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Abstract: Self-organised vegetation patterns arise in water limited systems as a result of the interac-
tion of short range facilitation and long range competition. On smooth and gently sloped terrain banded
vegetation patterns are known to spontaneously emerge as a result of these feedbacks. These ecohy-
drological interactions can also impact erosion and thus alter the long term variation in surface water
redistribution patterns via changes to the topography. We explore the effect of this additional process on
the geomorphology and spatial organisation of vegetation. The model is shown capable of reproducing
banded vegetation patterns on a smooth hillslope in the absence of erosion. With significant fluvial ero-
sion vegetation bands degrade and instead form a complex network of patchy vegetation colonizing main
drainage channels. These channels in turn dissect a lumpy microtopography associated with the patches,
containing a characteristic mound scale. This type of landform contains features resembling some real
patchy semiarid hills. Decreasing the extent to which plants can locally increase soil hydraulic conductiv-
ity causes the resulting landform and vegetation pattern to be significantly different. Models investigating
this co-evolution of form and function appear to offer new insights into the dynamics of water limited
ecosystems.

Keywords: Geomorphology, eco-hydrology, feedbacks.

2528



G. S. McGrath et al., Complex landscapes from simple plant—soil feedbacks

1 INTRODUCTION

Mosaics of vegetated patches and bare soil in semiarid ecosystems occur as a result of a scale dependent
positive and negative feedbacks [Lefever and Lejeune, 1997; Borgogno et al., 2009]. In particular, long
range competition for resources (negative feedbacks), such as water, and shorter range facilitation (posi-
tive feedbacks), enhancing plant establishment and survival are known to lead to the formation of regular
periodic vegetation patterns [Lefever and Lejeune, 1997; Klausmeier, 1999]. Plants facilitate their sur-
vival and reproduction by modifying soil to enhance infiltration, shading which lowers soil temperature
and soil evaporation as well as increases retention of water and nutrient recycling [Bedford and Small,
2008; Borgogno et al., 2009]. In addition, direct competition occurs between individual plants via later-
ally extensive root systems [Lefever and Lejeune, 1997] as well as indirect competition between patches
of vegetation via the interception of surface runoff [Ludwig et al., 2007]. Visually striking patterns of
vegetation, such as regular spots, holes and labyrinths are the classical signatures of these underlying
feedbacks on flat terrain [Borgogno et al., 2009]. Regular banded vegetation patterns, typically aligned
perpendicular to the predominant topographic gradient, are also known to form on gently sloping hills as
a result of these interactions [Klausmeier, 1999].

The lateral redistribution of water by runoff also has the consequence that some sediments are eroded and
deposited downslope, altering the direction and intensity of water flow pathways. This potentially has
cascading impacts on self-organised vegetation patterns via the indirect competition mechanism described
above. There is ample field evidence that there are strong interactions between runoff, erosion and patchy
vegetation [Sanchez and Puigdefabregas, 1994; Ludwig et al., 2005; Puigdefabregas, 2005; Ludwig et al.,
2007; Marston, 2010]. For example, observations on Mediterranean hills describe small scale vegetation
patches which intercept surface runoff and sediments creating small terraces or mounds [Cammeraat and
Imeson, 1999; Sanchez and Puigdefabregas, 1994]. Gallart et al. [1993] showed that the growth and
form of some tussock grasses were strongly influenced by the surface gradient, the intensity of sediment
flux and water redistribution patterns. Also, Puigdefabregas and Pugnaire (as cited in Puigdefabregas
et al. [1999]) suggested differences in patch shape along a hillslope were related to differences in the
sediment transport capacity, where rounded patches gave way to more banded (oriented across slope) and
then to oblate (oriented downslope) shapes with successive increases in transport capacity. Disturbance
of banded vegetation systems was also shown to greatly increase erosion and degradation of the banded
structure [Ludwig et al., 2005].

