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Abstract

A central tenant of ecohydrology in drylands is that runoff redistribution from bare to vegetated patches concentrates the key
limiting resource of water, which can then enhance vegetation growth and biomass. Conversely, a reduction in vegetation
patches, particularly those associated with herbaceous plants, can lead to a threshold-like response in which bare patches
become highly interconnected, triggering a large increase in hillslope runoff and associated erosion. However, generally lacking
is an assessment of how maximization of run-on to herbaceous patches relates to minimization of hillslope-scale runoff. To
illustrate how runoff redistribution potentially changes in response to conversion of herbaceous patches to bare ones, we used a
spatially distributed model, SPLASH (Simulator for Processes at the Landscape Surface–Subsurface Hydrology), with an
example of a semiarid piñon–juniper woodland hillslope with seven combinations of bare and herbaceous patch cover,
culminating in complete loss of herbaceous patches, for a 1-yr design storm. As expected, the amount of hillslope runoff
increased curvilinearly with reductions in herbaceous cover as runoff per cell increased from bare patches and run-on per cell
increased for herbaceous patches. Notably, the total amount of run-on to all herbaceous patches was greatest when the amount
of bare cover was intermediate, highlighting a trade-off between the source area for generating runoff and the sink area for
capturing run-on. The specific nature of patch–hillslope runoff redistribution responses certainly depends on several site-specific
conditions, but the general nature of the response exhibited in our example simulation may be indicative of a general type of
response applicable to many rangelands. We suggest that a more robust suite of such relationships could be valuable for
managing rangelands by enabling explicit accounting for optimality and trade-offs in biomass per herbaceous patch, total
herbaceous cover, and prevention of hillslope-scale connectivity of bare patches that triggers a large increase in runoff and
associated erosion.

Resumen

Un postulado central de la ecohidrologı́a de tierras áridas es que la redistribución de la escorrentı́a desde parches de suelo
desnudo hacia parches de vegetación concentra el recurso clave limitante, el agua, que a su vez puede mejorar el crecimiento y la
biomasa de la vegetación. Por otro lado, una reducción en los parches de vegetación, particularmente aquellos asociados con
plantas herbáceas, puede conducir a una dinámica de umbral en la que la interconexión de los parches de suelo desnudo
incrementa de modo tal que se desencadena un incremento considerable en la escorrentı́a y la erosión asociada. Sin embargo,
generalmente faltan evaluaciones de cómo la maximización de recepción de agua de escorrentı́a en parches de vegetación
herbácea está relacionada con la minimización de la escorrentı́a a escala de ladera. A fin de ilustrar el modo en que la
redistribución asociada a la escorrentı́a puede cambiar como consecuencia de la conversión de parches herbáceos a parches de
suelo desnudo utilizamos el modelo espacialmente distribuido SPLASH (simulador para procesos de hidrologı́a superficial-sub-
superficial a escala de paisaje), con un ejemplo de una ladera con monte semiárido de Pinus sp. y Juniperus sp. con siete
combinaciones de parches herbáceos y de suelo desnudo, culminando en una pérdida total de parches herbáceos, en un diseño de
tormentas de 1 año. Como era de prever, la cantidad de escorrentı́a de ladera aumentó de modo curvilı́neo con la reducción de
cobertura herbácea; la escorrentı́a desde los parches de suelo desnudo de cada celda aumentó y la recepción del agua de
escorrentı́a de los parches herbáceos también aumentóen cada celda del modelo. Llama la atención que la cantidad total de agua
de escorrentı́a recibida por los parches herbáceos alcanzó valores máximos con valores intermedios de cobertura de suelo
desnudo, hecho que resalta el compromiso existente entre el área de fuentes de agua escorrentı́a y las áreas de sumidero para la
captura de dicha escorrentı́a. La naturaleza especifica de la relación entre parches y redistribución de la escorrentı́a sin dudas
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depende de varias condiciones sitio-especificas, pero la naturaleza de la respuesta exhibida en nuestro ejemplo de simulación
podrı́a ser indicativa de una respuesta de tipo general aplicable a muchos pastizales naturales. Sugerimos que un conjunto más
robusto de dichas relaciones podrı́a ser valioso para el manejo de pastizales naturales permitiendo tomar en cuenta la
optimización y el compromiso entre la biomasa por parche herbáceo, la cobertura vegetal total, y la prevención de la
conectividad de parches de suelo desnudo a escala de ladera que desencadena un aumento en la escorrentı́a y erosión asociada.

