Journal of Hydrology 546 (2017) 219-229

journal homepage: www.elsevier.com/locate/jhydrol 54\

Contents lists available at ScienceDirect

Journal of Hydrology

Research papers

Water fluxes between inter-patches and vegetated mounds in flat

semiarid landscapes

Maria J. Rossi *, Jorge O. Ares

@ CrossMark

National Patagonic Centre, National Council for Scientific and Technological Research, Argentina (CONICET), Puerto Madryn, Argentina

ARTICLE INFO

ABSTRACT

Article history:

Received 1 September 2016

Received in revised form 9 November 2016
Accepted 10 January 2017

Available online 16 January 2017

This manuscript was handled by Corrado
Corradini, Editor-in-Chief, with the
assistance of Rao S. Govindaraju, Associate
Editor

Keywords:

Infiltration

Runoff

Vegetated mound
Preferential infiltration
Soil micro-topography

It has been assumed that bare soil (BS) inter-patches in semi arid spotted vegetation behave as sources of
water to near vegetated soil (VS) patches. However, little evidence has been gained from direct measure-
ments of overland and infiltration water fluxes between bare soil inter-patches and shrub mounds at a
scale compatible with available high resolution imagery and hydrological modeling techniques. The
objective of this study is to address the thin scale internal redistribution of water between BS inter-
patches and vegetated mounds at relatively flat spotted semiarid landscapes. The relation between plant
cover, topography and runoff was inspected with non-parametric association coefficients based on high
resolution remotely sensed imagery, ground truth topographic elevation and spatial-explicit field data on
potential runoff. Measurements of advective flows at the same spatial scale were carried out at micro-
plots of BS and shrub mounds. Water fluxes between BS inter-patch and a shrub mound were simulated
under varying typical Patagonian rainfall scenarios with an hydrological model. Results obtained revealed
that the soil properties, infiltration and overland flow metrics at the mounds and inter-patches exhibit
spatially and dynamic variable hydraulic properties. High micro-topographic roughness and depression
storage thickened overland flow depth at VS patches. At BS inter-patches prevailing low slopes and
depression storage were found to be important variables attenuating the surface runoff. At both rainfall
scenarios simulated, the soil under the shrub mound accumulated more moisture (from direct rain) and
reached saturation long before this occurred in BS nearby inter-patch area. Overland flow at the inter-
patch was attenuated as it reached the border of the patch, diverging from the latter as it followed the
(small) topographic gradient. The overland flow generated inside the vegetated mound was effectively
retained at the typical Summer rainfall scenario; while several threads of runoff were routed outside
the mound at the typical Winter rainfall scenario. The results here shown fail to detect: (a) enough runoff
momentum that could route runon onto the vegetated mounds and (b) a contrast in infiltration rates
between BS and the vegetated mound enough to lead to a free-surface gradient in ponded water that
could inundate the mound.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Many studies have hypothesized that the process of redistribu-
tion of water via overland flow, also known as runon, is caused by

In many arid and semiarid environments around the world
landscapes display a contrasting mosaic of areas occupied by indi-
vidual shrubs, tussocks or groves of plants (with high biomass
cover) interspersed with bare soil (BS) or low vegetation cover
(Saco et al., 2007). The chemical, structural and textural properties
of vegetated soil (VS) at the patches of plants are usually markedly
different from those at the surrounding BS inter- patches
(Dunkerley and Brown, 1995; Puigdefabregas et al., 1999; Bochet
et al.,, 2006; Mayor et al., 2008; Liu et al., 2013b).
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patchy vegetation in semiarid ecosystems. Redistribution occurs
when overland flow generated in the BS inter-patch areas infil-
trates under vegetation canopy where infiltration capacity is high.
This hypothesis builds on the observation that the dynamics of
both Hortonian (infiltration excess runoff) and Hewlettian (satura-
tion excess overland flow) runoff vary between vegetated patches
and inter-patches (Mufioz-Robles et al., 2011; Liu et al., 2013a) and
that inter-patches commonly have lower infiltration capacity than
vegetated patches (Bromley et al., 1997; Cerda, 1997; Cammeraat
and Imeson, 1999; Bochet et al., 2000; Wu et al., 2016) although
opposite trends have also been reported (Nicolau et al., 1996;
Caldwell et al., 2008).
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Acronyms
ANN Artificial Neural Net
BS Bare Soil

DEM Digital Elevation Map
PCM Plant Cover Map

PGI Panchromatic Grey Intensity

PRM Potential Runoff Map

PTFs Pedotransfer functions

RP Runoff Plume

TDI Tension Disk Infiltrometer

TDR Time-Domain Reflectometer

VS Vegetated Soil

Variables [Units]

A(t) instantaneous runoff plume area [mm?]

C friction coefficient

¢ mean runoff coefficient

ff Darcy-Weisbach friction factor

Q, water stored at the runoff plume as overland flow
[mm?]

d* average water depth of the RP [mm]

DS depression storage [% (Base: Total RP area)]

flt) time variable infiltration rate [mm s~ !]

IN(t) instantaneous total infiltration flow [mm?s!]

Ksar saturated hydraulic conductivity [mm s™!]

L parameter of soil structural tortuosity

m terrain slope of the RP [mm]

Q1) time variable overland flow [mm? s ']

Qy water infiltrated at the upper vadose zone [mm?]

