (i.e., Santa Gracia) settings and decreases in the
Mediterranean (i.e., 140 % in La Campana) and humid temperate (i.e., 134 % in Nahuelbuta)
settings. Although the erosion changes in wetter catchments are relatively lower than in drier
catchments but are still significant (130 — 140 %) to leave a signal in the landscape evolution.

4. Regarding the second hypothesis, we found a strong positive correlation (Pearson r > 0.8 and r <
0.05) in surface water discharge rates (normalized by domain area) obtained from LEM (Landlab)
and hydrological model (SWAT). This yields the applicability of Landlab-SPACE LEM at shorter
time scales (e.g., daily time-step). However, the differences in Landlab and SWAT model results

are inevitable due to the difference in implementation of both models' erosion and runoff routines.
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Taken together, we conclude that LULC distribution (including vegetation cover and type) poses the
first-order control (over precipitation magnitude) on catchment erosion during extreme precipitation
events. However, these short-term events have the potential to leave a signature in the landscapes with
>100 % amplitude of change (with respect to mean) in catchment erosion in all the LULC and climate
settings. These events are often surpassed in long-term landscape evolution models, and hence temporal
downscaling introduces a more realistic representation of the landscape's sediment dynamics. Landlab,
despite being a complex LEM, efficiently simulated the runoff rates comparable with that of a
physically-based hydrological model (SWAT). However, modern topography (in a transient state) is
preferred over steady-state conditions in such applications. In that case, some transients in the model
results are expected, as the model parameters (rock uplift rate, erodibility, etc.) are usually not the same,

which produced the modern-day topography.

99



Appendix

Table Al. Input parameters with corresponding units for the landscape evolution model

Model Parameters Values
Grid spacing (dx) 30 [m]
Model runtime (totalT) 1900 [years] (1982 — 2019 repeated over 50 times)
time-step (dt) 1 [day]
Rock upliftrate (U)! 1.37 x 10-7 [m day-!] (or 0.05 [mm a-!])
Initial sediment thickness (H_initial)? 20 (AZ),0.45 (SG), 0.6 (LC), 0.7 (NA) [cm]
Bedrock erodibility (Kr)! 2x10-° [m!]
Sediment erodibility (Ks)! 2x10-8 [m!]
Reach scale bedrock roughness (H*)! 1 [m]
Porosity (¢)! 0.2[-]
Fraction of fine sediments (Ff)! 0.2[-]
Effective terminal settling velocity (Vs)! 0.024 [m day-!]
m, n! 0.6,1 [-]

Bedrock erosion threshold stream power (@_cr)!
Sed. entr. threshold stream power (@_cs)!
Bare soil diffusivity (K;)!

Exponential decay coefficient (a)!
Critical channel formation area (A ;)!
Manning's number for barren land3
Manning's number for grasses?
Manning's number for shrubs3?

Manning's number for trees?

Hydraulic conductivity (K)

Soil bulk density (B)*

Soil type#

Initial soil moisture (s)*

1.37 x 10-5 [m day-!]
1.37x 106 [m day-!]
2.74 x 10-5 [m2 day-!]
0.3[-]

1 x 106 [m?]

0.01[-]

0.35[-]

04[]

04[]
1x106[ms1]

1300 (AZ), 1500 (SG), 1300 (LC), 800 (NA) [kg m™3]

sandy loam (AZ, SG, LC); sandy clay loam (NA)

0.058 (AZ), 0.02 (SG), 0.053 (LC), 0.15 (NA) [m? m™3]

! Sharma et al. (2021), 2 Schaller et al. (2018), ® Kalyanapu et al. (2010), 4 Bernhard et al. (2018).

100



Pan de Azlcar Daily Evapotranspiration (1982 - 2019)
4{(a

ET
[mm day~!]

o

Santa Gracia Daily Evapotranspiration (1982 - 2019)

(b)

ET
[mm day~!]

La Campana Daily Evapotranspiration (1982 - 2019)
(c)

=
o

ET
[mm day~1]
(9,]

Nahuelbuta Daily Evapotranspiration (1982 - 2019)

10/(d)

ET
[mm day~!]