While several models have been developed to ascertain how erosion responds to specified vegetation
organisation [Boer and Puigdefabregas, 2005], few have considered the coupling of vegetation self-
organisation and erosion [Saco et al., 2007]. In the context of patchy vegetation systems, two notable
studies have investigated such interactions. They both reproduced terraced microtopograpy and banded
vegetation organisation [Gallart et al., 1993; Saco et al., 2007]. However, water flow in these instances
remained predominantly unidirectional and thus the flow field was little altered by the spatial distribution
of plants. Here we developed a model to investigate such interactions with the specific intention of ex-
ploring more dynamic alteration of flow directions. It is hoped that this will improve our understanding
of how to better manage these complex systems.

2 MODEL

The model combines the following three components: (i) a simple spatially distributed water balance
with Hortonian overland flow, infiltration, soil evaporation and transpiration by individual plants; (ii) a
rule based approach to vegetation establishment and death; and (iii) a landscape evolution model which
alters the topography and flow directions in response to surface water fluxes. The spatial distribution
of vegetation determines the spatial organization of soil properties and thus infiltration and surface water
redistribution through the landscape. The landscape responds to these fluxes, each time slightly modifying
its form via erosion. Vegetation in turn utilizes water stored in the soil and depending upon competitive
interactions each plants grow, die, or establish redefining their spatial organization .
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2.1 Water balance
The water balance at a point in lattice of square cells is simulated by the following:

dwi
dt

=P+R-Qi—-E-)» T, ¢))

The units of the various terms are defined here with respect to arbitrary time (T), length (L), and later
mass (M) units. The subscript ¢ refers to the spatial location, ¢ denotes time, w [L] water storage depth, P
[L T~'] the rainfall rate , R [L T~!] the rate of surface water run-on, ) [L T~!] the rate of surface water
runoff, E [L T~!] the evaporation rate from soil and 7" [L. T~!] denotes the amount of transpiration by
plants located at 7 as well as all neighbouring plants with laterally extensive roots that extend to .

Infiltration and surface runoff. Surface runoff occurs along flow directions determined by the GD8
algorithm [Paik, 2008]. This algorithm reduces significantly errors in the determination of flow directions
in comparison to the more commonly used D8 algorithm, particularly when the principal flow direction
is not oriented along one of the main eight directions of a square lattice. Infiltration of a discrete water
particle is considered to occur with a probability p; = min(K;/P;, 1) which depends upon the rain rate P;
[L T~!] and the soil’s hydraulic conductivity K; [L T~!]. Flow accumulation impacting this probability
is neglected as our current focus is on landscapes with low relief. This provides a simplistic algorithm
which nonetheless can easily be shown to reproduce the phenomena seen in many semi-arid systems
where discharge, per unit hillslope length, decreases as the length of the hillslope increases [Lavee and
Yair, 1990; Stomph et al., 2002]. This results from a variety of mechanisms including microtopographic
variations in soil hydraulic conductivity, variation in runoff depth and the interaction between runoff and
rainfall time scales [Lavee and Yair, 1990; Dunne et al., 1991].

The infiltration rate is controlled by the local density of plants. This facilitative effect tends to decrease
with distance from a plant [Bedford and Small, 2008]. We account for this effect using a Gaussian kernel
[Lefever and Lejeune, 1997] such that the soil hydraulic conductivity is determined via:

K; = Ky+ Kv/b(r)ff(r)dr (2

where the integration is over the entire spatial domain, K; [L T~!] is the hydraulic conductivity of the soil
at location i, K [L T—!'] is the soil’s intrinsic hydraulic conductivity, i.e. what it would be in the absence
of any plants, b(r) is a function equal to one when a plant is located at a distance r from location ¢ and
zero otherwise and f¢(r) = ¢ exp(—kchQ) is the Gaussian kernel (c being the normalising constant) with
a facilitation parameter k; [L™'], determining the effective spatial extent of an individual plant’s local
impact on the soil’s hydraulic conductivity.

Evaporation and transpiration. Bare soil evaporation E, [L T~'] is a local process that is also af-
fected by the presence of plants. In this study we assume the local facilitative effect of a plant is to reduce
soil evaporation under a plant canopy (£,) to half that of an unvegetated soil [Gwenzi, 2011]. The impact
of variations in soil hydraulic conductivity on soil evaporation is assumed negligible.