R rain depth [mm h™']

Re Reynolds number

S(tn+1, tn) average height drop along the contour of A(t) at each
time interval (t;.+1, t,) [mm]

s* average s(tp+1, t,) at the end of water flow experiment
[mm]

s° average slope of the plot

SBD soil bulk density [g cm~3]

SG gravel content in soil [% (Base: Weight of dry (105°),
sieved (2 mm mesh) soil)]

SR amount of roots in soil [% (Base: Weight of dry (105°),
sieved (2 mm mesh) soil)]

SS sand content in soil [% (Base: Weight of dry (105°),
sieved (2 mm mesh) soil)]

Vs, wy ~ normalized RP velocity per unit height drop and water
inflow [mm?s~1]

v average overland flow velocity during water flow exper-
iment [mm s7!]

w water inflow rate [mm? s']

Og fraction of volumetric soil moisture

On soil moisture depth [mm]

0, fraction of volumetric soil moisture

o surface roughness of the ground calculated as the stan-
dard deviation of s(t;+1, t;) [mm]

v kinematic viscosity [mm? s™]

Much research on water redistribution has been conducted at
large scales in semiarid regions with banded vegetation and mulga
environments (Cornet et al., 1992; Bromley et al., 1997; Ludwig
et al., 1999; Dunkerley, 2002; Moreno-de las Heras et al., 2012). In
these regions it has been shown using soil moisture depth observa-
tions, manipulation of runoff, and computer simulations; that dur-
ing rainstorms, patches of vegetation serve as surface obstructions
that slow and trap runon, sediments, and nutrients from open
inter-patch areas. Nevertheless, knowledge is rather poor about
the thin scale water fluxes in patchy, non-banded vegetation, which
is often structured in a spotted configuration associated with
mounds (Wilcox et al., 2003; Ludwig et al., 2005; Li et al., 2008).

In spotted semiarid landscapes with absence of mound effects,
water infiltrates faster into vegetated patches than into BS surface,
which leads to a net displacement of surface water to vegetated
patches (Cerda, 1997). However, in spotted semiarid landscapes
patchy vegetation often sits upon micro-topographic mounds
(Bochet et al., 2000; Bedford and Small, 2008) which may partially
obstruct overland flow paths. The potential energy gradients that
drive overland flow at these sites can arise either from the topo-
graphic slope of the soil surface, or, in the absence of slope, from
gradients in the free water surface (Appels et al., 2016).

There is a need for work involving studies aimed to understand
the water transport processes at BS inter-patches and shrub
mounds at spotted semiarid regions, specially involving direct
measurement of water fluxes (Thompson et al., 2011; Harman
et al., 2014). Some studies that take into account the effects of
the shrub mounds (and associated micro-topographic properties)
on water infiltration and overland flows at patchy semiarid regions
are based solely on modeling approaches (Thompson et al., 2011;
Chen et al.,, 2013; Chu et al, 2013; Liu et al., 2013a; Frei and
Fleckenstein, 2014).

Other studies do not take due account of the effect of infiltration
on advective flows by simulating dryland soil surfaces with techni-

cal artifacts (Dunkerley, 2003), or recreating flume experiments at
laboratory conditions with uniform infiltration conditions
(Strohmeier et al., 2014). Some studies at semiarid patchy land-
scapes involve the collection of runoff water samples taken at
the outlet of plots composed by both vegetated and BS or/and a
combination of these (Li et al, 2008; Reid et al, 1999;
Rodriguez-Caballero et al., 2014). This latter technique, although
efficient to prove that more rain is directly infiltrated into the VS
and runoff is generated very quickly on BS; does not address water
flow transport processes between BS inter-patches and shrub
mounds. Even more, through these methods no field evidence is
generated to study the role of surface roughness at the shrub
mounds, which could impede lateral redistribution from surround-
ing BS, or at least confine redistribution strongly to the edges of the
vegetated mounds (Thompson et al., 2011).

Vegetated mounds seem to be formed, developed and main-
tained by different processes: differential erosion (Rostagno and
Del Valle, 1988) and/or the trapping of resources by vegetated
clumps (Deblauwe et al., 2011; Wu et al., 2016). The latter consists
on a “nucleation” process; a process of sequential scour (at BS) and
deposition (at VS) by rainflow, sheetwash or rill erosion; and has
been hypothesized as the main genesis and maintenance mecha-
nism for banded vegetation (Bryan and Brun, 1999; Deblauwe
et al., 2011). However, mound formation and maintenance at spot-
ted Patagonian semiarid landscape has been attributed to splash
and wash erosion processes (Rostagno and Del Valle, 1988).
According to this hypothesis, the combination of rain-splash and
overland flow would have eroded the BS areas, leaving pedestals
or mounds protected by shrubs.

Results of a previous fine spatial scale (1-2 m) study (Rossi and
Ares, 2016) at the Patagonian Monte indicate that overland flow
can occur from the spotted vegetated mounds to the surrounding
BS under certain circumstances. According to those, overland flow
can transport resources (water, litter, nutrients, sediments, seeds)
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from the relatively rich patch areas to the nearby soil. It was raised
that there is a need to study the implications of this phenomenon
in the surface distribution of water during typical storm events
considering not only the vegetated mound water flows, but also
the flows occurring at BS inter-patches and their interaction.

The objective of this study is to address the thin scale internal
redistribution of water between BS inter-patches and vegetated
mounds at relatively flat spotted semiarid landscapes. It is hypoth-
esized that runon water may not be infiltrated in the shrub
mounds at relatively flat spotted semiarid landscapes. Specifically:
(a) the low topographic slopes at the BS inter-patches may not be
enough to create the gradients of potential energy required to
route overland flow onto the vegetated mounds; (b) high plant
cover at the spotted vegetated mounds effectively retain overland
flow generated at the vegetation patch; and (c) the spatial perme-
ability contrasts (contrast in infiltration rate) between BS and the
vegetated mound that could generate differences in the ponded
depth between them and a free water surface may not be sufficient
to inundate the mounds at typical Patagonian storms. These
hypothesis were inspected with a set of field flow experiments,
analysis of high resolution imagery and fine scale hydrological
modeling were conducted.

To our knowledge, the study here presented is novel in combin-
ing field and model studies that simultaneously take into account
coupled infiltration (including preferential infiltration induced by
plant roots) and overland flow, micro-topography; vegetation
cover and geomorphology to study the internal redistribution of
water flows (internal hydrological dynamics) at BS inter-patches
and vegetated mounds at relatively flat spotted semiarid
landscapes.