Figure Al. Evapotranspiration rates [mm day™] for 1982 — 2019 were obtained from Global Land Evaporation
Amsterdam Model version-3 (Martens et al., 2017) in (a) arid — barren land (Pan de Azucar), (b) semi-arid —
grassland (Santa Gracia), (c) Mediterranean — shrubland (La Campana), and (d) humid temperate — dense forest

(Nahuelbuta).
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4 Conclusions

This section summarizes the significant findings of this thesis by revisiting the research questions
and their underlying hypotheses stated in the introduction (section 1.2). The research questions were
pertaining to evaluating the effects of changing precipitation and vegetation pattern at variable time
scales ranging from Millennial (e.g., Milankovitch cycles) to daily, using the complex landscape

evolution modeling approach.
4.1 Research questions revisited

Research question 1: How do the rock uplift rates and the periodicity of variations in climate and
vegetation cover affect the erosion and sedimentation over millennial (i.e., Milankovitch cycles)

timescales?

The above research question aimed to identify which factor, tectonics (i.e., rock uplift rates) or
periodicity (e.g., 21kyr, 41kyr, or 100kyr) of change in climate (namely precipitation) and vegetation
cover, is more vital in influencing catchment erosion over millennial timescales, in mixed bedrock-
alluvial systems. In order to address the above research question, transients in precipitation and
vegetation cover were introduced to steady-state topography, using landscape model simulations with
model parameters tuned to two locations in the Chilean Coastal Cordillera (see Fig. 1) with a distinct
climate and ecological settings. These study areas included Pan de Azucar (arid) with 10% vegetation
cover and MAP of 30 mm yr* and La Campana (Mediterranean) with 70% vegetation cover and MAP
of 350 mm yr™. The following hypotheses were tested in section 3.1 of this thesis (Sharma et al., 2021).

The hypotheses with their outcome are as follows:

(1) If vegetation cover and climate vary on Milankovitch timescales, then any increase or
decrease in catchment erosion will be more pronounced over longer (e.g., 100 kyr) rather
than shorter (e.g., 21 kyr) periodicities due to the longer duration of change imposed.

The amplitude of change in catchment erosion and sedimentation was found to be more pronounced
over longer (e.g., 100 kyr) than shorter climate and vegetation periodicity (e.g., 23 kyr) in both arid and
Mediterranean settings. This finding confirms the hypothesis. Furthermore, the periodicity effects on
erosion and sedimentation are more prominent in the catchment in the Mediterranean setting (with
vegetation cover of 70%) than in the arid setting (with vegetation cover of 70%). The above finding
indicates a sensitivity of the response to the climate and ecological settings of the area of interest.

(i) If increasing rates of tectonic uplift (e.g., 0.05 - 0.2 mm yr™) cause an increase in catchment

erosion rates, then any periodic variations in climate and vegetation cover will be muted

107



(or lower amplitude) at higher uplift rates, as the effect of rock uplift on erosion will
outweigh climate and vegetation change effects.

All transient forcings in precipitation and vegetation cover (over Milankovitch timescales) explored
in Sharma et al. (2021) resulted in variations in catchment erosion around the mean erosion rates. The
mean erosion rates are determined by the rock uplift rates. As rock uplift rates increased from 0.05 to
0.2mma!, the effects of periodic changes in precipitation and vegetation cover on erosion and
sedimentation rates were found to be more pronounced. For example, these changes in erosion and
sedimentation were around 35% and 110 %, respectively, of the background rock uplift rate. This
finding negates the hypothesis and suggests that regardless of the tectonic setting considered in this
study (within the range of rock uplift rates explored here), erosional transients from varying precipitation
and vegetation cover occur. However, the detection of these changes requires the measurement of
erosion rates integrating over short timescales such that the average (tectonically driven) mean erosion

rate is not recovered.

Broadly, the above findings conclude that Milankovitch timescale changes in climate and associated
vegetation cover influence catchment-scale erosion and sedimentation. However, these transient

changes are superimposed upon tectonically driven rock uplift rates.

Research question 2: How do the seasonal variations in precipitation and vegetation cover affect

catchment-scale erosion rates in different climate and ecological settings?

The above research question aimed to identify which factor, precipitation or vegetation cover, poses
a first-order control on catchment erosion over seasonal timescales. In order to resolve the above
guestion, a numerical model setup with Landlab (modified to account for spatially and temporally
variable vegetation cover) was implemented. The model was simulated to estimate catchment erosion
subjected to seasonal variations in precipitation and vegetation cover on modern-day (transient)
topography. The model parameters were tuned to four locations with a steep climate and ecological
gradient (e.g., arid, semi-arid, Mediterranean, and humid settings) in the Chilean Coastal Cordillera (see
Fig. 1). The following hypotheses were tested in section 3.2 of this thesis for the same. The hypotheses

with their outcomes are as follows:

() If precipitation is the first-order driver of seasonal erosion rates, then the influence of

seasonal changes in vegetation cover would be of low significance.