Key Words: ecohydrology, runoff redistribution, run-on, threshold response, vegetation patch types, woodland

INTRODUCTION

A central tenant of ecohydrology is that the water budget and
vegetation patterns and dynamics are tightly interrelated in
rangelands and other water-limited ecosystems (Noy-Meir
1973; Rodrı́guez-Iturbe 2000; Eagleson 2002; Ludwig et al.
2005). Understanding these ecohydrological interrelationships
is becoming increasingly important for effective rangeland
management by scientific, management, and policy communi-
ties (Newman et al. 2006; Wilcox and Thurow 2006),
particularly as rangeland degradation continues to progress in
a significant portion of the world’s semiarid regions (Middleton
and Thomas 1997). Degradation of rangeland is often preceded
by a reduction in vegetation cover (Dregne 2002). One of the
first manifestations of loss of vegetation cover is altered
redistribution of water on the landscape (Cornet et al. 1992;
Bhark and Small 2003). For this reason, both vegetation and
runoff, as well as their interactions, have been used to evaluate
the health and the functionality of semiarid rangelands (Ludwig
and Tongway 1995; Ludwig et al. 1997). In addition, recent
studies have highlighted the use of cover and vegetation pattern
as indicators of rangeland health in monitoring and manage-
ment approaches and protocols (Pyke et al. 2002; Herrick et al.
2005). Reductions in herbaceous cover following disturbances
such as grazing or fire are considered short-term indicators of
rangeland health and are useful for rangeland management,
particularly as key indicators of threshold transitions (Herrick
et al. 2006).

Ecohydrological relationships between vegetation cover and
runoff–erosion have become of particular concern because of
the threshold-like response (sensu Briske et al. 2006) that can
occur as herbaceous cover is progressively removed and the
resulting bare batches become highly interconnected at the
hillslope scale (Imeson and Lavee 1998; Wilcox et al. 2003a).
In most semiarid shrublands and woodlands, the vegetation is a
mosaic of patch types composed of the canopies of woody
plants and the intercanopies that separate them, the latter of
which include patches of herbaceous or bare soil cover (Wilcox
et al. 2003a; Fig. 1A).

In these environments, runoff processes, as well as erosion
dynamics, are scale-dependent and have a feedback in that
vegetation cover is a primary determinant of runoff, while
redistribution of runoff can affect vegetation patterns (Wilcox
et al. 2003a; Ludwig et al. 2005). Runoff is greatest from
intercanopy bare patches (Reid et al. 1999) and in woodlands is
redistributed either to the canopy patches of woody plants and/
or to intercanopy herbaceous patches (Ludwig and Tongway
1995; Anderson and Hodgkinson 1997; Weltz et al. 1998;
Wilcox et al. 2003a; Pierson et al. 2009). The intercanopy
herbaceous patches act as sinks for capturing runoff, nutrients,
and sediments that flow from intercanopy bare patches, which
serve as sources (Noy-Meir 1973; Tongway and Ludwig 1997;

Schlesinger et al. 2000; Wainwright et al. 2000; Wilcox et al.
2003a). These dynamics have implications for other ecosystem
processes, such as primary productivity: the inputs of water and
nutrients to herbaceous patches can produce an enhanced pulse
of plant growth that, in turn, should maintain or even increase
the capacity of these patches to retain runoff (Ludwig et al.
2005).