2. Materials and methods
2.1. Study area

The Patagonian Monte shrubland occupies an area of 42,000
km? and is dominated by a spotted shrubland of Larrea divaricata
and Stipa spp. (Ares et al., 1990; Bertiller et al., 1991). The local
vegetation covers about 40-60% of the soil in a random patchy
structure with three vegetation layers: the upper layer (1-2 m
height) dominated by tall shrubs (Larrea divaricata, Schinus john-
stonii Barkley, Chuquiraga erinacea Don., Atriplex lampa Gill. ex
Mogq., and Lycium chilense Miers ex Bert.), the intermediate layer
(0.5-1.2 m height) also composed by dwarf shrubs (Nassauvia fue-
giana (Speg.) Cabrera, Junellia seriphioides (Gillies and Hook) Mold.,
and Acantholippia seriphioides (A. Grey) Mold.), and the low layer
(0.1-0.5 m height) dominated by perennial grasses (Nassella tenuis
(Phil.) Barkworth, Pappostipa speciosa (Trin. and Rupr.) Romasch,
and Poa ligularis (Nees ex Steud)) (Ares et al., 1990; Carrera et al.,
2008).

The study and experiments here presented were performed at
two representative sites of the Patagonian Monte (Argentina),
which is a temperate region with a Mediterranean-like rainfall
regime (Abraham et al., 2009). The mean annual temperature is
13.4 °C and the long-term (1995-2004) average annual precipita-
tion is 236 mm, although a recent study reports below and well
above mean anual precipitation values (221.8 mm at 2012 and
354.6 mm at 2013) (Campanella et al., 2016). At the cold semiarid
Patagonia, rainfall is irregularly distributed throughout the year.
Long light winter and fall precipitation prevails (Mazzonia and
Vazquez, 2009), with 70% of annual rainfall occurring in these sea-
sons (Sala et al,, 1989). Heavy (and shorter) rainfall events are
more common during the warm season.

Site A (UL corner: S: —42.516477, W: —64.742319; LR corner: S:
—42.516879, W: —64.741796) was selected for a study coupling

high resolution (0.6 m) remotely sensed imagery of vegetation
patches and the effects of mound scale topography on runoff (Sec-
tion 2.2). Site B (UL corner: S: —42.16972, W: —64.9934; LR corner:
S: —42.2144, W: —64.96193), a 4.8 km north-eastern-facing slope
transect, was selected for water flow experiments at a thin (1 m)
spatial scale (Section 2.3).

In both sites, A and B, soils are a complex of Typic Petrocalcids—
Typic Haplocalcids with a fractured calcium carbonate layer from
0.45 to 1 m below the soil surface (del Valle et al., 1998). Upper soil
texture types (USDA) are sandy or loamy sand (Rossi and Ares,
2012a) and volumetric soil moisture at field capacity is c.a. 25%
(Bisigato and Bertiller, 1999; Rostagno et al., 1991).

2.2. Vegetation-topography-runoff interactions

An altimetry survey was conducted at a field-plot
(300 x 239 m) at site A, by means of a high precision geodetic
GPS receiver (LT400HS, CHC, Shangai). The elevation was surveyed
at 3388 ground points spaced at 0.52 + 0.005 m. These data were
processed (kriging interpolation) by geo-statistical modeling tools
(Surfer v. 7, Golden Software Inc., Colorado) to construct a DEM of
1 m spatial resolution. A Potential Runoff Map (PRM) was built
based on the DEM through an 8-cell algorithm (Jenson and
Domingue, 1988) (RUNOFF module, Idrisi v. 14.02 (Clark Labs,
Worcester).

A Plant Cover Map (PCM) of the area was constructed by means
of a QuickBird satellite (Catalog-Date: 10100100033BBB00-
09/07/04) high resolution (0.6 m) panchromatic band (Fig. 1a). In
this type of images, plant patches appear as spots-clumps of vary-
ing Panchromatic Grey Intensity (PGI) depending on the extent and
aggregation of plant cover; high values (white-rich) corresponding
to areas of BS or sparse grass-shrub cover, low values (black-rich)
corresponding to dense shrubby-grass areas (Ares et al., 2003). A
central plot in the image (30 x 30 m) with 0.02° topographic gen-
eral slope was selected for detailed analysis of the relations
vegetation-topography-runoff. The PGl was re-scaled (range: 0-
128) and cross-tabulations (CROSSTAB, Idrisi v.14) of the digitized
DEM x PCM and PRM x PCM were performed. Cramér-von Mises
non parametric association (Stephens, 1970) analyses were per-
formed on the obtained tables.

2.3. Field sampling and experiments

2.3.1. Sampling and measurement of soil properties

Soil properties were sampled at 60 cores (@: 40 mm, 0-18 cm
depth) in inter-patches (35) of BS and patches (25) of VS, located
in the site B; a field representative of the semiarid Patagonian
Monte. BS inter-patches were not strictly of denuded soil, but
rather those where bare soil accounted for >98% of the area. At

Fig. 1. A section of the QuickBird satellite panchromatic band (resolution: 0.6 m)
image of the area and study plot (center) at site A and a fly-through view of its 1 m
spatial resolution altimetry map (left).
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least one well-developed plant patch was present in VS conditions,
which also included part of a neighbor bare soil inter-patch. Both
BS and VS conditions were selected in varying situations corre-
sponding to mound types and sizes, depressions and slope classes.

Soil bulk density (SBD) was measured through the excavation
method (ISO 11272, 1998). Undisturbed soil cores were extracted,
brought to the laboratory in sealed containers and used to estimate
gravimetric moisture (6g) and the corresponding volumetric (6,)
equivalent through correction with soil bulk density.