The amplitude of change in catchment erosion (with respect to mean) ranges between 6.5% (in
humid-temperate) to 36% (in the Mediterranean setting) when vegetation cover is varied at seasonal
timescales, but precipitation rates are kept constant. In contrast, in simulations with seasonally variable

precipitation and constant vegetation cover, the amplitude of change in erosion rates is higher and ranges
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between 13% (in arid setting) to 91% (in Mediterranean setting). Finally, simulations with coupled
precipitation and vegetation cover variations result in variations in catchment erosion of 13% (in arid
setting) to 97% (in Mediterranean setting). This implies that precipitation variations more strongly
influence seasonal variations in erosion rates. However, seasonal vegetation cover variations' effects on

erosion are also significant (between 5-36%). Hence, the above hypothesis is partially confirmed.

(i) Catchment-scale erosion rates in arid and semi-arid regions are more sensitive to
seasonality in precipitation and vegetation than in the Mediterranean and humid-

temperate regions.

The simulated catchment erosion subjected to seasonal variations in vegetation and precipitation is
most pronounced in semi-arid and Mediterranean settings and then in arid and humid-temperature
settings. For example, the sensitivity of erosion rates to changing precipitation and vegetation increases
from arid (~13%) to semi-arid (~86%) and Mediterranean settings (~97%) and again decreases in
humid-temperate settings (~50-52%) due to the abundance of vegetation cover. Hence, the above

hypothesis is partially confirmed for semi-arid and humid temperate settings.

Broadly, the above findings conclude that variations in precipitation pose a first-order control on
catchment erosion at seasonal timescales, and the effects of vegetation cover changes are secondary (but
still significant). Also, the amplitude of change in catchment erosion is strongly influenced by the

climate and ecological setting of the area of interest.

Research question 3: How do the extreme precipitation events affect catchment-scale erosion rates

in regions with variable land use and land cover types?

The above research question aimed to identify which factor, precipitation variation or plant
functional type (PFT) distribution, poses a first-order control on catchment erosion during extreme
precipitation events. In order to resolve the above question, a numerical model setup with Landlab
(modified to account for spatially variable vegetation type) was implemented. The model was simulated
to estimate catchment erosion subjected to stochastic variations in precipitation (including extreme
events) on modern-day (transient) topography. The model parameters (same as section 3.2) for study
areas (Fig. 1) were downscaled for daily timesteps. The climate (land cover classification) in study areas
is classified as arid (barren land), semi-arid (grassland), Mediterranean (shrubland), and humid
temperate (dense forest) environments. The following hypotheses were tested in section 3.2 of this thesis

for the same. The hypotheses with their outcomes are as follows:

Q) If land use and land cover (LULC) distribution pose first-order control on catchment

erosion, then regions with less resilient vegetation cover (barren or grasses) would
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experience more erosion during extreme events, despite the prevalence of high magnitude

precipitation events in regions with more resilient vegetation cover (e.g., shrubs and trees).

The Landlab results indicate that the LULC distribution significantly influences catchment erosion

during extreme precipitation events

. For example, the catchment erosion in grassland with sparse vegetation cover (i.e., Santa Gracia,
semi-arid setting) is 9%, 84%, and 93% more sensitive than in barren land (Pan de AzUcar, arid setting),
shrubland (La Campana, Mediterranean setting), and dense forest (Nahuelbuta, humid temperate
setting), respectively. The sensitivity of catchment erosion is defined as the slope of precipitation and

erosion curve (see Fig. 6 in section 3.3.2). This finding confirms the hypothesis.

(i) If Landlab (modified to account for PFTs) provides a reliable output at shorter time scales,

its results should be comparable with that of a physically-based model.

A strong positive correlation (Pearson r > 0.8 and r < 0.05) was found in surface water discharge
rates (normalized by domain area), obtained from LEM (Landlab-SPACE) and hydrological model
(SWAT). This yields the applicability of Landlab-SPACE at shorter time scales (e.g., with daily
timestep). However, the differences in Landlab and SWAT model results are inevitable due to the

difference in implementation of both models' erosion and runoff routines.

