Hydrol. Earth Syst. Sci., 18, 1105318 2014 Hyd rology and
www.hydrol-earth-syst-sci.net/18/1105/2014/ g
doi:10.5194/hess-18-1105-2014 Earth System »
© Author(s) 2014. CC Attribution 3.0 License. Sciences &

Measuring and modeling water-related soil-vegetation feedbacks
in a fallow plot

N. Ursino!, G. Cassianf, R. Deian&, G. Vignoli4, and J. Boag&

IDepartment ICEA, University of Padova, Padova, Italy

2Department of Geosciences, University of Padova, Padova, Italy

3Department dBC, University of Padova, Padova, Italy

4Geological Survey of Denmark and Greenland, Groundwater and Quaternary Geology Mapping Department, Lyseng Alle 1,
8270 Hojbjerg, Denmark

Correspondence td\l. Ursino (nadia.ursino@unipd.it)

Received: 19 July 2013 — Published in Hydrol. Earth Syst. Sci. Discuss.: 27 August 2013
Revised: 5 February 2014 — Accepted: 7 February 2014 — Published: 21 March 2014

Abstract. Land fallowing is one possible response to short-1 Introduction

age of water for irrigation. Leaving the soil unseeded implies

a change of the soil functioning that has an impact on the waThe interaction between soil, water and vegetation begins be-
ter cycle. The development of a soil crust in the open space¥wground where the roots grow if enough soil moisture and
between the patterns of grass weed affects the soil propertié’gutrients are available, creating preferential infiltration flow
and the field-scale water balance. The objectives of this studaths and providing access to water and nutrients to the plant
are to test the potential of integrated non-invasive geophysthat will grow aboveground. Vegetation type diversity, espe-
ical methods and ground_image ana|ysis and to quantify thé}la”y in arid zones, may be ascribed to differences in the way
effect of the soil-vegetation interaction on the water balanceof exploiting subterranean resources and differences in root
of fallow land at the local- and plot scale. system morphologyGody, 1986 Casper and Jackspt997,

We measured repeated|y in space and time local soil SatSChenk and JacksoOOZ. Then the interaction continues
uration and vegetation cover over two small plots located inabove the soil surface where the shoots and the leaves shadow
southern Sardinia, Italy, during a controlled irrigation exper- the soil and limit the evaporation while transpiration begins.
iment. One plot was left unseeded and the other was cultiVegetation reduces the soil moisture content, particularly in
vated. The comparative analysis of ERT maps of soil mois-the hot season, but it also enhances the soil hydraulic conduc-
ture evidenced a considerably different hydrologic responsdivity with its root apparatusGish and Jury2004 Zimmer-
to irrigation of the two plots. Local measurements of soil sat-mann et al.2006), thus helping to replenish the subsoil water
uration and vegetation cover were repeated in space to evistorage and creating a positive feedback sysferanz et al.
dence a positive feedback between weed growth and infiltra2011). When a spontaneously growing species establishes it-
tion at the fallow plot. A simple bucket model captured the self on bare land, water-related soil-vegetation feedbacks are
different soil moisture dynamics at the two p|0t5 during the often invoked to motivate field-scale soil moisture and vege-
infiltration experiment and was used to estimate the impactation patterns, describe patterns related to eco-hydrological

of the soil vegetation feedback on the yearly water balance aprocesses and evaluate the associated water budget. Water-
the fallow site. related feedbacks between the vegetation growth and the wa-

ter fluxes may have a major impact on the soil moisture bal-
ance Kefi et al, 2007, depending on climateBaudena et
al.,, 2009 Rietkerk et al. 2011, plant physiology and their
survival strategy under water stres@ufc and Small2004
2007 Ursing, 2007, 2009.
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Agricultural systems provide an opportunity to study the In our study, the response of the soil-vegetation system
relevant plant—water relations and soil-vegetation feedbackduring an irrigation experiment was captured by plot scale
in a more controlled environment than other natural systemsnaps of the soil moisture variability obtained by ERT. The
(Jackson et al2009. The interplay between soil and vege- interest regarding the transient behavior of the flow field fol-
tation locally alters the hydrologic cycle, and this is a main lowing irrigation derives from the comparison of the hydro-
concern in areas where the water scarcity may become #bgical response to irrigation of two adjacent plots of an
limiting factor to agricultural production. In those countries agricultural site located in southern Sardinia, where infil-
where water is scarce, increasing root depth and local infiltration, runoff and water storage appeared significantly dif-
tration, and reducing evaporation of water from soil are keyferent. Sardinia has a climate characterized by water deficit
tasks Marris, 2008. The interaction between soil and vege- at most altitudes during summertiméRPAS, 2011, 2012).
tation in rainfed agriculture is crucial to determining the par- One of the experimental plots was left unseeded for a year
titioning of rainfall into runoff and infiltration, the connec- and was found barely covered by grass weed at the time of
tivity of soil moisture patterns, the recharge of water bod- the experiment. The other one was cultivated.
ies and ultimately solute transport that are hot topics in un- Cassiani et al2012 ascribed the different behavior of the
derstanding the ecohydrological effects of human actions oniwo plots to the different interaction between soil and veg-
landscapeJackson et al2009. Repeated measurements of etation, envisioning the possibility that feedbacks between
local soil moisture content in space and time can illuminatewater flow and vegetation growth could come into play. The
soil moisture paths, and clarify the nature of relevant spatialfallow plot had a crusty appearance, and was dry at the sur-
processes in catchment hydrologgréyson and Bloecshl face, evidently as the result of evaporation from the top layer.
2000. The soil in the vegetated plot appeared much wetter at the