Roots (RS) and gravel (SG) at VS samples were separated from
the soil by sieving through a 2 mm mesh, washed, dried at 70 °C
for 48 h, and weighed (Bohm, 1979). The texture (SS) of the sieved
soil core samples was characterized with Lamotte’s 1067 texture
kit (LaMotte Co., Chestertown) calibrated with replicate estimates
obtained at two reference laboratories (National Patagonic Centre,
National University of the South, Argentina) with the Robinson’s
protocol (Gee and Bauder, 1986). Parameters corresponding to
residual volumetric moisture (6,), saturated moisture content (6sq),
Ksqe, tortuosity connectivity (L), and shape of the soil moisture-
water head function (logq¢ o, logyo n) (van Genuchten, 1980) corre-
sponding to the obtained soil samples were estimated based on
textural data through Artificial Neural Net (ANN) pedotransfer
functions (PTFs, Rosetta v. 1.2, US Salinity Laboratory, Riverside)
developed by Schaap and Leij (1998).

Significant differences (P < 0.05) between properties of the soil
samples under BS and VS conditions were determined using Stu-
dent’s t-tests.

Infiltration tests to obtain time-varying infiltration curves were
performed using a Tension Disk Infiltrometer (TDI), (@: =45 mm,
Decagon Devices, Pullman, WA). Test infiltration surfaces in the
neighborhood of each plot were prepared by adding a 3 mm layer
of silica sand (0.1-0.5 mm grain diameter) on the soil surface to
improve hydraulic contact between the soil and the infiltrometer
Disk. Ksqr was estimated through Wooding’s (1968) model:

flte) = Keae[(1 + 4/ (0t.70.1))e®*M] (1)

where f(t..) is the steady state infiltration rate at the TDI working
tension h (mm s™!), « is the inverse of the air-entry (kPa~!) value
estimated through ANN PTFs and r is the TDI disk radius (mm).
Steady infiltration rates were calculated by fitting an exponen-
tial curve (TableCurve 2D v.5.01, Systat Software Inc., San Jose, Cal-
ifornia) to the sequence of f(t) data at 30-second intervals, where:

f(t) =a+bx* )

where f(t) is the instantaneous infiltration rate (mm s—') and a=f

(tc):

2.3.2. Water flow experiments

Water flow experiments were carried on 13 BS and 12 VS plots
(0.8 x 0.8 m) regularly spaced along a transect described in Sec-
tion 2.3.1 comprising a variety of depressions and vegetated
mound conditions. A high precision DEM of each plot with x-y-z
resolution <2 mm was constructed through a close-range stereo-
photogrammetry and geo-statistical procedure (Rossi and Ares,
2012b). The procedure included obtaining a cenital color pho-
tograph (Kodak EasyShare Z712 IS 7.1 MP, Rochester) of the plots,
taken at +50 cm above the soil surface.

The method used to create water flows connecting VS-BS areas
did not intend to reproduce natural rainfall conditions but to create
water head gradients at specific points in inter-patches and
mounds as separated but interrelated units. Water was supplied
during varying time intervals (11-19 min) at rates 13.5-
26.5mmmin~! with a single nozzle on a small area
(2.5-12.2 cm?) until the Runoff Plume (RP) reached some border
of the BS plots. In VS plots, water inflow was always centered on

the plant patch and the RP was observed until it reached the border
of the vegetated patch. The selected water inflow rates were aimed
to simulate flow accumulation values at the spatial scales of this
study as estimated with a flow routing algorithm. This involved
the definition of flow directions by D8 algorithm and flow accumu-
lation as the accumulated weight of all cells flowing into each
downslope cell in the output raster (Tarboton, 1997). All overland
flow was infiltrated within the plot areas at the end of the
experiments.

The antecedent and post-inflow volumetric soil (depth: 0-
30 mm) moisture (0,) were estimated by means of a TDR (Time-
Domain Reflectometer, TRIME®-FM, Ettlingen) pin probe (50 mm)
at equidistant (30-35 mm) points of a grid covering the whole
RP area and neighbor dry points. TDR estimates were calibrated
with an independent set of gravimetric soil moisture measure-
ments. The gravimetric moisture was assessed immediately after
the water inflow ceased by extracting 2-5 soil cores (@: 40 mm,
depth: 0-30, 31-60, 60-150 mm) along the main axis of the RP
area.

The RP areas were video-recorded and video scenes were
selected at specific time intervals (1 to 4 min, depending on the
total duration of the experiments), exported to an image process-
ing application (Idrisi v. 14.02, Clark Labs, Worcester), ortho-
rectified, and overlaid to their corresponding DEM. The following
metrics of the RPs were estimated:

e DS: Part of the RP area where depression storage occurs (%)

e s°: average slope of the plot (°)

o S(ty+1, ty): average height drop along the contour of the runoff
plume area (A(t)) at each time interval (t+1, t,) (mm)

e s*: average S(t,+1, t,) at the end of the water flow experiment
(mm)

e 7*: average overland flow velocity during the water flow exper-
iment (mm s71)

e g, surface roughness of the ground calculated as the standard
deviation of s(ty+1, t,) (mm)

t=end

o= (sc—5)/n (3)

t=1

where s; is the height drop along the contour of the runoff plume
area at time t (mm).

A computer code was written to solve a system of ordinary dif-
ferential equations to calculate the water mass-balance of coupled
infiltration and overland flows and dynamic flow metrics (Rossi
and Ares, 2012a, 2016) which are usually estimated in overland
flow studies (Abrahams et al., 1990; Parsons et al., 1994,
Dunkerley, 2001) in order to ease comparisons with reported data
obtained at coarser spatial scales. The set of non-linear ordinary
differential and continuity equations with time variable parame-
ters representing the changes in storages of overland water and
at the upper vadose zone are:

dQo/dt = W(t) — IN(t) — Qo(t) (4)

dQu/dt = IN(t) (5)
t=end

(W=Qo+Quv= Y W(t) (6)
t=1

were Q, is the water stored at the runoff plume as overland flow
(mm?); Q, is the water infiltrated at the upper vadose zone
(mm?), IN(t) is the instantaneous total infiltration flow (mm? s~1)
and Q,(t) is the instantaneous overland flow (mm?3 s 1).
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2.3.3. Overland flow metrics

The depth d (mm) of the overland flowing water volume at time
t (mm) was calculated with Darcy’s general form of frictional law
(Dingman, 2007; Miigler et al., 2011):

d(t) = (W/C)*/s(t,t +1) (7)

where the velocity term is replaced in this case with the water
inflow rate W (mm? s™') and C is a friction coefficient estimated
through inverse modeling of the continuity equations of water flow
(Rossi and Ares, 2012a).