Broadly, the above findings conclude that vegetation cover and type significantly influence
catchment erosion during extreme precipitation events. However, these short-term events have the
potential to leave a signature in the landscapes with >100 % amplitude of change (with respect to mean)
in catchment erosion in all the study areas, especially in arid and semi-arid settings with little or no
vegetation cover. Temporal downscaling in the landscape evolution models introduces a more realistic
representation of the landscape's sediment dynamics. Despite the numerical complexity of the model,
the runoff rates obtained from Landlab were satisfactorily comparable with that of a physically-based
hydrological model (SWAT), underlying the applicability of Landlab at short timescales. However,
modern topography (in a transient state) is preferred over steady-state conditions in such applications.
The major limitations are the long computation time and unavoidable transients in the model output due

to a mismatch of model parameters and actual parameters, which lead to the modern topography.
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4.2 Outlook

The modeling approaches used in this thesis augment the existing knowledge on the degree of
influence of variations in tectonics, climate, and vegetation on catchment erosion at various timescales.
However, there exist knowledge gaps to be fulfilled with the robust field, flume, and modeling
experiments. One of which includes better parametrization of the models to robustly constrain
vegetation-dependent hillslope and fluvial processes. This can be accomplished with future field or
flume studies to estimate erosion-related parameters (e.g., erosivity) specific to the climate and

ecological conditions of the study areas.

Also, most landscape evolution models are designed to simulate steady-state conditions. However,
ideal steady-state topographies are non-existent. This poses a problem in simulations with a short
timescale (with present-day topography in a transient state). This problem can potentially be handled by
calibrating the model equations (geomorphic transport laws) to modern topography, preferably using

stochastic (e.g., Bayesian) techniques (e.g., Stephenson et al., 2006; Avdeev et al., 2011).

This thesis investigated catchment erosion for spatially uniform precipitation rates due to smaller
catchment sizes (i.e., <100 km?). However, in larger catchments (or river basins), higher spatial
heterogeneity in precipitation alters erosion and deposition patterns, eventually resulting in more
developed gullies (Peleg et al., 2021) and rainfall to runoff conversion (Emmanuel et al., 2015). This
problem may be resolved by coupling the existing landscape evolution models with dynamically

estimated precipitation rates based on the topography.

A significant portion of the water cycle in the river catchments is available in the form of
groundwater. Especially at smaller timescales (seasonal or daily), sub-surface processes like soil-water
infiltration, baseflow, and groundwater return flow into the streams play a crucial role in determining
the surface runoff. Surface runoff and the volume of water available in the streams are the critical factors
influencing fluvial processes. This can be accomplished by designing a model framework that efficiently
integrates a simple hydrogeological model into a two-dimensional landscape evolution model for more
realistic simulations of the surface processes. The integrated model needs to be optimized to simulate

efficient computation time.
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5 Appendix

This section contains the paths to the simulations and datasets available on the ESD Fileserver and the
source of Landlab and ArcSWAT.

Manuscript 1: Sharma et al. (2021)

Folder in ESD Fileserver containing model simulation scripts:
/esd/esd01/data/hsharma/model_runs/SPACE/Paper_1/Simulations

Folder in ESD Fileserver containing plotting scripts:
/esd/esd01/data/hsharma/model_runs/SPACE/Paper_1/Plots
Manuscript 2: Sharma et al. (in preparation)

Folder in ESD Fileserver containing model simulation scripts:
/esd/esd01/data/hsharma/model_runs/SPACE/Paper_2/Simulations

Folder in ESD Fileserver containing plotting scripts:
/esd/esd01/data/hsharma/model_runs/SPACE/Paper_2/Plots
Manuscript 3: Sharma et al. (in preparation)

Folder in ESD Fileserver containing model simulation scripts:
/esd/esd01/data/hsharma/model_runs/SPACE/Paper_3/Simulations

Folder in ESD Fileserver containing plotting scripts:
/esd/esd01/data/hsharma/model_runs/SPACE/Paper_3/Plots

Landlab: The source code of the version of Landlab, used in this thesis, on ESD Fileserver:
/esd/esd01/data/hsharma/landlab.tar.gz

SWAT: The plugin for ArcSWAT 2012 version can be downloaded from the following link:

https://swat.tamu.edu/software/arcswat/
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