Transpiration on the other hand is a spatially distributed, competitive phenomena. As with the facilitative
effect on soil hydraulic conductivity, we assume that an individual plant has a Gaussian distribution of
uptake rates in its neighbourhood. At a distance r from a plant, located at 7, the rate of water uptake from
storage by that plant is given by:

Ty(r) = ¢ Tinaxexp(—kzr?) @)

where again ¢ is a normalising constant, to ensure ¢ [; exp (—k2r'?)dr’ = 1, and Timax [L T~'] denotes
the maximum annual transpiration rate. Th,.x iS a variable, depending upon the physiological require-
ments of a particular species and the potential energy available for evaporation. We have assumed there
is no biomass dependence on T},,,x nor is there diversity in plant water use strategies. The time step used
in modelling evaporation and transpiration is given by At = d/T},ax, Where d denotes the area weighted
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volume [L? L=2] of a water particle (4 mm). As soil evaporation rates are typically less than transpiration
rates the resulting probabilities of evaporation of water particles from bare and vegetation sites can be
calculated on the basis of this time scale.

2.2 Plant growth and death

Plant establishment depends upon a threshold amount of stored water w, remaining in the soil profile
at a location at the end of each year. This is water that has not been utilized during competition by
established plants and thus is available for the maturation of a young woody plant. If w; > w, then
a bare site transitions to a vegetated state. On the other hand if an individual plant failed to transpire
a threshold amount, 7. [L T~1], of water during the year due to the lack of stored water or excessive
competition form other plants, then it sheds an increment of biomass Ab [M L~2 T~!]. At zero biomass
the site transitions to bare. Plants transpiring sufficiently accumulate an increment of biomass (Ab) up to
a maximum biomass byax [M L72].

2.3 Landscape evolution

Change in the surface topography as a result of fluvial incision and diffusive sediment transport is simu-
lated by the following sediment mass balance [Paik and Kumar, 2008]:

0: 00,
(1- n)ﬂblﬁ + Or

+DV% =0 )

where 2 [L] is the surface elevation, Q [M T~ '] the sediment load, 2 [L] the distance along a streamline,
t is time, n [-] the soil porosity, p, [M L~3] the soil bulk density,  [L] the effective erosion width, and
D [M L2 T~'] a diffusion rate, where we have assumed the local diffusive sediment flux is proportional
to the local gradient. We calculate sediment discharge based on the annual water discharge Q [L3 T~!],
with an empirical Schoklitsch type equation [Paik and Kumar, 2008]:

7000
G

where S is the slope [L L™'], and r [L] an erosion resistance parameter. In this analysis we consider
only the possibility that plant feedbacks impact the flow resistance term 7. Values of r at bare sites are
assumed to be uniformly distributed in the range 1-4 mm, while at vegetated sites r occurs in the range
4-40 mm. A new flow resistance value is assigned when a site transitions between vegetated and bare.
This simple landform evolution model neglects self-armouring, soil production, bedrock depth, tectonic
processes, sediment feedbacks to flow and a variety of other erosion phenomena that may be relevant to
specific systems.

Qs S2/3Q (5)

3 RESULTS AND DISCUSSION

We present here two cases, varying in the strength of the facilitative feedback between plants and soil, to
illustrate how such a feedback can radically alter the landform. We also focus here on a set of specific soil
and plant parameters that give rise to banded vegetation on smooth terrain. The first case study, in which
facilitation is relatively strong (k; = 0.6 m~'), begins with a smooth hillslope upon which vegetation
is initially distributed randomly. Erosion is commenced after a short period to clearly demonstrate its
potential to radically alter vegetation patterns. In the second case study, plants have a more localised
influence on soil properties (k¢ = 2.6 m~!), however we assume their impact upon erosion parameters
remains the same. Parameters for each case are summarised in Table 1.