Image analysis is a superior choice for detecting relativesurface, likely due to the shade provided by the vegetation
change of ground cover, since it facilitates extensive dateagainst direct sunlight. Unlike those of the cultivated plot,
collection, and reduces human bias by limiting human judg-the deeper soil layers of the bare plot seemed to be wet be-
ments Gadler et al.2010. Image analysis has been suc- fore irrigation. New experimental data and a reinterpretation
cessfully applied to ground images, with substantially differ- of previously published data are presented here. The data pre-
ent objectives, including the classification of soil structuressented in the following sections have been partly presented
(Gimmi and Ursing2004), soil texture Graham et a).2005 in Cassiani et al(2012. However the analysis of these data
2010 and soil coverl(aliberte et al.2007). The whole spec- is conducted with different methods (e.g., using time-lapse
trum of light may be used to analyze the vegetation responsemversion of ERT data) and it is focused primarily on the be-
to external stimuli Chaerle and Van Der Straet&t901). Vi- havior of the fallow plot. The re-analysis of ERT data, using
sualization technigues to monitor plant health include flu-ratio inversion, highlights the problem in a manner not pre-
orescenceRushman and Lichtenthalet998 Oxborough viously appreciated using standard ERT inversion and sug-
20049, thermal Alchanatis et a].201Q Meron et al, 2010, gests that runoff was overestimated®gssiani et al(2012
magnetic resonance and reflectanBer(uelas and Filella since, by neglecting water salinity and temperature, the soll
1998, but among all these techniques, reflectance imagingsaturation was underestimated by the ERT measurement in
is the most easily and cost-effectively achievable one, and #he fallow plot. In the following sections, we try to use for
customer grade color digital camera offers a low-cost alter-the first time a combination of VIA (Visual Image Analy-
native to spectroscopy. sis) and local TDR measurements to highlight the local in-

Non-invasive techniques, and particularly ground- filtration to be attributed to a soil vegetation feedback and
penetrating radar (GPR) and electrical resistivity tomogra-to evaluate the impact of this feedback on the yearly wa-
phy (ERT) provide data at the scale and resolution necessarer balance. Crucial water-related soil-vegetation feedbacks
to understand the hydrological processes of the topsoil. Thare often conjectured and rarely quantified by dedicated ex-
use of these techniques has been increasingly focused gmeriments. The hydrological response of the fallow plot is
their ability to measure, albeit indirectly, changes in moisturediscussed with major focus on the soil vegetation interac-
content (e.g.Binley et al, 2002 Strobbia and Cassigni tion and the water budget. Coupling hydrological and bio-
2007 Deiana et al.2008 Vanderborght et al.2013 - for logical databases is a promising way to test ecohydrological
reviews seeHuisman et al. 2003 Cassiani et al.2006h modeling conceptd3arre et al.2012). Thus, first we model
and solute concentration (e.dBinley et al, 1996 Kemna  the infiltration experiment and compare the model outcome
et al, 2002 Cassiani et al.2006a Perri et al, 2012 — for with the TDR measurements, and then we extend the simu-
a review seeKemna et al. 2006. Geophysical inspection lation time in order to infer the impact of the positive feed-
was coupled here to local measurements of soil saturation tback on the annual water balance. The new bucket model
be obtained by Time Domain Reflectometry (TDRppp presented here differs substantially from the one described
et al, 198Q Roth et al, 1990, in order to quantify relevant by Cassiani et al(2012, with respect to the characteristic
hydrological processes related to vegetation patterns. timescale.Cassiani et al(2012 analyzed the impact of a

