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Abstract

On hillslopes with patchy vegetation cover, vegetation is a significant factor control-
ling surface hydraulic and hydrological properties. Soil permeability is often greater within
vegetated areas than in surrounding bare soil areas, leading to the redistribution of rain-
fall from bare, runoff-generating areas to permeable, vegetated areas. While many studies
have examined the hydrological consequences of permeability contrasts, the hydrodynamic
effects of greater surface roughness in vegetated patches compared to bare areas remain
under-investigated. The role of roughness is not obvious: greater roughness in vegetated
patches provides greater resistance to flow, slowing water movement and thus extend-
ing the time frame over which infiltration can occur. However, greater roughness may
also cause partial blocking and flow diversion, reducing the volume of water traversing
vegetated areas, a mechanism that could reduce rainfall redistribution to these sites.

To differentiate the roles of spatially-varying roughness and permeability on rainfall
redistribution, the two-dimensional Saint Venant Equations are employed to model the
hydrologic outcomes of permeability and roughness contrasts under varying rainfall inten-
sities. The simulations consider the dynamically interesting case of an idealized vegetated
patch surrounded by runoff-generating unvegetated areas. The model results indicate that
greater resistance causes flow diversion around vegetation. However, vegetative resistance
only reduces rainfall redistributed to the vegetation under the specific conditions of low
rainfall intensity and high soil permeability. Otherwise, prolonged ponding during the re-
cession period, due to greater vegetative resistance, creates additional time for infiltration,
compensating for increased flow diversion around the vegetation.
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1 Introduction

Drylands – water-limited regions with arid, semiarid, and dry subhumid climates – receive
limited rainfall that is generally insufficient to sustain continuous plant cover [33, 46]. In
these regions, vegetation often grows in patches interspersed with areas of bare soil [43, 45].
Soil permeability is typically higher under vegetation cover than in bare soil areas, which
form low-permeability surface crusts [3, 5, 22]. Higher soil permeability in vegetated patches
promotes ‘run-on’ behavior: sporadic, but often intense, rainfall produces infiltration excess
runoff [41, 42], which flows downslope or to sites with high permeability, typically vegetated
patches where protected and biologically disturbed soils enhance permeability [2, 32]. This
redistribution of rainfall runoff from bare soil to vegetated patches supplements plant water
and nutrient resources, sustaining vegetation in regions where annual rainfall alone would be
insufficient [22, 40, 51].

In these environments, storm-scale hydrological processes are dominated by infiltration-
excess overland flow infiltration-excess overland flow dominates storm-scale hydrological pro-
cesses, with runoff generated when rainfall intensity exceeds the local infiltration capacity
[3, 22]. Vegetation typically grows in patches interspersed with crusted, bare soil areas, and
this spatial heterogeneity in surface and soil hydraulic properties strongly influences overland
flow [43, 45].

More tortuous flow paths that bypass vegetation can also form, for example, where plants
grow on mounds that form as a result of differential interrill erosion, splash erosion and sed-
imentation between plant patches and bare soil areas [7, 37, 60]. Microtopographic mounds
may route flow around the vegetation for shallow flows, such that enhanced permeability
under vegetation only promotes infiltration if flows are sufficiently deep to inundate the mi-
crotopography [50, 61]. In the absence of microtopography, greater surface roughness – and
thus greater resistance to flow – in vegetated sites may have a secondary rerouting effect,
similar to that of microtopography [14]. Whether such flow diversion enhances or inhibits
run-on infiltration in vegetated areas remains an open question and frames the scope here.

On the one hand, increasing resistance to overland flow reduces the flow velocity and
increases the residence time of runoff traversing vegetated patches. Thus, greater surface
roughness could increase the time opportunity for runoff to infiltrate into vegetated patches,
most importantly during the rising and recession periods of storms and other transient pe-
riods such as breaks in rain [24–26]. Vegetation roughness would thus amplify the influence
of permeability on runoff redistribution, enhancing the redistribution of runoff due to per-
meability differences between vegetation and bare soil. On the other hand, greater surface
roughness may obstruct and divert runoff from the vegetation [58], increasing the tortuosity
of flow paths and reducing the transport of water and other resources to vegetated areas.

Thus, greater soil permeability in vegetated areas creates local depth gradients that drive
the flow towards the vegetation [56], whereas greater roughness may both slow flow within and
divert runoff around it. In empirical studies, distinguishing these different influences is chal-
lenging because soil permeability and surface roughness are spatially correlated [but see 58].
This complexity makes the problem well-suited to physics-based modeling approaches that
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allow for independent exploration of permeability-roughness interactions under varying land-
scape, vegetation, and rainfall characteristics, and the implications for the spatial distribution
of infiltrated water.

Here, the Saint Venant Equations (SVE) coupled to an infiltration model are used to rep-
resent rainfall-runoff and infiltration for discrete storm events on an idealized planar hillslope.
This hillslope consists of bare soil surrounding a circular vegetation patch. Three scenarios
with contrasting vegetation-bare soil properties are modeled: (i) permeability-only, in which
soil permeability is greater in the vegetation relative to bare soil, but roughness properties are
the same, (ii) roughness-only, in which surface roughness is greater in the vegetation, but soil
permeability is constant between bare and vegetated areas, and (iii) combined, in which both
permeability and roughness differ between bare soil and vegetation. Passive tracers advected
by the bulk flow are used to quantify runoff diversion around the patch, while cumulative
infiltration is computed for every point in the domain. The flow diversion and infiltration
behaviors are then compared between scenarios, for varying storm and landscape conditions,
to assess the effects of roughness in vegetated areas on run-on infiltration in the vegetated
patch.

2 Methods

Section 2.1 reviews the SVE model, including the parameterization of flow resistance and
infiltration. Section 2.2 details how these parameterizations are modified for the roughness-
only and permeability-only scenarios, and Section 2.3 describes the particle tracing to identify
flow paths. Other aspects of the simulation domain are presented in Section 2.4, including
the rainfall and hillslope characteristics.