Several field and modeling studies in rangelands have
documented how different patch types influence overland
water flow (Abrahams et al. 1995; Bergkamp 1998; Reid et
al. 1999; Schlesinger et al. 1999, 2000; Wilcox et al. 2003a;
Bautista et al. 2007; Lesschen et al. 2009). Additionally, lower
amounts of herbaceous cover are associated with higher runoff
amounts (Elwell and Stocking 1976; Thornes 1990; Tongway
and Ludwig 1997; Davenport et al. 1998; Boer and Puigde-
fábregas 2005; Bartley et al. 2006). A simple conceptual model
based on percolation theory can illustrate how a threshold-like
increase in runoff occurs in response to reduction of herbaceous
cover (Davenport et al. 1998). Consequently, rangeland models
are evolving to account for threshold-like behavior (Ludwig et
al. 1997).

Reconcentration of water as runoff from bare patches to run-
on for herbaceous patches can be important because soil
moisture delivered as a deeper pulse is less prone to high
evaporative losses and may provide more ‘‘plant-available
water’’ (McDonald et al. 2009). Such reconcentration of water
depends on the amount of bare patches present. Minimizing
bare cover minimizes the potential for reconcentration of
runoff as run-on to other vegetation patches, even though
minimizing bare cover simultaneously minimizes hillslope
runoff. Therefore, there is likely a trade-off between source
area for generating runoff and sink area for capturing run-on. If
there is too little redistribution of runoff from bare patches,
herbaceous patches will have to make do with only existing
precipitation. If there is too little herbaceous cover, water is lost
from the hillslope. But for some intermediate amount of
herbaceous cover, there should be a value for which the total
amount of water leaving bare patches is optimal for the total
amount of run-on captured by herbaceous patches. More
explicit consideration of this relationship has the potential to
improve rangeland management.

In this article, we explore how maximization of run-on to
herbaceous patches relates to minimization of hillslope-scale
runoff. We provide an example using a spatially explicit
simulation model to quantitatively decrease the proportion of
patches of herbaceous cover as an analogue for rangeland
degradation. We simulated overland flow and runoff redistri-
bution at patch and hillslope scales for seven different levels of
herbaceous cover for a semiarid piñon–juniper woodland. The
specific nature of patch–hillslope runoff redistribution respons-
es will depend on several site-specific conditions, but the
general nature of the response illustrated in our example
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simulations may be broadly applicable to rangelands. We
suggest that a more robust suite of such relationships could be
valuable for managing rangelands by enabling explicit account-
ing for optimality and trade-offs in biomass per herbaceous
patch, total herbaceous cover, and prevention of hillslope-scale
connectivity of bare patches that triggers a large increase in
runoff and loss of soil sediments and associated nutrients.

A MODELING EXAMPLE OF HERBACEOUS
CAPTURE OF RUN-ON

Modeling Approach
We used a spatially explicit model for evaluating the
redistribution of runoff as a function of the amount of
herbaceous intercanopy cover (Fig. 1). The model, Simulator
for Processes at the Landscape Surface–Subsurface Hydrology
(SPLASH; Beeson et al. 2001; Martens and Breshears 2005),
simulates lateral flows of surface water and groundwater,
infiltration, evapotranspiration from a vegetation canopy, an
energy balance approach for snowpack calculations, and a
climate simulator. Four attributes of SPLASH are important for
our study: physical representation of surface water routing,
topographic shading, surface/subsurface hydrological coupling,
and physically and biologically based representation of
evaporation and transpiration. The model can be used for
both short- and long-term applications by varying the time
step, and it is able to use elevation lapse functions for
temperature and precipitation.