positive feedback between vegetation growth and infiltration
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on a timescale of several decades. Thus the biomass balantiee field capacity during winter to 0-10% in summertime
came into play and the authors demonstrated that if the feedtARPAS, 2011, 2012.
back exists, there may be a characteristic root length that The controlled irrigation experiment was under-
maximizes the biomass production in a water scarcity scetaken in May 2010. During the period October 2009—
nario, and the estimated optimum root length was approxi-September 2010, the cumulate rainfall at the site was
matively equal to the observed one. 300 mm, and the temperature ranged from 10 t&@G0
By simulating the yearly water balance, we suggest that
the patchy vegetation that grows on the bare soil may rely2.2 Plot-scale soil moisture measurements
on the water stored before the growing season, thanks to the
preferential infiltration that occurs where the vegetation grewUsing three ERT lines, the detailed soil moisture response
before, creating a discontinuity in the upper crusty soil layer.of the system from the controlled irrigation was captured.
This old water, together with the new one infiltrating during Both bare and cultivated plots were irrigated with the same
the growing season when it rains, may correspond to the efamount of water. Each ERT line is composed of 24 electrodes
fective evapo-transpiration volume, provided that transpira-spaced 20 cm apart, for a total length of 4.6 m each, and an
tion is restricted to the deeper soil layers below the crusty oneexpected depth of investigation not exceeding 1 m. Two lines
due to typical weed root distributiorCéssiani et al.2012). were left in place throughout the experiment until 4 days af-
The fact that water is stored in the soil for months could ter irrigation ended in the bare plot; one was left in place
support and validate our intuition of the relevant impact of in the cultivated plot. Time-lapse measurements were taken
salinity on the ERT measurements and advance our compreperiodically, using a dipole-dipole skip 0 scheme and full ac-
hension of the functioning and maintenance of the ecosystemuisition of reciprocals to estimate the data error level (see
under study. e.g.,Binley et al, 1995 Cassiani et a]2006a Monego et al.
2010. Consistently, the data inversion used an Occam inver-
sion approach as implemented in the ProfileR/R2/R3 soft-
ware packageRinley, 2011 accounting for the error level

2 Methods estimated from the data themselves. At each time step, be-
tween 90 and 95 % of the dipoles survived the 5% recip-
2.1 Experimental setup rocal error threshold. In order to build a a time-consistent

data set, only the dipoles surviving this error analysis for all
A 4-day monitoring following an irrigation test was per- time steps were subsequently used, reducing the number to
formed at an agricultural experimental farm located in Sar-slightly over 200 dipoles (i.e., between 80 and 90 % of the to-
dinia, ltaly, as part of the EU-FP7 CLIMB projedtdwig tal) at all three ERT lines. The absolute inversions were run
et al, 2010, focused on the analysis of climate change im- using the same 5% error level. Time-lapse inversions were
pact on the hydrology of Mediterranean basins. The irriga-run at a lower error level equal to 2 % (consistently with the
tion lasted for 1 night (approximately 8h), with a total of literature — e.g.Cassiani et aJ]20063.
42 mm of applied artificial rainfall on both plots.

The experiment took place at the San Michele farm near2.3 Local soil moisture measurements
Ussana, in the Rio Mannu Catchment (southern Sardinia).
The basin ranges in elevation from 62 to 842 ma.s.l. (metersshort time monitoring of soil moisture was aimed at finding
above the sea level) with an average of 295.5m a.s.l. Thehe interrelations between vegetation density, soil structure
basin is mainly covered by crop fields and grassland, whileand water flow at the local scale. The local soil saturation
only a small percentage of its area is occupied by forests irmonitoring was acquired by permanently vertically installed
the southeastern part of the basin. The farm area has a genflDR probes (probe lengths of 32 and 50 cm) monitored with
topography and is part of the Campidano Plain. Accordinga Tektronix 1502 instrument in the two plots (Fitj, and
to the World Reference Base for Soil Resources (WRB), theby a portable TDR (Trase) Soil Moisture Measurement Sys-
relevant soils present at this site are (Brown soils) Cambisolsem (Campbell Scientific) equipped with 21 cm rod length at
(CM), Regosols (RG) and Vertisols (VR). 15 points distributed over the bare plot that was 5m long and
The island of Sardinia has a climate characterized by a wa3 m wide (Fig.2).

ter deficit at most altitudes. In the southeastern part of Sar- Repeated measurements at the 15 reference locations in
dinia where Ussana is located, the water deficit is maximunthe fallow plot were taken only once before irrigation (af-
in summer, while the soil moisture availability is at its maxi- ter a small rain event of about 13 mm occurred the night
mum in wintertime. The hydrological regime is characterized preceding the irrigation experiment) with a portable Trase
by wet periods from October to April, where more than 90 % (21 cm rod length). Unfortunately, the Trase failed after the
of the rainfall is accumulated, and very dry summers (May—first background measurement. During the 3-day period of
September). The yearly average temperature i&C16And time following irrigation, additional repeated measurements
the effective soil moisture availability ranges from 100 % of were acquired at the 15 reference locations of the plot over
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Fig. 1. The experimental site.
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Fig. 2. Local measurements of vegetation density and soil moisture by combined VIA and repeated TDR measurements.

a different control depth (32 cm probes), always near solaby VIA and associated with the corresponding local TDR

noon. measurement of soil moisture. Note however that “there is no
universal theory on color image segmentation yet”, and “all
2.4 Local measurements of vegetation density of the existing color image segmentation approaches are, by

nature, ad hoc."Cheng et al.2001)

We used the IDL7.1, a programming language developed
by ITT (2009 for making automated cover detection by
é means MacQueen 1967, and secondly to estimate the
vegetation greenness on rangeland (that we use here to evalu-
ate the goodness of the estimate of local vegetation density).