2.1 The Saint Venant Equations

Sheet flow during storm events typically results in shallow flows (<5 cm), which can locally
vary in depth and depth-averaged velocity, as water passes over surfaces of variable permeabil-
ity and roughness. Such shallow, unsteady and heterogeneous flows are commonly represented
by the Saint Venant Equations (SVE) or ‘shallow water equations’ [8], which in two dimensions
and for small slope angles take the form:
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where i is the infiltration rate that is set by the smaller value of the infiltration capacity and
rainfall intensity p, U , V denote the depth-averaged flow velocities in the x (longitudinal)
and y-directions (lateral), respectively; h is the depth of flow; Sx and Sy are the bed-slope
in the x and y directions; t is time; and g represents gravitational acceleration. The terms
Sfx and Sfy are the x- and y- components of the friction slope (or energy gradient), which
represent the effect of bed and other shear stresses on retarding the flow. The SVE do not
form a closed system of equations, so a ‘closure’ model in the form of a resistance formulation
must be specified to represent the net effects of bed and other shear stresses (e.g., presence
of obstructions) on the friction slope. Flow resistance depends on the flow state commonly
represented by bulk flow properties such as the Reynolds number, the Froude number, surface
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roughness, or the velocity and water depth. While the prediction of overland flow resistance
remains an ongoing challenge [36, 53], the model results are not anticipated to depend on
the choice of resistance formulation (see, for example, the studies of Mügler et al. [39], Cea
et al. [9], and Crompton et al. [13], demonstrating that multiple resistance formulations can
produce acceptable agreement with runoff measurements through calibration). Thus, we
adopt an approach that allows for a contrast in roughness between bare soil and vegetated
areas by accounting for resistance from the bed and vegetation elements. This formulation
begins with a quadratic drag-law:

Sf,x = RhU |U |
Sf,y = RhV |U |

(4)

where |U | =
√
U2 + V 2 is the flow speed and Rh is a resistance factor determined by the

vegetation and soil properties. This formulation for Sf,x and Sf,y ensures that flow resistance
is always acting against the direction of flow. For very shallow flows typical of storm runoff,
bed resistance is likely to be significant, in addition to canopy resistance. To accommodate
both surface cover types in a single resistance formulation, the approach described by James
et al. [referred to as the James Formulation hereafter, 30] is employed. This approach is
grounded in empirical runoff studies and extensive work characterizing resistance to flow
through vegetation [see 54, and references therein]:

Rh =
1

(1− ϕV )gh

(
f

8
+

1

2
CdhDN

)
, (5)

where f is the Darcy-Weisbach friction factor for the soil surface, D is the stem diameter, ϕV

is the stem density (i.e., the volume fraction occupied by the vegetation), N = 4ϕV (πD
2)−1 is

the stem count per unit area (i.e., stems m−2), and Cd is a vegetation drag coefficient, which
depends on the vegetation characteristics and the flow speed |U |. To represent dryland grasses
or shrubs, a ‘cylinder array’ formulation for the drag coefficient is used [10]. This formulation
accommodates sheltering and blockage effects on the drag coefficient of the cylinder array.
Details of the Cd formulation used here are presented in supporting information (SI) Text
S1. Throughout this modeling study, the roughness of the vegetation is adjusted by altering
the stem density ϕV . Anticipating low bulk Reynolds numbers (Re = Uh/ν < 500, ν is
kinematic viscosity) for the simulated rainfall intensity and hillslope dimensions (see Section
2.4), f is given by a modified laminar formulation that is identical for bare soil and vegetation
(also described in SI Text S1). To summarize, both stem drag and surface friction can be
significant in vegetated areas, with stem drag most important for deeper flows and ground
friction most important in shallower conditions. Bare soil is characterized by ϕV = 0, so that
Rh = f/(8gh), which is the conventional form used when the water depth exceeds the mean
surface protrusion height into the flow.

While the James formulation is used throughout, other roughness schemes are commonly
employed to model runoff, such as Manning’s equation and its associated roughness [28,
31]. To test the sensitivity of the modeling results to the choice of resistance formulation,
supplementary simulations were run with Manning’s equation (Sf = nU2h−4/3, where n is
the Manning coefficient), with nb = 0.03 for bare soil areas and nV ranging from 0.2 - 0.8
for vegetation [11]. The results, presented in Text S2, indicate qualitatively similar results
to those obtained with the James formulation. For this reason the outcomes from the James
formulation are only presented.

Infiltration capacities in the model, like resistance, are determined by whether the surface
cover is bare or vegetated. This binary treatment of the landscape is similar to previous
modeling efforts, field and remote sensing studies [e.g., 1, 12, 29, 38, 47]. To simplify the
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problem, the infiltration capacity is assumed to be constant and equal to the local saturated
hydraulic conductivity Ks, with KV and KB distinguishing vegetation and bare soil areas.
The infiltration rate is then computed as: i = min(Ks, p+h/∆t), where h is the local surface
water depth and ∆t is the model timestep. This choice may underestimate the true infiltration
capacity as it ignores sorptive effects, which may be large for initially dry soils (but are small
for initially wet soils). It allows, however, for treatment of permeability contrast using a
single parameter Ks, like roughness, to be dictated solely by whether the surface is bare or
vegetated.

In all simulations, the flow is assumed to be subcritical at all times and locations, such that
the Froude number Fr = U(gh)−1/2 remains below unity. This assumption was confirmed
post-hoc by examination of the simulation results. While the validity of the SVE makes no a
priori assumption about Fr, the Sf,x and Sf,y formulations here do not accommodate energy
losses due to hydraulic jumps (HJs) at super-critical to sub-critical flow transitions. HJs occur
when the flow is forced to transition from a fast super-critical (Fr > 1) state to a slower,
sub-critical (Fr < 1) state, dissipating excess kinetic energy by creating intense turbulence
zones in the pile-up region. Since HJs are not captured by the aforementioned Sf,x and Sf,y

formulations used here, ensuring that Fr < 1 for all locations and time instances ensures
that no HJs are encountered – i.e., the model is self-consistent. While this assumption is
appropriate for the modeled domain, the occurrence of hydraulic jumps depends on a forced
transition from supercritical to subcritical flow [11]. In real-world rainfall-runoff settings, it
remains understudied and likely depends on local surface conditions (e.g. topography and
local obstructions by roughness elements) and flow conditions (zones of elevated velocities
and shallow depths leading to supercritical flows).