The input data for grid cells in the SPLASH model include
elevations from a digital elevation model (DEM), six soil
physical parameters (surface roughness and soil depth, hydro-
logic conductivity, field capacity, porosity and wetting front
suction), and leaf area index (LAI). SPLASH uses an explicit,
finite-difference calculation scheme, which allows algorithm
simplicity. In SPLASH, simulations of overland flow are based
on Manning’s equation (Dingman 1993). Water flow is
calculated into and out of grid cells through the four sides of
each cell, two in the x direction and two in the y direction
(Fig. 1B). Velocities as well as discharges are calculated
separately for each direction. For example, in the x direction,
the velocity, u(m ? s21), is calculated as

u~(1=n)hs
2=3Sx

1=2 [1]

where n is Manning’s roughness coefficient, hs is the hydraulic
radius (m) and reduces to flow depth (surface head) for
overland flow, and Sx is the slope of surface head in the x
direction (m ? m21). Discharge, Q(m3 ? s21), is calculated as the
product of velocity and cross-sectional area (hs ? cell size).

Overland flow can be considered gradually varying sheetflow
where the energy source for flow (gravity) is consumed by
friction. Water moves in the direction of steepest descent
(aspect) based on the DEM, and water ponded on the surface
(e.g., saturation excess, infiltration excess) is subject to flow.Figure 1. A, Example simulated hillslope with tree canopy patches,

intercanopy herbaceous patches, and intercanopy bare patches (some
shadows associated with low sun angle are also present). B, Simplified
presentation of the SPLASH (Simulator for Processes at the Landscape
Surface–Subsurface Hydrology) model that spatially redistributes water
among vegetation patch types. C, Hyetograph of a 1-yr design storm of

r
10 mm for the example study area. D, Runoff at the hillslope scale as a
function of the percentage of the intercanopy herbaceous cover (top X
axis) and the intercanopy bare soil (bottom X axis).
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Usually, the slope of the water surface can be calculated as the
gradient between two cells (diffusive wave approximation).
(Optionally, it may be assumed parallel to the bed [DEM]
surface [kinematic wave approximation].) This allows SPLASH
to simulate backwater effects and ponding of water in
topographic depressions that may then overflow. Channel flow
is not explicitly included in SPLASH but takes place only
inasmuch as ‘‘channels’’ are defined by the DEM.

Time step size Dt is dynamically determined by SPLASH and
depends on a user-defined Courant number c (0 , c # 1;
Courant et al. 1928), the cell size x, and the maximum flow
velocity on the grid at the previous time step vmax such that
maximum velocity and time step are inversely related. SPLASH
represents the landscape as a grid of square cells and requires
spatial inputs. A geographic information system (ArcInfo,
ArcView) is used to parameterize maps describing topography,
vegetation, and soil.

Example Parameters and Simulations
For our example set of model simulations, we drew on a
combination of site-specific parameters and more generally
applicable parameter values. We used data for vegetation cover
from the intensively studied Mesita del Buey piñon–juniper
woodland at Los Alamos National Laboratory in northern New
Mexico (lat 35u509580N, long 106u169200W; Breshears 2008).
Vegetation is characterized by a heterogeneous pattern of bare
soil and vegetated patches. The woody plant canopy vegetation
is composed primarily of Colorado piñon pine (Pinus edulis
Engelm.) and one-seed juniper (Juniperus monosperma [Engelm]
Sarg.). These two species made up 55% of the area’s tree cover
(data were for conditions prior to a recent die-off of piñon pine;
Breshears 2008). In the intercanopy spaces, the perennial grass
blue grama (Bouteloua gracilis [H.B.K.] Lag.) is the dominant
herbaceous species (Wilcox 1994). Within the intercanopy
patches, the herbaceous vegetation cover can be either relatively
high, . 60%, or low, , 20% (Reid et al. 1999). A vegetation
map was developed from a low-flight aerial photograph
(Fig. 1A) by classifying 1 3 1 m cells into canopy patches of
woody plants, intercanopy patches with relatively high levels of
herbaceous vegetation, or intercanopy patches that were mostly
bare. We categorized the three patches using on-screen digitation
on the basis of pixel color and patch shape, with supplemental
field visits used as needed.