¢ = (Be-1a(Qo(0)/ W)/ 8)

where ¢* is the mean runoff coefficient and Q,(t) is the overland

flow (mm> s 1).

Visw) = v'/(s"W) 3)

where V(s,W) (mm™3) is a normalized RP velocity per unit height
drop and water inflow.

Re=4.v.d" /v (10)

where Re is the dimensionless Reynolds number, d* is the time
average of d(t) and v is the kinematic viscosity of the fluid,
(0.9 mm? s ).

The Darcy-Weisbach friction factor (ff) (Nakayama and Boucher,
1998) was estimated as:

ff = 64/Re (11)

2.3.4. Spatial-explicit simulation of flow experiments

The interaction of differential infiltration rates, soil micro-
topography, soil hydraulic conductivity and overland water flows
(speed, friction) under varying rainfall situations were simulated
with a version of the CREST model calibrated “in situ”. A subset
of results of the field flow experiments were used to calibrate at
a fine spatial scale (<1 m) the CREST (Coupled Routing and Excess
Storage) hydrological model (Wang et al., 2011) (See Supplemen-
tary Data 1). The model simulates the spatio-temporal variation
of atmospheric, land surface and subsurface water fluxes and stor-
ages by field cell-to-cell simulation.

The input parameters to CREST model (infiltration, soil microto-
pography, soil hydraulic conductivity, depression storage and over-
land flow metrics) were estimated through sampling of the soil
properties at the field and the overland flow experiments (Sec-
tion 2.3). Stemflow water flux within the plant patch was esti-
mated as in Rossi and Ares (2016). The CREST model outputs
(overland flow paths-depths, soil moisture depths) were digitized
with the Idrisi (v. 14.02, Clark Labs, Worcester) application to ease
visualization.

3. Results
3.1. Vegetation-topography-runoff interactions

Fig. 1 shows a section of the QuickBird satellite panchromatic
band (resolution: 0.6 m) image of the area and study plot at site
A and a fly-through view of its 1 m spatial resolution altimetry
map. The results of the cross-tabulation DEM x PCM (Fig. 2a) show
moderate evidence (0.1 < Cramer’s V < 0.3) that very dense shrubs
(PGI: 0-20) are not very frequent at the study site (less than 0.005),
but the two peaks of frequency are concentrated at the mound alti-
tudes: 27 and 39 cm above the general slope level. Dense (PGI: 21-
40) and shrubby-grass areas (PGI: 41-60) are the most frequent
cover of the site, and are concentrated at peaks from 23 to
30cm, and 23 to 40cm above the general slope level
(respectively).
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Fig. 2. High resolution imagery scale relations between (a) the vegetation cover
frequency and terrain elevation and (b) vegetation cover frequency and potential
runoff.

Regarding the cross-tabulation PRM x PCM (Fig. 2b), low values
of potential runoff were observed in areas with both extremely
sparse plant cover (PGI: >80) or extremely high (very dense
shrubs) cover (PGI: 0-20).

3.2. Field sampling and experiments

The quantity of roots in soil, bulk density, K., the average local
slope (s* and s°) and roughness of the soil surface (o) measured at
site B were significantly different in BS and VS plots (Table 1). The
occurrence of mounds associated to plant patches resulted in
higher s* and o, values in VS as compared to BS patches. The bulk
density measured at BS plots was higher than in the adjacent VS
condition. Ky, values estimated at VS plots were significantly
higher than those in BS plots.

Ksq: estimates obtained through the TDI and the Wooding’s
(1968) model are greater (nearly twice as much) at the VS plots
than those estimated based on textural data through ANN pedo-
transfer functions (Fig. 3).

DS mean values (and consequent water ponding) (Rossi and
Ares, 2012a) at VS plots were found to be higher than those esti-
mated at BS inter-patches. DS is correlated with s* (Fig. 4a). Also,
¢* is negatively correlated to DS at BS inter-patches, and indifferent
to variations in DS at VS plots (Fig. 4b).

Table 2 resumes the overland flow metrics estimated through
the water flow experiments.

Fig. 5 shows a schematic lateral view of a patch area where dif-
ferences in both overland and infiltration flow characteristics are
shown as corresponding to the results of this study. Significant dif-
ferences of micro-topography, water infiltration, saturated water
conductivity, overland flow velocity, overland flow depth and
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Table 1
Student’s t-test of mean differences of soil properties at BS and VS conditions.
Xps Xvs t Value P n
SR (0-3 cm) 0.0278(20.0047) 0.0501(£0.0079) —2.589 0.012 60
SR (3-9 cm) 0.0402(£0.0042) 0.1028(20.0137) —4.945 0.000 60
SR (9-18 cm) 0.0464(0.0039) 0.1029(0.0194) -3.789 0.001 60
Average SR (0-18 cm) 0.0381(20.0023) 0.0966(20.0125) —5.738 0.000 60
SBD 1.511(0.0791) 1.202(20.0675) 2.980 0.003 25
Ksat (TDI) 0.0063(0.0008) 0.0177(0.0034) -3.418 0.011 25
s 1.519(+0.357) 4.643(20.830) -3.558 0.001 25
5° 0.048(+0.009) 0.076(+0.007) ~2.386 0.013 25
a5 0.755(£0.307) 6.589(+2.293) -2.625 0.008 25
0.060 o ¥ =2.745(x0.468) x 4. Discussion
~ R2=0.30
2 o = - . . .
é P=95E-13 4.1. Vegetation-topography-overland flow interactions
2 0.040 -
£ ® y=1.157(x0.153) x o o )
o R2=0.46 The association of low values of runoff with sites with extre-
= P=1.5E-18 mely sparse plant cover or BS inter-patches (Fig. 2b) is in apparent
S 0.020 N . :
s contradiction with the well known observations (at landscapes
3~ with banded shrubs) that topographic slope can allow runoff from
5 0.000 © \};2 BS inter-patches to be collected as runon in vegetated patches
L]