The SVE model is solved using FullSWOF-2D [19], an open-source two-dimensional Saint
Venant Equation (SVE) model that is capable of representing transient and spatially-heterogeneous
surface properties. FullSWOF-2D has been validated on a library of analytic solutions to the
SVE [18] and real rainfall events [55]. When trialed against 112 rainfall experiments [44],
the median Nash-Sutcliffe Efficiency (NSE) for reproducing the hydrographs was 0.95, SD
= 0.13 (see SI Figures S1 showing sample calibration results) [16, 17]. Thus, the numerical
simulations of the SVE using FullSWOF-2D are supported by this large body of relevant prior
lab and field experiments.

2.2 Roughness-Only and Permeability-Only Scenarios

Three broad model scenarios were run to isolate surface roughness from permeability effects.
In the combined-effects simulations, both roughness and permeability differed between bare
soil and vegetation, as above. In the permeability-only simulations, soil permeability was
greater in the vegetation (KV > KB), while surface roughness was uniform and given by the
bare soil parameterization (ϕV = 0 and Rh = f/(8gh)). In the roughness-only simulations,
surface roughness was greater in the vegetation, while soil permeability was uniform and equal
to KB. To separate the effects of roughness from permeability, the analysis then compares
hydrologic outcomes between the three scenarios for common variables (i.e., paired simulations
in which all variables are identical except for the roughness or permeability).

2.3 Lagrangian Tracers

For each SVE simulation, 1000 tracers were released at the domain’s upslope boundary, with
initial y-positions uniformly spaced between the lateral boundaries. The tracers were released
at random times between t = 0 and the rain duration tR, such that the tracer trajectories
reflect flow conditions over the storm duration. The trajectory of each tracer was determined
assuming only advection by the computed 2-dimensional velocity vector. At each timestep
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Table 1: Parameters used in the SVE model simulations. Where multiple entries are listed,
the cases were run factorially to explore all parameter combinations. Note that the listed KV

values apply only to the combined-effects and permeability-only scenarios, and the ϕV and D
values apply to the combined-effects and roughness-only scenarios (see Section 2.2).

Variable Symbol Values

Boundary conditions

Slope gradient (%) So 1%
Domain size Wx,Wy 40 m × 30 m
Patch radius r 5 m
Within-patch stem density (volume fraction) ϕV 0.1, 0.2, 0.3
Stem diameter D 5 mm
Saturated hydraulic conductivity (vegetation) KV 5, 15 cm/hr
Saturated hydraulic conductivity (bare soil) KB 0.5 cm/hr

Storm cases

Rainfall intensity p 2, 4, 6, 8, 10 cm/hr
Storm duration tR 10 minutes

dt, a given tracer infiltrated with probability i · dt/(h′ + p), where i is the local infiltration
rate (i.e., KV or KB when ponding occurs) and h′ is the flow depth at the tracer’s location.
The tracer computations were separately validated by comparing the runoff coefficient in the
SVE model to the fraction of tracers that exit the hillslope as runoff.

2.4 Simulation Domain

To simplify interpretation of the results, the model domain consisted of a circular vegetation
patch of radius r = 5 m, situated in an otherwise uniform bare soil domain on a planar hillslope
of length Wx = 40 m and width Wy = 30 m (see Figure 1). This hillslope was sufficiently
wide for the flow to be 1-dimensional adjacent to the lateral boundaries (V/U < 1e−4).
Surface roughness in bare soil areas was held constant across all simulations, and was varied
in the vegetation patch by adjusting the stem density ϕV , while holding the stem diameter
D constant at 5 mm. As outlined in the supporting information (Equations 3-4) adjusting
either ϕV or D produces equivalent effects on Sf and concomitant solutions to the SVE.

The SVE model was used to simulate rainfall runoff for a broad range of storm and
soil characteristics, summarized in Table 1, varying the boundary conditions (i.e., surface
roughness and soil permeability) and rainfall intensity. The saturated hydraulic conductivities
in the vegetation patch, KV = 2, 5, 10, 15 cm/hr, and surrounding bare soil, KB = 0.5 cm/hr,
are representative values selected from field studies [e.g., 22, 59]. The rainfall intensity ranges
from p = 2 to 10 cm/hr, spanning resource-shedding cases (p > KV ), where the patch
generates runoff during the storm, to resource-capturing cases (p < KV ), where the patch
receives run-on from the upslope bare soil area during the storm. In both cases, runoff from
upslope contributes to patch infiltration after the storm.

For visual clarity, results pertaining only to KV = 2 and 10 cm/hr are shown in the
main text figures, and equivalent figures that include all KV are presented in the supporting
information. In total, 60 simulations were run, comprising 30 combined-effects cases, 15
permeability-only cases, and 15 roughness-only cases.
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2.5 Scenario Assessment Metrics

Table 2 summarizes the assessment metrics used in the study. Firstly, the maximum flow depth
h(tR) is examined to visualize how spatially varying roughness and permeability influence the
flow. Greater roughness in the vegetation promotes deeper flows, whereas greater permeability
lowers the flow depth as water is lost to infiltration. Because the rainfall intensity is constant,
the maximum flow depth occurs at the storm end (time tR = 10 min).

While the maximum flow depth provides a snapshot of the flow field at time tR, the
cumulative infiltration after the storm ends provides an integrative measure of the water
partitioning on the landscape, computed as:

I(x, y) =

∫ ∞

t=0
i(x, y)dt, (6)

where i is the instantaneous rate of infiltration. The cumulative infiltration can be directly
interpreted as measuring the duration that surface water was present at a given point in the
landscape, since the duration of surface ponding and infiltration capacity jointly control the
infiltration at a point.