We superimposed this vegetation pattern on topography
using a 1-m DEM derived from point surveys at the site. The
survey included elevations at tree bases and intercanopy low
points and hence provides microtopography at the patch scale
we were simulating. We generated slope and aspect maps from
this DEM using the methods in ArcInfo (Environmental
Systems Research Institute, Redlands, CA). The average slope
for the area simulated, which was roughly planar, was
approximately 6%. We parameterized the soil as homogeneous
and corresponding to the dominant soil type, Typic Haplus-
talfs, with a depth of 78 cm, which was consistent with site
conditions. With the exception of the presence of the litter layer
in canopy patches, soil properties do not differ significantly
between intercanopy and canopy patch types (Davenport et al.
1996). Porosity was calculated from bulk density (Newman
1996) and particle density using the relationship of Brakensiek

et al. (1986). Field capacity was calculated from percent sand
and percent clay (Reid 1997) using the equation of Saxton et al.
(1986). Suction at the wetting front (Sf) was calculated from
porosity, percent sand, and percent clay using the equation of
Rawls and Brakensiek (1985).

The three vegetation patch types (tree canopy, intercanopy
herbaceous, intercanopy bare) were parameterized differently
with respect to three surface characteristics: LAI, surface
roughness, and saturated hydraulic conductivity. LAI, which
affects the interception of precipitation, was assumed to be 0.0
for bare patches, 0.5 for herbaceous intercanopy patches
(corresponding to values for shortgrass steppe dominated by
the same species as the herbaceous intercanopy patches within
the example site; Knight 1973), and 2.5 for tree canopy patches
(based on Beeson et al. 2001, and which is within the range for
the same species of piñon trees; Classen et al. 2005). A
parameter describing surface roughness, Manning’s n, was
assumed to be 0.05 for bare soil, 0.5 for intercanopy
herbaceous patches, and 0.9 for canopy patches (as in Beeson
et al. 2001 and modified from Hydrologic Engineering Center
1998). Saturated hydraulic conductivity (Ks), which can vary
with vegetation patch type (Roundy et al. 1978; Wood and
Blackburn 1981; Wilcox et al. 2003b), was derived from
calculations for effective saturated hydraulic conductivity that
accounted for vegetation differences (Rawls and Brakensiek
1983; Rawls et al. 1989; Hester et al. 1997), including that
canopy patches can exhibit finger flow or bypass infiltration,
whereas intercanopies exhibit more uniform piston infiltration
(Robinson et al. 2010), and was 4.3 mm ? h21 for bare soil,
42.6 mm ? h21 for intercanopy herbaceous patches, and
74.5 mm ? h21 for canopy patches.

Our example simulations spanned a range of herbaceous
covers, beginning with the initially mapped combination of
35% intercanopy herbaceous cover, 10% of intercanopy bare
cover, and 55% tree canopy cover (Fig. 1A), and proceeded by
reducing herbaceous cover by converting randomly selected
remaining herbaceous cover to bare cover (while holding tree
canopy cover constant) progressively to levels of 30%, 25%,
19%, 9%, 4%, and 0% intercanopy herbaceous cover. For
each of the seven vegetation combinations, we conducted a
simulation that used initial conditions and parameters that
were ecologically relevant and likely to generate hillslope
runoff. We used a 10-mm design storm, which corresponds to
an approximately 1-yr return interval, with storm duration of
6 h and peak intensity at midevent (Fig. 1C; McLin 1992). Soil
water content for each simulation was initialized at field
capacity to provide conditions likely to generate runoff and yet
still allow infiltration. Each simulation was conducted for 24 h
following the initiation of the precipitation event to ensure that
all redistribution of surface flow was complete. We calculated
total runoff leaving the bottom of the hillslope over the 24-h
simulation period. For each vegetation patch type, we
calculated runoff and run-on per cell and total flow into and
out of all cells of each patch type.