0.000 0.005 0.010 0.015
Ko PTFs (mm s")

Fig. 3. Regression analysis between K, estimated by Pedotransference Functions
(PTFs) and those estimated with the Tension Disk Infiltrometer (TDI) and Wooding’s
model. BS (black dots); VS (white dots).

depression storage were observed in vegetated patches as com-
pared to BS inter-patches.

3.3. Spatial-explicit simulation of flow experiments

Fig. 6 shows examples of computer simulations with CREST
solved at a high spatial resolution (x-y: 50 mm: z: 1 mm) with
model parameters corresponding to the field area of micro-plot
#19 (W: —64.98465; S: —42.2064333) in this study. This is a nearly
“flat” plot with general slope —0.06° (NW to SE) and —0.2° from the
center of the plant patch area in SW direction. CREST results of run-
off flows are depicted overlaid on a rectified video scene of the plot
at the end of a flow experiment and a map of contour lines. In order
to enhance the visibility of local runoff flow paths, rainfall has been
simulated to occur at restricted areas (red spots) inside and around
the central vegetation patch, up- and downslope respect to it.

y=0.189x> — 0.048x +
6.927
R =032 @)

0.00 5.00

10.00 15.00

s* (mm)

(Reid et al., 1999; Traff et al., 2014). At spotted vegetation land-
scapes runoff generated at inter-patches could be routed onto
the vegetated mounds provided it had sufficient momentum (pro-
portional to the water depth and velocity). If not, the presence of
mounds can cause water to run around them and not necessarily
trap water and sediment in the shrub patches (Wilcox, 2003).
The results shown at Fig. 2b fail to detect a mechanism that could
route overland flow onto the vegetated mounds, as the potential
energy gradients resulting from the topographic slope of the soil
surface were not sufficient to account for such a path. Therefore
the hypothesis (a) raised at the Introduction of this document (Sec-
tion 1): “the low topographic slopes at the BS inter-patches may
not give raise to the potential energy gradients sufficient to route
overland flow onto the vegetated mounds” is not rejected.

The above mentioned results are in accordance with the vege-
tated mound residual genesis and maintenance hypothesis pro-
posed for the Patagonian semiarid landscape at 1988 by
Rostagno and Del Valle. According to this hypothesis, in the even-
tual scenario that runon flow would reach the patch border, runon
water would not be trapped by the mound, but would erode it.
Through evidences based on gravel pavement sampled at different
positions within and around mounds near the study area, Rostagno
and del Valle (1988) claim that the sides (or borders) of the
mounds have been under the influence of a fluvial erosion rate.
The authors claim that this fluvial erosion rate at the mound border

y=0.57 0.10(Inx)?
R>=0.40 (b)

20 40 o VS
DS (%)

Fig. 4. Inter-plot relations between: (a) DS-s” and b) ¢'-DS at BS (black dots) and VS (white dots).
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Table 2
Means, confidence intervals and Student’s t-test of mean differences of parameters
and variables corresponding to BS (n =13) and VS conditions (n = 12).

XBs Xys t Value P
¢ 0.33(+0.08) 0.35(+0.081) 1.71 0.4316
d 1.38(+0.51) 3.00(£0.77) -1.78 0.0439°
DS 4.82(+0.93) 15.18(+3.09) -3.31 0.0015°
ff 113.61(%39.30) 7.08(£2.33) 2.60 0.0081
Re 15.55(+8.08) 34.92(+10.42) —1.48 0.0760 ©
Visw) 0.022(+0.007) 0.009(+0.003) 1.69 0.0514 "
v 1.759(%0.572) 3.729(%0.672) —2.24 0.0173°

2 Mean differences significant (P < 0.05, t test).
b %gs outside the range of Xys (P < 0.05).

is greater than the erosion rate at the mound top (or center), but
less than the erosion rates at the inter-mound. The mounds there-
fore are residual forms representing the original level of the
ground. Here, mounds genesis and development is related to dis-
crete shrub clumps that (a) shelter the underlying soil by dissipat-
ing the energy of the rain drops and preventing direct impact on
the soil surface (Rostagno and del Valle, 1988), and (b) cause water
to run around them and not necessarily deposit sediment in the
under-shrub (Wilcox, 2003).

According to the results shown in Fig. 2a the most frequent
plant patches (more or less dense shrubby-grass patches) occupy
a range of mound altitude 20-40 cm above the general slope level,
being the more dense plant forms (dense shrubby-grass patches)
restricted to mounds from 23 to 30 cm above the general slope
level. Considering the residual hypothesis of mound formation
and maintenance of the study region, an average of 20-40 cm of
topsoil has been eroded from the inter-mound area, after present
vegetation cover was reached. These results agree with those of
Rostagno and del Valle (1988) who measured 50 mound heights
at a nearby site (30 x 30 m) with a slope less than 1%. The average
height of the mounds at their survey was 41 cm. The highest and
lowest individual mounds were 56 cm and 20 cm, respectively.

The hypothesis (b) proposed (Section 1) is not rejected with the
results shown in Fig. 2b, as low values of potential runoff were
observed in areas with high plant cover (PGI: 0-20). The low values

of overland flow generated at the vegetation patch would propiti-
ate it's retention (due to preferential infiltration and micro-
topography) at the vegetation patch. The analysis of Fig. 2b only
considers the topographic effects on overland flow, excluding the
influence of high saturated hydraulic conductivity and micro-
topography on the overland flow generated at the vegetated
mound. This latter discussion will be expanded in Section 4.2 of
this document.