Next, we consider the patch infiltration depth IV , which is the spatial average of the
cumulative infiltration in the vegetation patch and is given by:

IV =
1

πr2

∫
V
I(x, y)dA (7)

where
∫
V indicates integration over the patch area. Since IV increases with increasing incident

rainfall, we also examine the patch infiltration fraction IFV , which is defined as the cumulative
patch infiltration normalized by rainfall depth dR = ptR:

IFV =
IV
dR

. (8)

In resource-capturing cases (p < KV ), run-on is directed towards the patch both during
and after the rainfall, and net run-on to the vegetation is expected (IFV > 1). In resource-
shedding cases (p > KV ), the patch generates runoff during rainfall but may also capture
runoff from upslope bare soil areas during the recession period. Thus, net run-on or net runoff
from the patch are both possible. Whether the patch is a net runoff source (IFV < 1) or sink
(IFV > 1) depends on how much runoff the patch generates during the rainfall compared to
how much it captures during the recession period. These outcomes, in turn, depend on the
infiltration capacity of the patch and the duration of surface ponding after the rainfall ends.

To identify how different processes lead to these contrasting outcomes, we separately
assessed infiltration occurring during the rainfall and recession periods. The factors that
influence infiltration – and the role of vegetative resistance – vary across rainfall and recession
periods, and between resource-shedding and resource-capturing regimes. Table 3 summarizes
the controls on patch infiltration for each combination of (i) rainfall and recession periods,
and (ii) resource-shedding and resource-conserving cases.

The cumulative infiltration during the rainfall is defined as:

Irain(x, y) =

∫ tR

t=0
i(x, y)dt, (9)

and similarly for the recession period:

Irec(x, y) =

∫ ∞

t=tR

i(x, y)dt. (10)
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Table 2: Summary of the assessment metrics. The ‘Distributed’ column indicates whether
each variable is computed across the spatial domain (Yes) or summarized over the vegetation
patch or domain as a whole (No).

Variable Description Units Distributed

Scenario assessment metrics

h(tR) Maximum flow depth m Yes
I Infiltration depth m Yes
Irain Infiltration depth during the rainfall period m Yes
Irec Infiltration depth during the recession period m Yes
IV Patch infiltration depth m No
IFV Patch infiltration fraction (IFV = IV /dR) No
I rain
V , I rec

V IV during the rainfall and recession periods m No
IF rain

V , IF rec
V IFV during the rainfall and recession periods No

ξ Flow diversion, defined as the fraction of the
tracers initialised upslope of the vegetation
patch that bypass it

No

Fpond(t) Inundated fraction of the patch as a function
of time

No

qL(t) Hillslope hydrograph, defined as the runoff
flux across the downslope boundary as a func-
tion of time

cm/hr No

Scenario inter-comparison metrics

∆IFV Difference in IFV between paired
permeability-only and combined-effects
simulations

No

∆ξ Difference in ξ between paired roughness-only
and combined-effects simulations

No

Equivalently, Irec(x, y) = I − Irain(x, y).
The patch infiltration depths over the rainfall and recession periods, I rain

V and I rec
V ,

are defined analogously to IV (Equation 7), and the patch infiltration fractions, IF rain
V and

IF rec
V , are defined analogously to IFV (Equation 8, normalizing infiltration in each period

by the rainfall total). Thus, by definition, IF rain
V + IF rec

V = IFV in both cases.
If the rainfall intensity exceeds the patch infiltration capacity (p > KV ), the patch will

generate runoff during the rainfall period (IF rain
V < 1), while the converse (IF rain

V > 1)
should occur if p < KV . Since no runoff is generated after the rain stops, IF rec

V ≤ 1.
The hillslope hydrograph, qL(t), is defined as the runoff flux across the downslope bound-

ary as a function of time, providing an integrated measure of the hillslope’s runoff response
to rainfall. To characterize the duration of ponding in the patch, we computed the patch in-
undated fraction, Fpond(t), defined as the fraction of the patch where h > 1 mm as a function
of time (i.e., where the flow depth h exceeds the model minimum flow threshold of 1 mm).

To describe the tendency for flow to circumvent the patch, flow diversion around it is
described with a diversion metric ξ applied to the Lagrangian tracers in the flow. The diversion
metric is defined as the fraction of tracers that are initialized directly upslope of the vegetation
patch and circumvent it – that is, tracers that reach positions downslope of the patch without
passing through it during their trajectory. The ξ is anticipated to increase with increasing
resistance contrast between vegetation and bare soil area, and thus with increasing p and ϕV .
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Table 3: Summary of patch infiltration dynamics for the resource-shedding (p > KV ) and
resource-capturing (p < KV ) cases, separated into rainfall and recession periods. The table
indicates whether the patch infiltration fraction (IFV ) is greater or less than one, and how
vegetative resistance influences the patch infiltration fraction (∆IFV ).

Rainfall period (t < tR) Recession period (t > tR)

Resource shedding Patch generates runoff: IF rain
V < 1 Net run-on to patch:

p > KV Soil permeability limits infiltration into patch: IF rec
V < 1

∆IF rain
V = 0 Roughness slows outflow from patch,

prolonging the ponding duration:

Resource capturing Net run-on to patch: IF rain
V > 1 ∆IF rec

V > 0

p < KV Vegetative resistance slows run-on:

IF rain
V < 0

2.6 Scenario Inter-Comparison Metrics

Finally, to isolate the effects of surface roughness and permeability, we compared assess-
ment metrics between scenarios. First, to assess how vegetative resistance interacts with
soil permeability, we examined the difference in IFV between paired permeability-only and
combined-effects simulations (i.e., paired simulations in which only surface roughness differed):

∆IFV = IFV (combined-effects)− IFV (permeability-only), (11)

such that ∆IFV > 0 if vegetative resistance increases infiltration in the patch. The difference
between combined-effects and resistance-only scenarios is not presented because KV = 0.5
cm/hr in roughness-only scenarios, so that infiltration into the vegetation patch is very small
in these scenarios. As a result, the roughness-only scenario does not provide a useful reference
point for evaluating the influence of vegetative resistance on infiltration outcomes. In this
scenario, roughness primarily influences flow timing, by slowing or delaying runoff—rather
than altering infiltration outcomes.