It can be seen from this first example, that small plant patches quickly expand, gradually capturing more
of the water moving downslope (Fig. la-c). The patches gradually merge and then develop laterally
while beginning to migrate upslope over progressive generations. Finally a series of migratory bands
have formed and are oriented perpendicular to the direction of the slope (Fig. 1d). At this point we
commence simulation of the erosion process to assess its impact on the banded pattern. In the context of
natural systems, this can occur when sudden soil disturbance occurs as a result of intensified grazing, for
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Figure 1: Sequential plan views of vegetation (left) and surface water discharge (right), including flow
paths (black lines) showing band formation prior to erosion (a)-(c) and from the imposition of erosion
processes (d)-(h). The general elevation decreases from right to left. The spatial scale is 64 m x 64
m. The color scale for vegetation denotes young (yellow) and fully mature plants (dark green) while for
discharge, light blue is low discharge and dark blue high surface water flow. Parameters are summarized
in Table 1.

Table 1: Table of parameters used in simulations

Parameter Value Parameter Value Parameter Value
ks [m~1] Case 1 0.6 biax [kg m™2] 4.5 E, [myr!] 0.05
ks [m~'] Case 2 2.6 Ab [kg m~2] 0.5 P [myr!] 0.4
Ko [myr~'] 0.11 Tnax [myr~'] 0.876 D [kg m? yr—1] 22
Kpax [myr—1] 3.52 T, [myr—!] 0.2 oy [kg m—3] 2650
ke [m™1] 1.0 w, [m] 0.12 n [m3 m—3] 0.3
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(a) Case 1: topography (b) Case 2: topography  (c) Case 2: Vegetation and drainage

Figure 2: Final topography as in Case 1 (a) and Case 2 (b) with its associated vegetation and drainage
pattern (c).

example. Early in the onset of erosion the bands maintain their structure as there has been only minor and
small scale modification of surface water flow directions (Fig 1d). Progressively however, these minor
deviations are reinforced by continued flow accumulation leading to the development of a fluvial network.
As a result, the bands begin to deteriorate (Fig. le). Places with sufficient flow accumulation are areas
where plants find favorable locations to establish and conversely where the cumulative discharge to a
point is insufficient plants loose biomass and die or fail to establish. Over time these ecohydrological
feedbacks lead to the development of an irregular and discontinuous network of plants aligned along the
major drainage lines in the landscape (Fig. 1f-h).

The final pattern, a slowly migrating sequence of meandering channels, occupied by plants, contains a
regular spatial scale separating vegetated sites. This is the first time that a model coupling self-organised
vegetation on arid hills with geomorphological processes has suggested the formation of patterns other
than those known to occur on smooth landscapes, namely spots, holes, labyrinths, or bands. A complete
classification of patterns of landform and vegetation, associated with the parameter space, is required but
is beyond the scope of this paper.

Between, the drainage/vegetation lines the topography is composed of small mounds, part of which are
convex shaped, a sign that diffusive transport may be dominating sediment movement there. In addition,
within the channels, surface water discharge remains at a similar level from near the top of the hill,
through to the outlet, and is everywhere less than the maximum discharge at earlier times. While a
definitive assessment of this requires a more comprehensive analysis than possible here, it is suggestive
that the self-organising process of plant and landscape feedbacks is tending, over time, towards a flow
regime with a low energy configuration [Paik and Kumar, 2008].

When instead plants have a more localised impact on hydraulic conductivity (k; = 2.6 m~! as opposed
to ky = 0.6 m~! in the previous example) the pattern and topography look very different at the same
period (Fig. 2). Instead of the mounded topography of Case 1, the landscape is much smoother, and
weakly etched by just a few drainage lines.

4 CONCLUSIONS

Ecohydrological feedbacks between plants and soil in water limited systems lead not only to self-
organised vegetation patterns but they can also interact with the landform leading to complex spatio-
temporal dynamics. This may have profound implications for understanding the resilience of such sys-
tems to disturbance and climate change. Incorporating diversity in species and their water use strategies
is also under-research in the area of self-organised patterns and may add to the complexity of such sys-
tems. The development and testing of models like this with field observations will improve our ability to
manage sensitive semi-arid ecosystems.
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