The day before irrigation, a set of 15 vertical ground pho-
tographic images of a 0:90.6 n? surface of soil were col-
lected near solar noon in cloud-free conditions, each centere
at the 15 TDR acquisition locations of the fallow plot using a
Nikon D90 camera (Fig2). Vegetation cover was estimated
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Eachith image was processed in order to obtain NC comple-
mentary binary imagesy; ;) that are referred to as masks,
with j ranging from 1 to the number of clusters NC that was
used to parameterize ttkemeans algorithm. The optimum
number of cluster (NC) is site specific. A reference object
of interest (e.g., a leaf) is chosen in each picture. The tar-
geted maskAf; ;) that contains the reference object is used
to evaluate the vegetation cover C&=; ; > as the aver-
age  >) of the mask’s pixel values (Fi@). Furthermore,
the vegetation greenness is evaluated as a function of the av-
erage normalized red;{, green g;) and blue §;).

Borzuchowski and Schul@2010 revise a list of vegeta-
tion spectral indices to describe plant eco-physiological pa-
rameters. No'ne of th.em can be estimated in the visible specﬁig_ 3. Scheme of the conceptual model.
trum, due to its restricted range of reflectance. However, we
adapted the vegetation spectral index concept to the VIA data

and defined the following greenness index: Furthermore, we assume that excess rainfall leaching from
M M the USL supplies a deeper reservoir that we refer to as the
oSl P> 7 <8 Mir > (1) deep soil layer (DSL) where roots have exclusive access to

<ri-Mig>+ <gi- M >’ soil moisture leading to transpiration, even when the upper
where<r; - M;, > and< g; - M;, > are the average value so?l layer is em_pty. The root architec_turg determineg which
of the normalized red and greer{ of the non-zero pixels in theso'I layer contrlbutgs more to transplratpn, the choice that
targeted mask/; ; (the one that contains the reference objectWe made was motivated by the 'observatlon that yveed roots
and is used to estimate the vegetation cover). Since the ve@PPeared mostly concentrated in the D3lagsiani et a|.

etation cover is discontinuous but homogeneously green L . .
the plot scale and at the time of the experiment, we expect The growth of the vegetation is associated to the formation

to be quite homogeneous, unless the targeted mask contai@ Macroporosity in the USL, leading to a local increase of
intermixed soil and vegetation objects and in this sense, wdlydraulic conductivity (soil-vegetation feedback) and leak-
usedF to estimate the reliability of the segmentation proce- 29€ Of excess water into the DSL, even if the USL is poorly
dure. Visual Image Analysis (VIA) was used here to reIoe‘,:lt_conductlve (crusty). In the absence of veg_etatlon we do not
edly detect ground cover and to relate local biomass densitfXPeCt any water flux to take place at the interface between
to soil moisture dynamics in a fallow plot sparsely covered he two layers due to the presence of the sealing crust. Even

by grass weed. Repeated measurements of soil moisture arigoudh cracks may develop in completely bare soils, we ne-
biomass density during an irrigation experiment allowed usdlect here this possibility and compare the eco-hydrological

to detect substantially different soil moisture and vegetationP€havior of the fallow plot with a hypothetical worse case
paths in fallow and cultivated plots. scenario (bare soil) occurring when the DSL is disconnected

from the atmosphere, in order to evaluate the impact of the
2.5 \Water balance model soil-vegetation feedback on the annual water balance. We
identify the USL's depth withH, =100 mm and the DSL's
We set up a simple bucket model to address the two-way indepth with Hy=500 mm, according to the root depth esti-
teraction between plants and soil in water-controlled ecosysmated byCassiani et al(2012, and the effective saturation
tems according to the experimental evidence provided byof the two layers withS, and Sy, respectively (Fig3).
ERT, TDR and VIA. Even though the focus was on the fallow  The daily water balance within the USL is expressed by
plot, we used the model to also reproduce the soil moisturehe following differential equation:
dynamics of the adjacent cultivated plot during the irrigation 36 35 1
. . u
experiment for comparison. —=n-—=—-(P+1—-RO—-E — Ly, (2)
Kurc and Small(2004 2007, found that evapotranspi- ot ot Hy
ration is largely correlated with surface soil moisture, not whered is the soil moisture content,= 0.4 is the soil poros-
to root zone soil moisture, and suggested that evaporatiofty, P is the daily precipitation/ is the irrigation, and RO
is dominant over transpiration within the top 15cm of soil, is surface runoff. The evaporatiafi was evaluated with a
whereas evaporation has a minor influence on soil moisturénodified dual crop coefficient approachlien et al, 1998,
below about 15-20 cm.
We assume that after small rain events, a shallow uppeF = ETo-[Kr- (1= Kb - COL, ®)
soil layer (USL) acts as a temporary storage for water that isvhere ET is the reference evapotranspiration evaluated us-
entirely returned to the atmosphere through soil evaporationing the Penman—Monteith equatioky, is the basal crop
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Fig. 4. Vegetation cover evaluated by image analysis with different number of clusters NC (see legend) and vegetation greenness