Then, to assess whether KV influences the runoff diversion around the patch, we computed
the difference in ξ between paired roughness-only and combined-effects simulations, in which
all parameters were equal except for KV :

∆ξ = ξ(combined-effects)− ξ(roughness-only). (12)

Thus, ∆ξ < 0 indicates that soil permeability in the vegetation patch reduces flow diver-
sion relative to the roughness-only scenario. The difference between combined-effects and
resistance-only scenarios is not included because the flow is approximately 1-dimensional in
the permeability-only simulations (i.e., ξ ≈ 0).

3 Results

The simulated runoff and infiltration patterns vary between scenarios, with the differences
modulated by rainfall intensity p, vegetation soil permeability KV , and surface roughness.
Throughout the results, a case where the vegetated patch is resource-shedding (with p > KV )
is compared with one where the patch is resource-capturing (with p < KV ). The diversion
parameter ξ is then analyzed across hydrological outcomes to assess the significance of the
distortion of the flow paths for these outcomes.
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Figure 1 displays the maximum flow depth h(tR) and cumulative infiltration I. Flow
depth is shown in blue shading on the inclined planes and infiltration is shown below in green
on the horizontal planes. The top row presents results from a resource-shedding case with
p > KV , while the second row presents a resource-capturing case with p < KV . The columns
(A-C) present the different modeled scenarios of roughness only (A), permeability only (B),
and combined (C).

In the roughness-only cases (panels 1A and 2A), vegetative resistance promotes greater
maximum flow depths, but cumulative infiltration is largely unaffected because of the limited
soil infiltration capacity. Thus, infiltration is almost identical in the vegetation patch and
surrounding bare soil.

In the permeability-only cases (see panels 1B and 2B), greater soil permeability in the
vegetation enhances infiltration. In the resource-shedding case (panel 1B), h(tR) is indistin-
guishable between surface types because both surface types generate runoff. In the resource-
capturing case (panel 2B), run-on to the vegetation is supplied by runoff from upslope, and
the maximum depth h(tR) and cumulative infiltration I both decrease with distance from the
upslope boundary of the patch boundary.

Finally, in the combined-effects scenarios, the model predictions are distinct between
resource-shedding (panel 1C) and resource-capturing cases (panel 2C). In both cases, veg-
etative resistance promotes greater maximum flow depths, and greater soil permeability in
the vegetation enhances infiltration. In the resource-shedding case, the combination of rough-
ness and permeability enhances IV compared to the other scenarios. This is because roughness
increases the duration of ponding in the vegetation patch during the recession period, par-
ticularly towards the downslope boundary of the patch. In the resource-capturing case, by
contrast, greater vegetative resistance promotes deeper flows towards the upslope boundary,
which decrease with distance downslope as runoff infiltrates. Vegetative resistance thus accen-
tuates the upslope-downslope gradient in patch infiltration compared to the permeability-only
scenario (compare panels 2B and 2C).

The inundated fraction Fpond in row 3 of Figure 1 illustrates how the infiltration dynamics
differ between the three scenarios, for the resource-shedding and resource-capturing cases.
Comparison of the combined-effects and permeability-only scenarios provides insight into
how roughness further influences infiltration, given the context of higher permeability in
vegetation areas. In the resource-shedding case (panel 3A), Fpond = 1 during the rainfall
because p > KV in all scenarios. When the rain ends, however, resistance to the flow slows
the outflow of runoff from the patch in the roughness-only and combined-effects scenarios,
but not the permeability-only scenario (compare blue and orange curves in panel 3A). Thus,
greater resistance provides a longer time period over which ponded water can infiltrate into
the patch, increasing the patch cumulative infiltration (compare panels 1B and 1C).

In the resource-capturing cases, Fpond increases more slowly in the combined-effects sce-
nario than the permeability-only scenario during the rainfall, and decreases more slowly in
the recession period (panel 3B). By slowing run-on from the upslope boundary, vegetative
resistance promotes greater infiltration towards the upslope boundary (compare panels 2B
and 2C). Note that Fpond = 1 during the rainfall in the roughness-only scenario (green line)
because p > KB.

Finally, row 4 shows the hillslope hydrographs qL for each scenario under the resource-
shedding case (panel 4A) and resource-capturing case (panel 4B). Despite the differences in
the distribution of infiltration between the scenarios, the hydrographs are almost identical.
The only difference is the faster rising and recession times in the permeability-only scenario,
showing the effect of vegetative resistance at the hillslope scale.

To summarize, in the resource-shedding case, infiltration is enhanced in the combined-
effects scenario because vegetative resistance prolongs the duration of water ponding on the
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surface thereby increasing the time window for infiltration. In the resource-capturing case, by
contrast, vegetative resistance impedes run-on from upslope, enhancing I towards the upslope
boundary of the patch and reducing it toward the downslope boundary of the patch.

The relation between cumulative patch infiltration, IV , and p − KV is shown in Figure
2, row 1. For a given KV (see marker shapes), IV either increases (see KV = 10 cm/hr) or
changes minimally (see KV = 0.5 and 2 cm/hr) as a function of p −KV . The sensitivity to
rainfall intensity is high in cases with KV = 10 cm/hr (circles markers) because infiltration
is limited by the presence of ponded water at the surface (p < KV ), so increasing p increases
the water available for infiltration. In cases with p ≥ KV , by contrast, IV exhibits minimal
sensitivity to p−KV because patch infiltration is limited by the soil infiltration capacity. In
these cases, IV increases as a function of p−KV because the recession period – and thus the
duration of ponding in the vegetation – is prolonged by increasing runoff generation upslope
of the patch.