Example of Patch–Hillslope Runoff Redistribution
Our example results show that in general—and not surprising-
ly—runoff at the hillslope scale increased with decreasing
intercanopy herbaceous cover and notably exhibited a nonlin-
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ear threshold-like response (Fig. 1D). Runoff increased slightly
when herbaceous cover was decreased from the initial value of
35% down to 19% but increased substantially when herba-
ceous cover was further reduced to 9% and then 4%,
culminating in peak runoff at 0% herbaceous cover. On a

per-cell basis (Fig. 2), at the scale of the grid cell (1 m2), bare
cells exhibited a relatively constant net runoff flow out of each
cell independent of the amount of herbaceous cover (Fig. 2C).
Conversely, herbaceous cells exhibited increased net run-on
into each cell as the amount of herbaceous cells decreased; tree

Figure 3. Total flows, as summed for each patch type: A, total flow in,
B, total flow out, and C, total run-on into and runoff from the given patch
type—intercanopy bare soil, intercanopy herbaceous, and canopy—and
for each of the seven simulated scenarios. Values for 0% herbaceous
cover are not included because there is no herbaceous capture of run-on
in this case.

Figure 2. On a per-cell basis: A, flow out, B, flow in, and C, net run-on
and runoff for each cell type versus the intercanopy herbaceous cover
(top X axis) and the intercanopy bare soil cover (bottom X axis). Values
for 0% herbaceous cover are not included because there is no
herbaceous capture of run-on in this case.
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canopy cells exhibited a similar but more muted response
(Fig. 2C).

Notably, for total amount of flow per patch type (Fig. 3),
total flow into all herbaceous patches (run-on) was greatest
when the amount of bare cover was intermediate (26% bare
cover and 19% herbaceous cover), highlighting a trade-off
between source area for generating runoff (total flow out;
Fig. 3B) and sink area for capturing run-on (Fig. 3A). The
difference between total flow into and out of all herbaceous
cells was not very sensitive to changes in the amount of
herbaceous cover (Fig. 3C), highlighting how total run-on
captured by herbaceous patches occurs at an intermediate level
of herbaceous cover (Fig. 3A)—a finding with implications for
herbaceous vegetation and its management.

ON THE REDISTRIBUTION OF RUNOFF

Our results build on well-documented differences in infiltration
and associated runoff among rangeland vegetation patch types
(e.g., Roundy et al. 1978; Wood and Blackburn 1981; Reid et
al. 1999; Wilcox et al. 2003b; Lebron et al. 2007; Madsen et al.
2008; Robinson et al. 2010). These spatial differences have
important implications for runoff and erosion at the hillslope
scale (Bergkamp et al. 1998; Davenport et al. 1998; Wilcox et
al. 2003a). The ecohydrological significance of these relation-

ships is being increasingly recognized (Ludwig et al. 2005).
When a threshold level of bare cover is exceeded at the hillslope
scale (Fig. 1D) and the ecosystem loses efficiency at trapping
runoff, it becomes ‘‘leaky’’ or ‘‘nonconserving’’ (Ludwig and
Tongway 2000; Wilcox et al. 2003a). A positive feedback loop
may then reinforce the degradation process by which higher
runoff rates can produce higher erosion rates and less of the
incoming precipitation is captured by plants (Davenport et al.
1998; Wilcox et al. 2003a).

The results of our example that included explicit spatial
redistribution of runoff are consistent with a simpler example
based on percolation theory in which a single algorithm links
bare patches to determine hillslope-scale runoff and erosion
(Davenport et al. 1998). Our example and the percolation
theory example both show a threshold-like response in hillslope
runoff and erosion, although the threshold was less pronounced
in our example here, likely because we accounted for how
amount of capture is influenced by both roughness and
infiltration. Improving predictions of these threshold-like
responses is central to improving our understanding of how
such mosaics of vegetation patches in rangelands work.