coefficient, K; is the evaporation reduction coefficient lin-

early decreasing from 1 to 0 with the USL's saturation

when the soil water content Byp <6 < 0.5-0rc; where

Orc=0.28 is the soil moisture content at field capacity and

6wp=0.1 is the soil moisture content at wilting point. Ex-

3 Results
3.1 Estimate of vegetation cover by VIA

Repeated measurements in space of the vegetation cover CC

cess water percolates into the deeper soil layer, leading to the&ere obtained by VIA. The optimum number of cluster NC

leakage L) unless the soil is completely bare. In E§) CC
is the vegetation cover that we estimated by VIA.

The daily soil moisture balance within the DSL is ex-
pressed by the following differential equation:
90 aS¢ 1

— = =— . .-(Ly—T - Ly,
97 ”at (Ly d)

i @

where the transpiratior7|() evaluated according to the dual
crop coefficient approaci(len et al, 1998 as
T =ETo:[Kp- Ks- C(]. (5)

The stress coefficienks is a linear function of the DSL’s

was chosen in order to achieve positive and homogeneous
estimates of the vegetation greenngs@-ig. 4, right panel).

We observed that when NC =2 (the objects are vegetation
and soil) the vegetation cover may be overestimated with re-
spect to the result obtained with a larger number of clusters
(Fig. 4, left panel, bold circles) and if pixels belonging to the
soil class are classified as vegetatidhyaries significantly,
switching from negative to positive values, meaning that the
segmentation outcome is unreliable. Further increasing the
NC from 3 to 4 may induce an error in the evaluation of the
vegetation cover due to the fact that the pixels belonging to
the vegetation class split into subclasses of slightly differ-
ent color, and this results in an underestimate of the actual

saturation between the readily available soil water in the rootvegetation cover in a few cases (F4.left panel, open cir-
zone RAW and the total available soil water in the root zonecles). Figuret (right panel) shows that when NC =3 andH,

TAW. According toAllen et al.(1998 we set

TAW = (Orc — 6wp) - Hy (6)
and
RAW = p - TAW (7)

with p =0.3 in the cultivated plot, ang =0.7 in the fallow
plot (partially covered by grass weedjlien et al, 1998.
Leakage out of the control volunigy may be reasonably ne-
glected under water scarcity conditio&gting et al.2002
Zhang et al.2001).

Hydrol. Earth Syst. Sci., 18, 11054118 2014

varies less, indicating that objects belonging to the targeted
mask could be more homogeneous and belong to the “veg-
etation class” as we would expect. For these reasons we set
NC =3 and estimated that the vegetation cover varies from
point to point, ranging between 0 and 0.4. The estimate of
CC obtained with different color representation (e.g., IHS,
not shown here) was consistent with the results presented in
this section.

3.2 Observed soil moisture dynamics at the plot scale

Two perpendicular ERT lines (NA and NB) were placed in
the fallow plot and measurements were taken repeatedly over

www.hydrol-earth-syst-sci.net/18/1105/2014/
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Fig. 5. Background images of the falloga) and of the adjacent cultivatéd).

time before and after the irrigation experiment. The back-ponding in the field and along the dirt road; (b) the irriga-
ground ERT image (collected on 19 October 2010 — sedion experiment in the night between 21 and 22 May with an
e.g., line NA in Fig.5a) shows a profile where a very re- amount of 42 mm of irrigated water, causes two changes in
sistive soil layer, about 20 cm thick and corresponding tothe resistivity profiles in the patchy plot: (i) a resistivity in-