The patch infiltration fraction IFV decreases nearly monotonically with increasing p−KV

(see Figure 2, row 2), because infiltration in the patch increases more slowly than the rainfall
depth (i.e., the denominator in IFV = IV /dR increases faster than the numerator as p−KV

increases). The vegetation is a net runoff sink in cases with p−KV < 1, and generates runoff
in cases with p−KV > 1. The transition between resource shedding and capturing behaviors
occurs for p−KV > 1 cm/hr because of infiltration that occurs from run-on to the patch during
the recession period (after the rainfall, the vegetation patch captures water ponded within
the patch and in the upslope bare soil area). In general, the transition between source and
sink behaviors can occur for larger values of p−KV , depending on the range of environmental
conditions. Within the full simulation ensemble, it varies from 1 to 4 cm/hr (see SI Figure S2).
The threshold likely also varies with variables held constant in these simulations, including
the rainfall duration, vegetation patch size, and domain geometry (e.g., the upslope area
contributing runoff).

3.1 Isolating Roughness Effects on Patch Infiltration

Figure 3 presents the patch infiltration fraction IFV (row 1) and how vegetative resistance
influences it, ∆IFV (row 2), as a function of the rainfall excess, p − KV . Positive values
of ∆IFV indicate that vegetative resistance increases patch infiltration. The figure columns
present the full simulation (column A), rainfall (column B), and recession periods (column
C). In panel 1B, IF rain

V decreases monotonically as the proportion of rainfall absorbed by the
patch decreases. In panel 1C, IF rec

V < 1, indicating that run-on inputs never exceed the total
rainfall depth, and is greatest when p −KV = −3 cm/hr. Panel 1A is repeated from Figure
2 for comparison.

The effect of vegetation resistance on patch infiltration varies between the rainfall and
recession periods. During the rainfall period, vegetative resistance slows run-on from the up-
slope bare soil area. When p−KV < 0, this reduces infiltration into the patch (see negative
∆IFV in panel 2B). For p−KV ≥ 0, there is no effect because the patch remains uniformly
inundated (Fpond = 1) throughout the rainfall. During the recession period, vegetative resis-
tance increases infiltration by extending the ponding duration in the patch (see ∆IFV > 0 for
all values of p −KV in panel 2C) and increases with stem density ϕV (indicated by marker
size).

Considering the complete simulation period, the sign change in ∆IFV reflects the con-
trasting effects of the rainfall versus recession-period dynamics (∆IF rain

V ≤ 0 in panel 2B and
∆IF rec

V ≥ 0 in panel 2C). Combining the rainfall and recession periods, the spatial association
between surface roughness and permeability can increase the patch infiltration fraction by up
to 25% and decrease it by up to 15% in the modeled scenarios, depending on p − KV (see
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Figure 1: Rows 1 and 2 compare the model simulation results between scenarios for two rainfall
cases: a ‘resource-shedding’ case with rainfall intensity p = 8 cm/hr, vegetation saturated
hydraulic conductivity KV = 2 cm/hr, and stem density ϕV = 0.2, and a ‘resource-capturing’
case with p = 4 cm/hr, KV = 10 cm/hr, and ϕV = 0.2 (all other parameters are listed in Table
1). Blue shading on the inclined planes shows the maximum flow depth h(tR), and blue-green
shading on the horizontal planes shows the cumulative infiltration. From left to right, columns
indicate (A) roughness-only, (B) permeability-only, and (C) combined-effects scenarios. Rows
3 and 4 show the inundated fraction Fpond and hillslope hydrographs qL, respectively, for
the resource-shedding (A) and resource-capturing (B) scenarios. Cloud markers connect the
rainfall cases between rows 1-2 and 3-4, with the transparent cloud indicating the resource-
conserving case.
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Figure 2: Summary plots showing the patch cumulative infiltration IV (row 1) and patch
infiltration fraction IFV (row 2), plotted as a function of the rainfall intensity p minus the
vegetation saturated hydraulic conductivity KV . Columns show the three simulation scenar-
ios: (A) ‘roughness-only’ – with spatially-uniform soil permeability (KB = 0.5 cm/hr), (B)
‘permeability-only’ – with spatially-uniform surface roughness (ϕV = 0), and (C) ‘combined-
effects’, with spatial variation in both roughness and soil permeability (KV > KB and ϕV > 0).
Marker shapes indicate KV , marker sizes indicate the vegetation stem density ϕV , and marker
colors indicate p. Marker shapes differ between panels because scenarios are distinguished by
KV and roughness parameterizations (see Section 2.2). Source and sink arrows in panel 2A
indicate the transition between resource-shedding and resource-conserving cases, respectively.

panel 2A). ∆IFV changes sign from negative to positive around p − KV = −4 cm/hr. The
threshold p −KV for which ∆IFV changes sign depends on KV , and ranges from −9 to −3
cm/hr across the full simulation ensemble (see SI Figure S3). Other parameters, such as the
patch radius, bare soil permeability, and storm duration tR, are also likely to influence the
value of this threshold, but were not explored in these simulations.

The signature of vegetative resistance is also visible in spatial patterns of cumulative
infiltration. These patterns also differ between the rainfall and recession periods (see Figure
3, rows 3 and 4, which illustrates for the same resource-shedding and resource-capturing
simulations featured in Figure 1). In the resource-shedding case, infiltration is enhanced
towards the downslope patch boundary (see panel 3A). This is because vegetative resistance
slows the flow of runoff out of the patch during the recession period, prolonging the ponding
duration most towards the downslope patch boundary where runoff exits the patch (panel
3C). Vegetative resistance has no effect on infiltration during the storm (panel 3B).