4.2. Field sampling and experiments

4.2.1. Soil properties

The greater roughness of the soil surface in VS, as indicated by
higher s* and a; values, may result from the ground surface topog-
raphy itself, or from vegetation structures (Martin et al., 2008). In a
previous study on the overland flow generated from the plant
patch areas of spotted vegetation (Rossi and Ares, 2016), the soil
surface with greater proportion of roots was associated with posi-
tive correlations obtained between the average local slope (s*) and
roughness of the soil surface (os).

As in Bochet et al. (1998), this higher abundance of roots (and
organic matter) in the soil of vegetated patches as compared to
BS inter-patches, is related to high bulk density values at the latter.
In addition, high values of water conductivity observed in vegeta-
tion patches may result from macropore flow via root channels
(Beven and Germann, 1982; Dong et al., 2003).

The high values of soil surface roughness and enhanced water
conductivity observed in vegetation patches would propitiate the
retention of the low overland flow generated (according to results
of Fig. 2b) at the vegetated mound. The hypothesis (b) proposed
(Section 1) is not rejected with these evidences.

Most Ksq: (TDI) estimates in VS plots were higher than those
obtained though the PTF estimates, a probable consequence of
the omission of soil matrix information related to roots
(Pritchett, 1991; Poesen and Lavee, 1994) in those latter.

4.2.2. Water flow experiments
Direct measurements of water fluxes (and the parameters that
characterize them) at BS inter-patches and vegetated mounds

>Ksat ~ SR .
~¢x >DS >f  >SBD
> d* >y - V(S' VV)
>05  >Re
Vegetated Soil (VS)II Bare soil (BS) .
I LA 1
e :}.. '.}..

. Infiltration

Fig. 5. Schematic summary of the hydrological effects of VS patches as inferred in this study. The changes of soil physical properties in patches and around them result in thin
scale modifications of water infiltration, saturated water conductivity, overland flow velocity, overland flow depth, depression storage and the hydraulic characteristics of the

overland flow.
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Fig. 6. Simulation results (CREST model) of (a and b) runoff flows (direction, flow depth) and (¢ and d) soil moisture depth resulting from local (red dots) rain inflows within
and around plant patch areas at shallow-long storm as frequent during the Patagonian Winter (a and c) and deep-and-short rainfall event, as is usual during the Patagonian
Summer (b and d). Runoff results are overlaid on a video scene of the plot and a map of contour lines (mm). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

was feasible through the experimental setup here applied. The
method accurately reproduced runoff and infiltration conditions
at previous works (Rossi and Ares, 2012a, 2016) where the hydro-
logical estimates have been analyzed and compared with other
similar semi-arid hydrological plot model estimates.

The spatial distribution of water at the end of the flow experi-
ments can be interpreted as resulting from the combined effects
of enhanced K, at VS and micro-topographic characteristics
(slope, roughness) of BS and VS plots as described in Table 1. At
comparable water inflow rates at VS and BS the RP velocities (7*)
were higher at VS plots. Nevertheless, the enhanced infiltration
in VS plots extracts water that would otherwise flow overland. This
results in lower overland flow velocities corrected by slope and
inflow rate (V(s,W)).

Higher mean values of d* at VS plots are consistent with their
higher surface roughness (see o, Table 1) resulting from the pres-

ence of plant stems and their disturbing effect on the soil surface
(Dunne et al., 1991; Jin et al., 2000).

Re numbers in the field flow experiments were in a low range
(<50) where predominant laminar flow can be assumed, although
the geometry of the flow paths is undefined due to micro-
topography and vegetation obstructions. Re were higher at VS than
at BS as a probable consequence of deeper flow streams (see d*
above) and consequently diminished flow resistance (Dunkerley,
2001).

Friction factor (ff) was estimated (Eq. (11)) assuming laminar
flow because the flow of the field flow experiments presented
low Re values (Eq. (10), Table 2). Mean ff values were significantly
higher at BS than at VS plots as a probable consequence of deeper
flow streams in these latter. In classical flow experiments at large
field plots Abrahams et al. (1990) observed a general tendency of
friction to decrease with increasing overland flow depth.
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DS mean values (and consequent water ponding) (Rossi and
Ares, 2012a) and o, at VS plots were found to be higher than those
estimated at BS inter-patches. High DS and ¢, mean values
obtained in the VS plots would contribute to retain the overland
flow generated inside the plant patch (originated by stemflow
and throughfall, Rossi and Ares, 2016) as these patch attributes
contribute to several aspects of resistance to overland flow
(Martin et al., 2008). Rossi and Ares (2012a) raised the point that
saturated infiltration should be assumed to occur at DS areas,
which would further reduce the quantity of water available to
overland flow. The hypothesis (b) proposed (Section 1) is not
rejected with these evidences.

The positive correlation found between DS and s* at the vege-
tated mounds (Fig. 4a) is consistent with findings of studies of
Huang and Bradford (1990) who observed that water storage in
depressions increases as the topography variability increases.
When considering this positive correlation it could be assumed
that steep vegetated mounds would be more likely to retain the
overland flow generated inside the plant patch than mounds with
a small slope. However, the increase of DS with mound slope does
not imply that runoff becomes greater with smaller slopes as the
mean runoff coefficient (¢*) is indifferent to variations in DS
(Fig. 4b). This is probably due to the combined effect of fast prefer-
ential infiltration flow caused by macropores and root channels
and reduced overland flow through high roughness.

As runon water generated at BS inter-patches reaches a border
of a vegetated mound, redistribution of this water would be
obstructed by the high values of DS (and water ponding) and .
This runon water retained at the patch border would feed the infil-
tration flow. If the runon had enough depth (due to ponding or
deep overland flow) to inundate the mound (or a portion of it) this
would imply a free surface of water that would feed the infiltration
flow. Nevertheless, unless the ponding depth became enough to
inundate the entire mound, infiltration flow due to runon would
be limited only on that portion of the vegetated mound. This would
not support the use of invariant infiltration flows throughout
mound areas when simulating thin-scale hydrological processes
in spotted vegetation areas.

