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Ecosystem state variables

Landscape state variables
(elevation, soil, rock)

Linking Ecosystem and Earth Surface models: Three fundamental questions

1. How do climate and topography control ecosystems? [Ecosystem timescale]
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Aspect control: Juniper tree – grass coexist, 
on Polar-facing slopes Central NM, USA

Convergence control: Juniper 
growth in a hollow, Northern UT

Flow control: Riparian forest fringed by 
woodland, Jubaland, Somalia [by Grace 
Koech]

Elevation control: Treeline at Craigieburn, 
New Zealand [by Ellen Cieraad]

• Distributed Ecohydrology models predict these 
patterns [e.g., Fatichi et al. 2016].

• Limitations:
1. Disturbance feedbacks (fires, insects) 
2. Competition, establishment, mortality
3. Computational scalability 

Climate forcing



Ecosystem state variables

ΔE=f(C,Z,S..)
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2. How do climate and ecosystems regulate geomorphic processes?

Landscape state variables
(elevation, soil, rock)

ΔZ=f(C,E,Z,.)
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Climate forcing

Rainsplash & sheetwash erosion

Illustrations from Shin et al. et al [2019]
E. Vivoni lecture notes

Samonil et al [2019]

Bioturbation

By Ian Silvernail

Pocket gopher mounds Burrowers on aquatic margin

Harvey et al [2019]

Landslides

Strauch et al [2019]

Streamflow
ByMark Esguerra

• Implicit formulations using long-term 
Geomorphic Transport Laws (Dietrich et al., 2003; 
Perron, 2017)

• Mechanistic formulations for range of “diffusive” 
processes (e.g. Gabet and Mudd, 2010; Yoo et al., 
2005; Yoo and Mudd, 2008; Ben-Asher et al., 
2017)

• Fluid mechanics (Eco-hydraulics) for vegetation-
flow interactions (Le Bouteiller & Venditi, 2015; 
Beudin et al., 2017) 

• Mechanistic Landslide models (Arnone et al. 
2016; Bellugi et al., 2015; Strauch et al., 2018) 

Linking Ecosystem and Earth Surface models: Three fundamental questions



3. What are the emergent outcomes of a coupled eco-geomorphic system ? 
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Landscape scale outcomes

Linking Ecosystem and Earth Surface models: Three fundamental questions



3. What are the emergent properties of a coupled eco-geomorphic system ? 

NFSHillslope Asymmetry 

Istanbulluoglu et al. [2008]; 
Yetemen et al. (2015)

Central New Mexico, USA

Cinder Cones in Golan Heights
Ben-Asher et al. [2017]North

South North
South

Global Outcome: Steeper Polar Facing Slopes

See Pelletier et al. [2018] for review on hillslope asymmetry 

Poulos et al (2012): 
GRL Vol.39. 

Northern Hemisphere

Southern Hemisphere

Linking Ecosystem and Earth Surface models: Three fundamental questions



3. What are the emergent outcomes of a coupled eco-geomorphic system ? 
Patterned Vegetation

1. A simple principle relating growth to lateral water transport explains the variety of 
self-organized vegetation patchiness (Meron, 2019).

2. Plant facilitation and plant-mediated changes in soil and nutrients are secondary. 
(HilleRisLambers et al., 2001;Rieterk et al., 2002; Foti and Ramirez, 2013).

Banded woody plant Gap pattern

Labyrinthine WP Labyrinthine Grass Spot pattern

Meron [2019]

• Dynamical system models (Reaction-Advection-Diffusion)-Patterns are driven 
by local interactions (Turing, 1952; Crampin and Maini, 2001; Berenstein, 2012)

• Kernel-based models: non-local interactions (cooperative/inhibitory) 
(D’Odorico et al., 2006)

• Hybrid models (non-local + local interactions) (Saco et al., 2007; 2015)

Linking Ecosystem and Earth Surface models: Three fundamental questions



Landscape Evolution Models Ecosystem Models

Hydrology Models

Growing 
interdisciplinary  
complexity
CPU time
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Optimal model complexity:
Model sufficiently captures 
characteristic space-time dynamics 
of each coupled state variable and 
fluxes. 

tRIBS-Veggie

Tethys-Chloris

PIHM
tRIBS-Geo

RHESSys

T&C-VPM

Linking Ecosystem and Earth Surface models: Three fundamental questions



Yetemen et al. (2015ab)

Geomorphic outcome of:
Biomass reduces shear stress

Soil moisture

Leaf Area Index
ET

Annul Runoff  
%3-%4 of Precip 

Ecohydrologic Validation

Linking Ecosystem and Earth Surface models: CHILD LEM study



HANS=0.21

HANS=0.018

HANS=-0.19

Yetemen et al. (2015ab)

Model predicts Latitudinal variation of HA

Linking Ecosystem and Earth Surface models: CHILD LEM study



Yetemen et al. (2019)

What surprises do we get from a coupled model: Sensitivity to abrupt climate change

Experimental results of Singh et al. (2015)

Wetter Climate

Rapid erosion, 
loss of slope

Back to Dry 
climate
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Counter clockwise response 
in the slope-erosion domain 
to wet-dry climate shift



What surprises do we get from a coupled model: Sensitivity to abrupt climate change

Yetemen et al. (2019):GRL 46: https://doi.org/10.1029/2019GL083874

Wet-erosional

Wet-depositional

Dry-depositional10ky-average 
erosion rate



What surprises do we get from a coupled model: Sensitivity to abrupt climate change

Yetemen et al. (2019):GRL 46: https://doi.org/10.1029/2019GL083874

Wet-depositional

Dry-depositional

Portenga and Bierman (2011)

Dynamic vegetation:
• Governs transient landscape response 
• Reverses the geomorphic response to climate 

change compared to bare soil. 
• Lowers the variability of spatial-mean erosion 

and slope over time.



What surprises do we get from a coupled model: Savanna stability
Are savannas stable over the long-term maintained by disturbances? 

Landlab Ecohydrology 
Models:
• Storm generator
• Solar Radiation
• Soil moisture
• Vegetation 

Dynamics
• Cellular Automaton 

spatial competition 

Nudurupati et al., (WRR under review)

fires driven by lightning 

• High frequency fires burn grassland and tree seedlings
• Tree cover increases slowly over time
• At a threshold tree cover fire frequency begins to drop
• A catastrophic shift to a permanent forest takes place



Landlab Team: 
Dan Hobley, Jordan Adams, Sai Nudurupati, Eric Hutton, Nicole Gasparini, Greg Tucker, Katy 
Barnhart, Nathon Lyons, Christina Bandaragoda, Amanda Manaster. 

UW Watershed dynamics group (former and current members) studying landscapes:

Sai Nudurupati, Omer Yetemen, Amanda Manaster, Xiaochi Zhou, Domenicco Carocciolo, Ronda 
Strauch, Christina Bandaragoda, Allison Pfeiffer, Zach Johnson, Jeff Keck, Zhuoran Duan, Jim 
Phuong.   
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