a visually apparent crust of dry material, overlies a muchcrease is apparent, albeit somehow discontinuous, in the soil
more electrically conductive subsoil. This is in sharp con-layer between 10 and 50 cm depth. The increase is as high
trast with the ERT profile acquired on the nearby cultivatedas about 25 % of the original resistivity of the same soil be-
plot (Fig. 5b) where the presence of vegetation cover main-fore irrigation; resistivity decrease, also in the 25 % range,
tains a higher moisture content (and electrical conductivity)is observed below 50 cm depth. Here too the patterns ap-
in the top soil, whereas vegetation depletes the moisture corpear discontinuous. This evidence is, at first, confusing. How
tent of the deeper layer where the roots exert their suctioncan the addition of water increase the resistivity of the layer
This result indicates that in the fallow plot vegetation shad-in the top 10-50 cm, while decreasing at the same time the
owing may be neglected, thus the upper soil layers are exresistivity below? A first tentative explanation may attribute
posed to significant evaporation. Following a minor rainfall this result to an artefact caused by the physical size (length)
event (13 mm) the night of 19-20 May 2010 and the irriga- of the electrodes that penetrate the ground for a depth (a few
tion experiment the night of 21-22 May 2010 (42 mm), no centimeters) that is non-negligible with respect to the elec-
major change in electrical resistivity was observed in thistrode separation (20 cm). The wetting of the soil top layer,
fallow plot, as opposed to the dramatic change observed irand consequently the increase of its electrical conductivity,
the nearby vegetated field (s@assiani et al.2012for a may act as a shortcut that cannot be fully accounted for by
thorough discussion). In the present paper, a new, detailethe inversion algorithm, that assumes that the electrodes are
analysis of resistivity changes based on a ratio inversion appoint-like. As the current is short-circuited in the top few
proach (see e.gCassiani et a).20063 reveals the details centimeters, the underlying soil may appear more resistive
of the subtle changes caused by irrigation to the resistivitythan it actually is, thus potentially causing the observed re-
patterns of the subsoil in the patchy plot. The results alongsistivity increase of the region below 10 cm. This hypothesis,
lines NA and NB, thus coming from totally independent mea- however, fails to explain why the underlying decrease of re-
surements, are consistent with each other and are shown isistivity below 50 cm is still perfectly detectable. Also, the
Fig. 6. From this figure it is apparent that (a) the natural rain- changes in resistivity425 %) are too subtle to be attributed
fall, consisting of roughly 13 mm that occurred during the to an artefact caused by short-circuiting. A second, more
night between 19 and 20 May 2010, causes essentially ngound, explanation is to relate these changes in soil electri-
changes in the electrical resistivity profiles (see BigWe  cal resistivity to factors other than moisture content alone.
can conclude that nearly the entire precipitation must haveTwo other factors, namely pore water salinity and tempera-
resulted in surface runoff, with direct evaporation from local ture changes, can play a role. In fact, it is not uncommon to
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Fig. 6. ERT measurements along lines NA (left panels) and NB (right panels) in the fallow plot at different times. Top to bottom panels:
background, after irrigation (22 May 2010, 10:30LT), 1day after irrigation (23 May 2010, 09:40LT), more than 2 days after irrigation
(24 May 2010, 15:35LT).

observe that intense precipitation events have the effect of re- [raiml | [irgation |
rainta |rr\gat\on
ducing soil bulk electrical conductivity by displacing the in

situ pore water whose solutes have had the time to reach at
equilibrium with the soil components, or that had different
temperature (see e.g assiani et al.20063. The incoming
precipitated water pushes down the existing pore water in a
sort of piston-like effect (see al&¥inship et al, 2006, thus
causing a decrease in electrical conductivity in the upper par
of the profile Mojid and Chqg 2008 and an increase in the
lower part, totally analogous of our observations here. In-
deed, this hypothesis is confirmed by the evidence from theg -
TDR probes permanently installed in the fallow plot (Fiy.
the 50 cm-long sondes, covering the entire thickness where
a resistivity increase is observed, show no average change i
moisture content after rainfall or irrigation. On the contrary,
the shorter sondes (32 cm) show an increase in moisture con
tent after irrigation. . . . Fig. 7. Fallow plot soil saturation measured by fixed 50 and 32 cm-
We observe the apparently paradoxical situation where avgeep TDR probes at different times.
erage moisture content remains largely unchanged in the top
50 cm, while correspondingly the resistivity of the same layer
is decreased by about 20 % and the resistivity of the underis strong enough to overturn the influence of moisture con-
lying layer is increased also by roughly the same percentageent change itself. The possible causes may be substantially
This phenomenon can find an explanation only if a seconcbnly two: a decrease in pore water salinity, and/or a decrease
cause of resistivity change is called into play, in addition to in soil temperature. We are not in a position to decide which
moisture content change. The influence of this second causgechanism is prevailing. In both cases, however, salinity or
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Fig. 8. Plant distribution along ERT line NA (fallow plot).
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Fig. 9. Left panel: vegetation cover (CC) versus soil saturation after rainfall. Soil saturation is measured by portable TDR (rod length 21 cm).
to: 21 May, 10:30 LT — (bold circles). Right panel: vegetation cover versus soil saturation at different times after irrigation. Soil saturation is
measured by TDR (rod length =32 cmy). 22 May, 11:30 LT (squaresj;: 23 May, 09:30 LT (open circles);: 24 May, 10:30 LT (diamonds).

temperature (or both) act as tracers, marking the new wateportable TDR. After the small rainfall event, the soil satu-
versus the old water already in the system. This “new” waterration of the upper 20 cm-thick soil layer was measured by
pushes down the existing pore water and a mixture of old andrase. The soil saturation appeared to be not at all correlated
new water reaches deeper zones, as apparent i8.Fig. with the vegetation cover (Fi@, left panel).