¢* at BS inter-patches is negatively correlated to DS (Fig. 4b);
such as is usually assumed in modeling studies (Takken et al.,
2001; Darboux et al.,, 2002a,b; Abedini et al., 2006). Similarly,
Mufioz-Robles et al. (2011) found that in the inter-patches at semi-
arid south-eastern Australia, the average runoff rate was nega-
tively correlated with surface roughness.

4.3. Water fluxes between BS and the plant patch at typical Patagonian
storms

As graphically resumed in Fig. 5, vegetated mounds modify sev-
eral edaphic and hydrological characteristics at thin (<1 m) spatial
scales. Significant differences of micro-topography, water infiltra-
tion, saturated hydraulic conductivity, overland flow velocity,
overland flow depth and depression storage were observed in veg-
etated mounds as compared to BS inter-patches. High micro-
topographic roughness and DS, thickened overland flow depth
and decreased flow friction occurred at the vegetated mound. At
BS plots prevailing low slopes and DS were found to be important
variables attenuating the surface runoff. Thompson'’s et al. (2011)
numerical experiments on flat sites in patchy arid ecosystems sug-
gest that the infiltration contrast between VS patches and BS inter-
patches can induce significant lateral transport of water during
storm events. Moreover, they argue that the nature of the infiltra-
tion contrast is the most significant control on the lateral transport
of water, with the surface roughness acting as a secondary effect.
These modeling results are consistent with the field observations
made in this study regarding the significant differences of surface

roughness between vegetated mounds and BS inter-patches;
which would likely impede lateral redistribution, or at least con-
fine redistribution strongly to the edges of vegetated mounds.

Both, Winter and Summer rainfall scenarios simulated (Fig. 6)
considered the influence of varying hydraulic conductivity with
micro-topography. Fig. 6a and c shows the distribution of predom-
inantly Hewlettian flows during a shallow-long storm as frequent
during the Patagonian Winter. Storms during this season usually
occur on soils with relative high moisture at the top of the soil pro-
file. It is observed (Fig. 6a) that overland flow from the plant patch
diverge from it and extend over the surrounding BS area, while
runoff from outside the plant patch tend to diverge from it and fol-
low the (small) topographic gradient. Overland flow depths
resulted greater at the BS inter-patch near the edge of the mound
than under the plant patch (where more roots were sampled), indi-
cating the occurrence of a thin layer (up to 12 mm) of water pond-
ing. This overland flow depth was not enough to reach and
inundate the area under the plant patch or the area under most
plant patches of the study region that occupy a range of mound
altitude 20-40 cm above the general slope level.

An inspection of the model output corresponding to the spatial
distribution of the accumulated moisture below the soil surface
(Fig. 6¢) indicates that the soil under the plant patches accumu-
lated more moisture and reaches saturation long before this occurs
in BS surrounding areas. In this scenario the vegetation patch
obstructed the runoff from the BS surroundings, but this water
flow was not reinfiltrated as runon under the plant canopy; instead
it was infiltrated at the BS inter-patch, near the edge of the mound.
Nevertheless, the BS inter-patch accumulated less soil moisture as
compared with the vegetated area because the infiltration rate at
this region was lower compared to the plant canopy.

The situation is similar when considering predominantly Horto-
nian runoff flows following a deep-and-short rainfall event on
nearly dry soil (Fig. 6b and d), as is usual during the Patagonian
Summer. As in typical winter condition, the soil under the plant
patches also accumulates more moisture and reaches saturation
long before this occurs in BS inter-patch surrounding areas.

Regarding the hypothesis (b), the overland flow generated
inside the vegetation patch was effectively retained at the Summer
rainfall scenario; while at the Winter rainfall scenario two threads
of 6.7 cm of runoff were routed outside the plant patch. Therefore
this hypothesis is not rejected concerning the Summer rainfall,
though rejected in the case of the Winter rainfall event.

Overland flow depths at the BS inter-patches are deeper at the
Winter scenario compared to the Summer scenario. Therefore dur-
ing an extremely long winter storm or with high antecedent soil
moisture conditions it is more likely that ponding may occur at
the inter-patch and reach the plant patch border with high infiltra-
tion rates. In this scenario infiltration rate would increase as the
mound becomes submerged under the greater runoff or ponding
depth (Fox et al., 1998). However the modeling results here shown
at typical rainfall scenarios fail to detect a contrast in infiltration
rate enough to lead to a free-surface gradient in ponded water that
could route overland flow onto the vegetation-related mound and
inundate it. Therefore through these results the hypothesis (c)
(Section 1) is not rejected.

5. Conclusions

The results here obtained at a high resolution imagery scale,
field observations and thin scale modeling do not support the
hypothesis of generalized fluvial transport from BS inter-patches
to vegetated mounds in relatively flat spotted semiarid landscapes.
Local slopes at BS inter-patches were not sufficient to route flow
onto the vegetated mounds either at the Winter or Summer rainfall
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scenarios. Also, depression storage was found to be an important
variable attenuating the surface runoff at the water flow experi-
ments. It is more likely that ponding may occur at the inter-
patch that could reach the plant patch border with high infiltration
rates during an extremely long winter storm or with high antece-
dent soil moisture conditions. Overland flow and infiltration were
found to be spatially variable and associated with plant cover,
vegetation-related mounds, depressions and micro-topography.
DS mean values (and consequent water ponding) at vegetated
mounds were found to be higher than those estimated at BS
inter-patches. At BS inter-patches, prevailing low slopes and DS
were found to be important variables attenuating the surface run-
off. These results are in accordance with the vegetated mound gen-
esis hypothesis proposed for the Patagonian semiarid landscape
and have implications on resource redistribution and management.
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