Our example simulation provides additional insights into
these runoff–run-on redistribution processes at the patch as well
as hillslope scale (Fig. 4, upper portion). With respect to flow
into and out of cells on a per-cell basis, our example results are
consistent with general empirical observations in rangelands
(Bergkamp et al. 1998; Reid et al. 1999; Willcox et al. 2003a).
Bare patches generated the same amount of net runoff
independent of changes in herbaceous cover, whereas herba-
ceous patches captured increasingly more run-on per patch as
herbaceous cover was replaced with bare cover. However, the
total amount of run-on capture by a vegetation patch type
depends on the product of the amount of herbaceous cover and
the amount of capture per herbaceous cell, such that both terms
need to be considered in determining the optimum amount of
total capture by herbaceous patches. This relationship ties
directly to a central tenant of ecohydrology that runoff
redistribution from bare to vegetated patches concentrates the
key limiting resource of water such as to optimize vegetation
amount (Rodriguez-Iturbe 2000; Eagelson 2002; Ludwig et al.
2005). The large inputs and outputs on a per-cell basis overall
highlight the high degree to which water is redistributed among
vegetation patches in these rangeland mosaics. The patch- and
hillslope-scale results are also consistent with other recent
studies that highlight the importance of spatial patterns of high
and low ground cover in determining runoff and erosion (Bartley
et al. 2006). Runoff and erosion increase as the spatial pattern of
vegetation becomes more coarse and the connectivity of runoff
source areas increases (Bautista et al. 2007; Mayor et al. 2008).

MANAGEMENT IMPLICATIONS

The amount of herbaceous cover capturing the maximum
amount of run-on occurred prior to exceeding the threshold at
which bare patches become highly interconnected and trigger a
threshold-like response in hillslope runoff. Rangeland manage-
ment often focuses not only on herbaceous cover but more
directly on biomass and productivity. Vegetation growth and
productivity depend not only on the amount of vertical rainfall

Figure 4. Conceptual linkages between how maximization of run-on to
herbaceous patches relates to minimization of hillslope-scale runoff
(upper portion) and their relevance to rangeland management,
monitoring, and restoration (lower portion).
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but also on the amount of water redistributed laterally by
surface runoff–run-on (Ludwig et al. 2005; Yu et al. 2008).
Our example illustrates an optimal level of herbaceous cover
for which runoff is reconcentrated. This redistribution of runoff
likely increases plant-available water and should translate into
increases in per-plant biomass and productivity (Ludwig et al.
2005). Consequently, rangeland management could potentially
be improved by focusing on this optimum value for capture by
herbaceous patches (Fig. 4, lower portion).

Rangeland monitoring has progressed to consider herbaceous
cover and its spatial pattern (Ludwig et al. 1997). We support
this general approach but additionally suggest scientists and
managers should consider the potentially enhanced biomass
and productivity that are expected from enhanced run-on
capture. Because reductions in herbaceous cover below the level
of optimal capture of run-on by herbaceous cover are
associated with the transition to a large increase in runoff
and associated erosion, caution must be applied in managing
toward this optimum. Nonetheless, our example illustrates the
need to integrate consideration of how source-sink areas
depend on relative proportions of bare and herbaceous patches
but can also influence those patches by concentrating runoff in
a way likely to enhance biomass and productivity.

In summary, we propose that scientists and land managers
consider how maximization of run-on to herbaceous patches
relates to minimization of hillslope-scale runoff. Doing so relates
a key concept in ecohydrology—that runoff redistribution from
bare to vegetated patches concentrates water and enhances
vegetation growth and biomass—to the general issue that
reductions in intercanopy herbaceous cover can lead to a
threshold-like response triggering a large increase in hillslope
runoff and associated losses of soil sediment and nutrients. In our
example simulation, we illustrate that the total amount of run-
on for all herbaceous patches was greatest when the amount of
bare cover was intermediate, highlighting a trade-off between
source area for generating runoff and sink area for capturing
run-on. Of course, the specific nature of patch–hillslope runoff
redistribution responses will depend on several site-specific
conditions, but the general nature of the response exhibited in
our example simulation may be broadly applicable to other
rangelands. We suggest that a more robust suite of such
relationships could be valuable for managing rangelands by
explicitly accounting for optimality and trade-offs in biomass
per herbaceous patch, total herbaceous cover, and prevention of
hillslope-scale connectivity of bare patches that triggers a large
increase in runoff and associated sediment and nutrients.
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