Figure8 shows a comparison between the location of the In the 3days following the irrigation, the soil saturation
individual plants along the profiles and the time-lapse im-was measured using 32 cm-long probes. Shortly after irriga-
ages along the ERT line NA, particularly the one relevant totion the vegetation cover and the soil saturation were posi-
the morning after the end of irrigation. There is some cor-tively correlated (Fig9, t =r1), but the correlation was very
relation between the location of major changes (especiallywveak. Already 1day after irrigation (Fi@, ¢ =1), the re-
on the right-hand side of the profile) and the plant location.sults seem to indicate that redistribution took place because
Note however that this analysis neglects the 3-D effects thathe soil saturation homogenized (the slope of the fit line
are possibly linked to the location of patchy vegetation off changes) and evapotranspiration came into play (the fit lines
the individual ERT lines. shift downward). This result poorly supports the hypothesis
that there is a positive feedback between vegetation growth
and preferential infiltration, before redistribution could take
place and just suggests that a positive feedback could exist.
Only a larger data set could have allowed stronger conclu-
sions on the existence of positive soil-vegetation feedbacks.
The soil moisture reduction of about 0.1 in 3 days that was
Fneasured by TDR almost approaches the potential evapo-
transpiration that was 4.5 mnTd at the time of the experi-
Went (the estimated evaporation and transpiration were 2 and

3.3 Feedbacks between vegetation growth and soil
moisture dynamics

In order to get more evidence on the key interrelations be
tween the spatially variable soil moisture and vegetation den
sity, in Fig. 9 we compared the repeated measurements o
vegetation cover obtained by VIA (with NC = 3) with the cor-

responding measurements of the soil saturation obtained b
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Fig. 10. Soil saturation estimated by mass balance at daily timescale, starting from 18 May 2010 (before the 13 mm rainfall event) and soll
saturation measured by fixed TDR probes. Left panel: fallow plot. Right panel: cultivated plot.

2.5mmd1, respectively) and confirms that all the irrigation qualitative agreement between the TDR measurements and
water infiltrated in the fallow plot, in contrast with the previ- the simulatedSy of the two plots, suggesting that local scale
ous interpretation of the infiltration experiment provided by processes, that are typical of the fallow plot, are missed, but

(Cassiani et al2012. the average soil moisture dynamics is reasonably captured by
our simple model.
3.4 Model outcome We conjectured that the presence of a crust over the bare

. S . plot could limit the water flux from the USL to the DSL, but

In order to discuss our intuition on the mechanistic behav-ihe growth of weeds created a crust discontinuity and trans-
ior of the plots, we modeled the dynamics of the infiltration ¢4 the USL in a dual porosity layer, locally allowing
experiment in the fallow plot and in the cultivated plot for the deep percolation of water in the DSL. The weed sur-
comparison. In the fallow plot, we s_et the weed cover atits,ival should be linked to this preferential local infiltration.
upper limit (evaluated by VIA), CC=0.4. In the cultlvated. We tried to explore the relevance of this positive feedback
plot, CC=1. The measured water content values before raing, e yearly water balance by running the model for the
fall and irrigation were used to_defl_ne the initial _C(_)nd_|t|0n. whole of 2010 (the year of the infiltration experiment). We

The model was forced by climatic data (precipitation, rel- ,<c,med the weed to be active in between day of the year
ative humidity, temperature, wind speed and solar radia—(DOY) 80 and DOY 274 and integrated Eq8) &nd @) be-
tion) recorded at a meteorological station located within thetWeen 1 January 2009 and 31 December 2010. Just the results
San Michele farm. The water balance of the two plots was¢ i calculation corresponding to the year of the experiment
estimated for 7 days starting 1Qay before irrigation, using e shown in Figl1, where DOY =1 is 1 January 2010 and
Egs. €) and @), and the simulation results were compared by = 365 is 31 December 2010. The system loses mem-
with the fixed TDR measurements. ory of the initial condition after less than 200 days, thus the

.In Fig. 1,0’ th? calculateds, and Sq are §hown tqgether results shown in Figl1 are independent from the initial con-
with the soil moisture measurements obtained by fixed TDR.ition at 1 January 2009.

The measured soil saturation of the fallow plot was extremely 4 gifferent scenarios are compared in Fig: CC=0.4
variable after irrigation (Fig10, left panel), supporting the 54 the case of completely bare soil with deep percolation
hypothesis that some local preferential infiltration Occurred'impededLu =0mmd-L. In the case CC=0 (blue and green
The blue squares, corresponding to the 50 cm TDR probesjneg) the water balance reduces®e: RO+ E in the USL,
a}pproached t'he calculateg (black I_mg) shortly after' |rr|g§1- all transpirable water was depleted at the beginning of the
tion, suggesting that water could infiltrate very quickly into 10 jjation, and since the DSL is not active, the soil sat-
the DSL. One day after irrigation the data were less scaty, ation remains constant and represents a reference value
tered, and reasonably set around the calculsgged line), 14 e compared with the calculated soil saturation in case
confirming that redistribution occurred. In the cultivated soil CC=0.4. According to our modeling assumptions, the USL
(Fig. 10, right panel),Sq was initially low, the DSL was re- g satrated by each rainfall event and slowly loses water via
filled by irrigation and slqw!y emptled by t.ransplra'Flon. The evaporation withS, =1 often during the winter season (blue
model shows how, after irrigation, the soil saturation of theline). During the dry summer period when the vegetation is

two plots looks similar, according to the new interpretation  aier stressed, the saturation of the DSL in case CC=0.4
of the ERT data proposed in this paper. There is at least a
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L Tl to Cassiani et a2012, we suppose that CC =0.4 could cor-
L respond to some threshold dictated by the scarce water avail-
ability, and CC could be different if more water was supplied
to the environment (the fallow plot is not irrigated and the
vegetation relies on rainfall only).