In the resource-capturing case, by contrast, vegetative resistance promotes infiltration
towards the upslope patch boundary and reduces it towards the downslope boundary (see
Figure 3, panel 4A). During the rainfall period (panel 4B), vegetative resistance slows run-on
into the patch and reduces the distance run-on travels. Then, during the recession period,
vegetative resistance slows runoff within the patch, promoting infiltration towards the ups-
lope boundary by increasing the ponding duration there (see panel 4C). Combining rainfall
and recession periods, cumulative infiltration is enhanced towards the upslope boundary and
reduced towards the downslope boundary, creating the spatial contrast in panel 4A.
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Figure 3: Row 1 shows the combined-effects patch infiltration fraction IFV for the full simu-
lation period (column A), rainfall period (column B) and recession period (column C). Row 2
shows ∆IFV – the difference in IFV between paired combined-effects and permeability-only
simulations. ∆IFV > 0 indicates greater IFV in the combined-effects scenario (i.e., vege-
tative resistance promotes infiltration). Marker colors indicate p, shapes indicate KV , and
sizes indicate the vegetation stem density ϕV . Rows 3 and 4 illustrate the spatial patterns
of cumulative infiltration for the same cases as in Figure 1: a ‘resource-shedding’ case with
p = 8 cm/hr and KV = 2 cm/hr (row 3), and a ‘resource-capturing’ case with p = 4 cm/hr
and KV = 10 cm/hr (row 4). The cumulative infiltration I is projected onto the horizontal
planes (blue-green shading), and ∆IV is shown on the inclined planes (brown-green shading).
Other parameters are ϕV = 0.2, patch radius r = 5 m, storm duration tR = 10 min, and slope
gradient So = 1%. Cloud markers connect the rainfall cases between rows 1-2 and rows 3-4,
with the transparent cloud indicating the resource-conserving case.
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3.2 Diversion

To illustrate the flow diversion, rows 1 and 2 in Figure 4 show the paths of 500 tracers for
the same cases as Figures 2 and 3. Diversion around the patch is apparent for the roughness-
only and combined-effects scenarios (columns A and C), while in the permeability-only cases
(column B), flow is almost entirely 1-dimensional and not diverted. In panel 2B, high per-
meability in the vegetation patch causes slight flow convergence downslope of the patch by
lowering the flow depth, attracting water in from the surrounding bare soil area. This at-
traction has the opposite effect of flow resistance, promoting flow convergence into the patch
instead of divergence around it.

While the patch infiltration varies as a function of p −KV , the flow diversion ξ depends
more closely on p (see Figure 4, row 3, which shows ξ as a function of p for each scenario).
In the roughness-only and combined-effects scenarios (columns A and C), the flow diversion
increases with p and stem density ϕV (see marker size), showing minimal sensitivity to KV

(marker color). The flow diversion is zero in the permeability-only scenario (column B).
For a given p and ϕV , the flow diversion decreases with increasing KV ; however, the effect

is minor. The difference in ξ between paired combined-effects and roughness-only simulations,
∆ξ, is negative in all cases (see grey-shaded markers in Figure 4, panel 1C). The most extreme
∆ξ is just −2%, with p = 10 cm/hr, KV = 15 cm/hr, and ϕV = 0.3 cm/hr (see SI Figure S4).

The simulation results using Manning’s equation are presented in SI Figures S5-S7. The
details of the simulation results differ between resistance formulations; however, the results
are qualitatively similar.

4 Discussion

Measuring in-situ the shallow surface flows involved in such problems is difficult, and a com-
prehensive understanding of the factors that influence redistribution is still evolving [23]. Veg-
etation influences rainfall runoff through a plethora of processes other than permeability con-
trasts, including interception losses [34, 63], changes in microtopography [6], surface-tension
driven flow processes [21], changes in surface roughness [27, 49], stemflow, rock outcrops,
surface depression storage, antecedent soil moisture and raindrop impacts [known to increase
flow resistance, particularly in bare soil areas without canopy cover protection, 52].

The model results presented here are not intended to quantify which of those aforemen-
tioned processes dominate. Rather, they seek to delineate the plausible conditions under
which run-around occurs, without resorting to alternative explanations such as microtopog-
raphy, surface tension, or interception loss contrasts, among others. The study presents a
defined model experiment to investigate the relations between flow, permeability and rough-
ness for an isolated patch. The advantages of this approach are that the results can be clearly
interpreted in terms of soil-vegetation contrast. Other factors known to influence surface
runoff are omitted to preserve such interpretability.

Binarization of the landscape into vegetation and bare soil imposes artificially sharp
boundaries, which may be inappropriate in some cases. For example, in many dryland en-
vironments, the influence of root macropores extends beyond the plant canopy into unvege-
tated soils, increasing the soil infiltrability and blurring the distinction between surface types
[20]. In neglecting these and other ecohydrologically-important factors, the study findings
are constrained to delineating the roles of spatially-correlated roughness and permeability in
influencing surface runoff.

The findings here suggest that the influence of vegetative resistance alone on h(tR) and
I dynamically differs between rainfall and recession periods, as illustrated by two limiting
cases: (1) a ‘resource capture’ limit, in which all surface runoff generated in the bare soil area
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Figure 4: Rows 1 and 2 illustrate the flow diversion for the same cases as in Figure 1: a
‘resource-shedding’ case with rainfall intensity p = 8 cm/hr and saturated hydraulic conduc-
tivity KV = 2 cm/hr (row 1), and a ‘resource-capturing’ cases with p = 4 cm/hr and KV = 10
cm/hr (row 2). Columns indicate the three simulation scenarios: (A) roughness-only, (B)
permeability-only, and (C) combined-effects scenarios. Row 3 shows the tracer diversion per-
cent ξ for each scenario. Grey markers in panel 3C show ∆ξ, the diversion difference between
roughness-only and combined-effects scenarios, with negative values indicating that increas-
ing the vegetation saturated hydraulic conductivity, KV , reduces diversion. Marker colors
indicate KV , and marker size indicates the vegetation stem density ϕV . Marker shapes differ
between panels because scenarios are distinguished by KV and roughness parameterizations
(see Section 2.2).
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flows into and infiltrates within the vegetation patch, and (2) a ‘resource shedding’ limit, in
which rainfall intensity exceeds the patch infiltration capacity, resulting in water and other
resources lost from the hillslope. In the resource-capture limit, greater vegetative resistance
reduces cumulative infiltration in vegetation patches: roughness slows run-on, reducing the
fraction of vegetation that receives run-on inputs from upslope of the vegetation. In resource-
shedding cases, by contrast, where rainfall intensity exceeds the infiltration capacity of the
soil, greater roughness enhances the cumulative infiltration within vegetation. In these cases,
roughness increases the depth of water ponded in the vegetation, and following the cessation
of rain provides a longer ‘window of opportunity’ for water to infiltrate. Positive ∆IFV

in the resource-shedding limit reflects recession-period dynamics, whereas negative ∆IFV in
the resource-capturing limit reflects transient dynamics during the rainfall. Between these
limits, the effect of vegetative resistance changes in sign from increasing infiltration (resource-
shedding) to reducing it (resource-capturing).

The simulation ensemble did not include variation in all variables likely to influence the
patch infiltration fraction (IFV ), nor all variables likely to modulate how vegetative resistance
influences it (∆IFV ). The directional effect of some variables may be predicted by considering
the storm and recession period dynamics separately. The potential sensitivity of IFV is
discussed below for two such variables: storm duration tR and patch radius r.

Due to the short duration of the simulated rainfall, the flow was not in steady-state for
a significant portion of the simulations. In resource-shedding cases (p > KV ), positive ∆IFV

reflects transient, recession-period dynamics, so ∆IFV is expected to decrease with increasing
rainfall duration. Similarly, in resource-capturing cases, negative ∆IFV reflects transient
dynamics associated with the wetting front’s advancement from the upslope boundary. In
this case, increasing the rainfall duration will increase ∆IFV (less negative). In both cases,
∆IFV approaches zero as the storm duration increases. This is because, during prolonged
rainfall, the patch inundated fraction Fpond is determined by the balance between upslope
runoff supply and patch infiltration capacity. In this case, the effects of vegetative resistance
on infiltration are limited to transient flow periods.

Increasing the patch radius creates a larger area over which the vegetation may influence
the flow. In the low p −KV limit, vegetative resistance would slow the wetting front over a
larger area, which may decrease its impact on IFV (i.e., less negative ∆IFV ). This is because
the additional area contributes more to the denominator of IFV than to the difference in
infiltration between scenarios, particularly if the wetting front does not reach the downslope
edge of the patch. In the high p −KV limit, increasing patch radius may increase the time
required for ponded water to flow out of the vegetation, increasing ∆IFV .

While the study findings were robust to the choice of resistance formulation (compare
Figures 2-4 to SI Figures S5-S7, showing the results generated using Manning’s equation),
these resistance formulations both omit processes known to influence flow resistance, including
litter cover, raindrop impact, and surface tension [21]. Flow resistance also depends on flow
regime, which may be laminar or turbulent or a mixture of the two (transitional) [48, 62].
Moreover, the resistance formulation does not account for surface tension [21]. The choice of
roughness scheme and its parameterization influences the model predictions, but is unlikely
to change the study conclusions, provided the models central features – greater resistance and
soil permeability in vegetation – are retained.

While vegetative resistance diverts some flow around the vegetation, this effect did not
reduce the cumulative infiltration in the vegetation compared to a case where only perme-
ability differs with the surrounding bare soil. However, the implications of the ‘run-around’
behavior may differ between cumulative infiltration and sediment, solutes, and seed transport.
For materials transported by runoff, the total volume flux through the patch may be most
relevant to the trapping potential of the vegetation (i.e., the potential for materials to be
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trapped by vegetation stems and litter and remain in the patch). In such applications, the
run-around effect may contribute to resource-shedding behavior; however, the effect is likely
small (<12% in the simulation domain considered here). Future studies could explore the
impact of flow diversion around patches on deposition of materials within vegetated sites.

The results show that hydrologic and hydraulic processes are weakly coupled in the simu-
lated domain: flow diversion around the patch (a hydraulic effect) does not reduce infiltration
in the patch (a hydrologic outcome). Similarly, increasing soil permeability in the vegetation
(a hydrologic boundary condition) has a minimal effect on the flow diversion. While increasing
patch roughness is associated with greater flow diversion ξ, the influence of patch roughness
on ∆IFV is more nuanced. Depending on the rainfall and surface conditions, roughness can
increase infiltration by prolonging ponding during the recession period, or reduce it by slowing
run-on during rainfall.

Discussions of dryland source-sink dynamics typically focus on the central role of soil
permeability in facilitating the redistribution of resources between bare soil and vegetation
[40, 51], as do landscape indicators such as the Flowlength metric [4, 47]. Similarly, in mod-
eling studies targeting runoff run-on processes or source-sink connectivity, characterization of
runoff run-on processes typically focuses on spatial variation in infiltration rates (a hydro-
logic property), considering vegetation patches as runoff sinks [15, 35, 57]. The study results
suggest that the errors arising from this simplification are likely small (< 10%), such that
omitting spatial contrasts in surface roughness is plausible in a first order analysis.

5 Conclusions

In a series of hillslope runoff simulations using a 2D Saint Venant Equation model – paired
with particle tracing to identify flow paths – the effect of vegetative resistance on runoff and
infiltration patterns varied depending on storm and soil conditions. Vegetative resistance func-
tions to decrease infiltration during the rainfall and increase it during the recession period.
The net influence on the patch infiltration fraction, IFV , depends on competing dynamics
during the rainfall and recession periods, which in turn depends on the rainfall intensity, soil
permeability, and stem density. In most cases, greater surface roughness in the vegetation
patch than in the surrounding area slows runoff and increases its residence time, promoting
infiltration in the patch. The exception is in cases where the infiltration capacity of the veg-
etation exceeds the rainfall intensity (i.e., p < KV ). For the modeled scenarios, the spatial
association between surface roughness and permeability may increase the patch infiltration
fraction by as much as 25% and decrease it by as much as 15%, with the sign depending on
the rainfall excess, p − KV . Greater resistance within vegetated sites also contributes to a
‘run around’ effect, whereby flow is diverted around the vegetation patch; however, the effect
does not reduce the cumulative infiltration in the patch.
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