‘ N 1)

— 20

P [mm]

1.0 — \

0.8 - 4 Conclusions

Soil Saturation

s ‘\ \ M A combined experimental and theoretical approach was used
' \ k\| } SRl to investigate the existence and the relevance of positive feed-
\ A \W \l backs between weed growth and infiltration on a fallow plot.
0.4 | , T T | T T The ERT data collected during an irrigation experiment (for
0 50 100 150 200 250 300 350 a comprehensive description s€assiani et al.2012 evi-
por denced that the infiltration flux in the fallow plot was more
Fig. 11.Model outcome for the whole year 2010: DSL’s soil satura- heterogeneous than in the cultivated plot and this fact could
tion Sq and USL's soil saturatiofy versus time, for extreme values be dictated by the poor conductivity of the USL and by
of the measured vegetation cover: CC=0and CC=0.4. the macroporosity associated to the partial vegetation cover.
Nevertheless, the fixed TDR data suggested that all the irriga-
tion water infiltrated, and the coupled measurements of soil
approaches the complete depletion of the case CC =0 that isaturation and vegetation cover by mobile TDR and VIA did
taken here as a reference value (the red and the green line®t evidence strong correlation between these two variables.
coincide between DOY 180 and DOY 280). During the sum- Whether the infiltration is restricted by the crusty layer and
mer seasongy is higher for CC=0.4 (black line) than for enhanced by the vegetation in the fallow plot is unclear, due
CC =0 (blue line) due to the vegetation shadowing, whereago the lack of a strong experimental evidence that confirm our
during the wet seasom,, is higher when CC =0 (blue line) intuition.
due to the fact that when CC = 0.4, the USL transfers waterto Relevant plant-soil-water interrelations that we tried
the DSL that acts as a reservoir and the vegetation facilitateto assess by repeated local measurements over a short
the infiltration. timescale, were conceptualized in a modeling frame. The
The situation that was observed at the beginning of ourmodel captured the observed soil moisture dynamics during
irrigation experiment corresponds to the calculated one ag 5-day irrigation experiment and was further used to inves-
DOY 110, for CC=0.4, with most winter rainfall stored in tigate the impact of the positive feedback on the yearly water
the DSL andSy < Sq before rainfall. According to previ- balance.
ous studies conducted in Mediterranean catchments where The results of our experimental and numerical research
transpiration and storm flow are out of phaBedoks et al. suggest that in the fallow plot (a) infiltration is heterogeneous
2003, two water compartments interact in the subsoil: a ma-and could be locally influenced by plant growth, (b) shortly
trix with small pore with low matrix potential, and fast flow after irrigation, redistribution takes place belowground where
paths originating from the interaction between vegetation(c) roots have access to the whole active volume; (d) a pos-
growth and soil structural change. The fine-grained soil ma-tive feedback between infiltration and vegetation growth
trix is filled by heavy precipitation events (possibly occurring could maintain the DSL hydrologically active during the
in autumn) or irrigation (as in our experimental setup) to bewhole year; based on the model outcome, we may also state
dried by the vegetation during the rainless season, thus, exhat (e) the interplay between vegetation growth and soil,
changing water with the fast flow paths through absorption. which has an impact on the local hydrologic processes, af-
In summary, we assumed that when CC=0.4 (black andects the yearly water budget, reducing runoff and increasing
red lines), the vegetation roots alter the structure of the USLthe evapotranspiration, but leaving the groundwater recharge
that transfers water to the lower soil layers during the win-unaltered as compared to the bare soil situation.
ter season where it is stored. As a consequence, the USL The study of the soil-vegetation—atmosphere interaction
maintains the DSL hydrologically active, supporting the later certainly deserves special attention in arid and semiarid re-
vegetation establishment and transpiration from the DSL. Bygions, where crop rotation, tillage and the natural transforma-
time-averaging the calculated relevant water fluxes over thdion that the soil structure undergoes when it is left unseeded
whole year 2010, we found that 72 % of the mean annualiinfluence eco-hydrological connections that occur through
rainfall evaporated and 27 % was transpired, while deep pertateral and overland flow, above- and belowground. Coupling
colation was negligible, suggesting that CC=0.4 could behydrological and biological databases is a promising way to
the maximum achievable vegetation cover given the scarcéest modeling concepts for ecosystem dynamics and relevant
water resources, leading to minor runoff losses. Accordingprocesses that govern the ecosystem response to the external
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