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Noninvasive Monitoring of Soil Sta  c 
Characteris  cs and Dynamic States: 
A Case Study Highligh  ng Vegeta  on 
Eff ects on Agricultural Land
In this paper we present the results of seasonal monitoring and irriga  on tests performed 
on an experimental farm in a semiarid region of Southern Sardinia. The goal of the study is 
to understand the soil–vegeta  on interac  ons and how they can aff ect the soil water bal-
ance, par  cularly in view of possible clima  c changes. We used long-term electromagne  c 
induc  on (EMI)  me lapse monitoring and short-term irriga  on experiments monitored 
using electrical resis  vity tomography (ERT) and EMI, supported by  me domain refl ec-
tometry (TDR) soil moisture measurements. Mapping of natural γ-ray emission, texture 
analysis, and laboratory calibra  on of an electrical cons  tu  ve rela  onship on soil sam-
ples complete the dataset. We observe that the growth of vegeta  on, with the associated 
below-ground alloca  on of biomass, has a signifi cant impact on the soil moisture dynamics. 
It is well known that vegeta  on extracts a large amount of water from the soil par  cularly 
during summer, but it also reduces evapora  on by shadowing the soil surface. Vegeta  on 
represents a screen for rainfall and prevents light rainfall infi ltra  on but enhances the wet-
 ng process by facilita  ng the infi ltra  on and the ground water recharge. In many cases, 

the vegeta  on creates a posi  ve feedback system. In our study, these mechanisms are well 
highlighted by the use of noninvasive techniques that provide data at the scale and resolu-
 on necessary to understand the hydrological processes of the topsoil, also in their lateral 

and depth spa  al variability. Unlike remote sensing techniques, noninvasive geophysics 
penetrates the soil subsurface and can eff ec  vely image moisture content in the root zone. 
We also developed a simple conceptual model capable of represen  ng the vegeta  on–soil 
interac  on with a simple enough parameteriza  on that can be fulfi lled by measurements 
of a noninvasive nature, available at a large scale and evidences possible relevant develop-
ments of our research.

Abbrevia  ons: EMI, electromagne  c induc  on; ERT, electrical resis  vity tomography; TDR,  me do-
main refl ectometry.

Upscaling knowledge on soil moisture dynamics and vegetation growth into the 
soil from the small scale of a single root and soil structure (see e.g., Javaux et al., 2008) to 
the larger fi eld scale is still a partially unexplored and challenging task that has relevant 
implication in the interdisciplinary fi elds of ecohydrology and geoecohydrology. Th e form 
of root growth is an important aspect of the study of vegetation in arid areas, but the plant 
root system is not easily accessible and far less studied. Th e structure and function of roots 
are expected to evolve for optimal uptake of water leading eventually to competition among 
diff erent species (Cody, 1986 and reference therein).

In terms of coupled dynamics, the soil supports the plant growth and, conversely, the 
below-ground architecture of plants can aff ect the soil structure and thus its physical char-
acteristics having an indirect impact on the subsurface water fl uxes. Soil moisture balance 
and biomass balance are strongly interconnected due to their two-way interaction and the 
positive and negative feedbacks that take place between the dynamics of water and the 
vegetation growth.

Preferential infiltration and soil moisture redistribution have been indicated as the 
two major processes inf luencing the establishment and persistence of spontaneous 
vegetation cover and vegetation patterns in arid and semiarid land (HilleRisLambers 
et al., 2001; Rietkerk et al., 2002). Furthermore, Ursino (2007) demonstrated that 
the plant survival strategy determines which of the above mentioned hydrological 
processes is more important. Vegetation that consumes less water relies more on pref-
erential infiltration for surviving under scarce mean annual rainfall and leads to a 
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scenario where more soil moisture is lost due to runoff and 
leakage (Ursino, 2005, 2007, 2009).

Noninvasive techniques can play a key role in the hydrological 
investigation of the near surface, as they provide spatially exten-
sive imaging that complements the more traditional hydrological 
point measurements (e.g., Vereecken et al., 2006). A number of 
studies have appeared in the recent literature, particularly focused 
on ground-penetrating radar (GPR) and ERT. Th e use of these 
techniques has been increasingly focused on their ability to mea-
sure, albeit indirectly, changes in moisture content (e.g., Binley et 
al., 1996; Michot et al., 2003; Strobbia and Cassiani, 2007; Deiana 
et al., 2008) and solute concentration (e.g., Cassiani et al., 2006) 
by conducting time-lapse measurements. Recently, ERT has also 
been used to image the root zone geometry, with some degree 
of success (Werban et al., 2008; al Hagrey and Petersen, 2011). 
Frequency-Domain EMI is also widely used in soil mapping, to 
determine soil salinity (e.g., Corwin and Lesch, 2005), subsurface 
morphology (e.g., Comas et al., 2004), and texture (e.g., Jung et 
al., 2005; Triantafi lis and Lesch, 2005) thanks to its noncontact 
capability of producing georeferenced data quickly and inexpen-
sively. Applications of time-lapse EMI to determine soil moisture 
changes and study soil hydrological processes have been limited to 
date (Kachanoski et al., 1988; Sheets and Hendrickx, 1995; Abdu 
et al., 2008; Robinson et al., 2009) and deserve further attention 
(Robinson et al., 2008).

On the other hand, suitable modeling techniques are necessary to 
exploit the information content of fi eld data and answer critical 
questions about basic mechanisms. Flow through porous media 
have been extensively investigated on the base of the continuum 
theory, by formulating the soil moisture balance equations at 
the scale of the representative elementary volume (Bear, 1972; 
Richards, 1931). Th e growing interest in interdisciplinary sciences 
that consider the spatial and temporal evolution of diff erent species 
conditioned to the hydrology of the ecosystem where the growth 
lead in the last 10 to 15 yr to the frequent adoption of minimal 
bucket models formulated at a much larger scale for the soil mois-
ture balance instead of the more rigorous approach based on the 
continuum theory. Evaporation evapotranspiration, infi ltration, 
lateral subsurface fl ow, and leakage are the building blocks of the 
soil water balance at the fi eld scale, and they are all infl uenced by 
vegetation roots and soil properties. (Eagleson, 2002; Nuttle, 2002; 
Porporato and Rodriguez-Iturbe, 2004).

The Mediterranean ecosystem is characterized by dry summer 
and wet winter producing water stress conditions for the 
vegetation that grows during summer. Grasses that are char-
acterized by high water demand during winter and spring are 
more drought adapted, even though there is anyway a lag time 
between soil moisture accumulation during the rainy season 
and soil moisture use during the growing season. Soil moisture 
storage and thus soil moisture availability during the growing 

season depends on the partitioning between infiltration and 
runoff, the f low field within the root zone and the depth of 
the root zone that represents the volume where water is stored. 
Minimal models based on soil moisture and biomass balance 
(such as the one that will be introduced here), have a steady 
state solution that does not depend on the depth of the root 
zone when the hydrologic forcing (rainfall and evapotranspira-
tion) is set at its constant annual average. But when the time 
lag between water storage and water release comes into play, the 
root zone depth becomes crucial for the soil moisture balance 
and thus for the survival of selected vegetation species. At an 
intra-seasonal time scale for random rainfall pulses the water 
balance and the optimum root depth are governed by the rain-
fall frequency and intensity (Milly, 1993; Porporato et al., 2004; 
Guswa, 2008, 2010). At the catchment scale of our experiment, 
the focus switches from species survival and adaptation to other 
hot topics related to land and water management (Jackson et al., 
2009). On an average annual basis, major issues concerning the 
connectivity of the soil moisture paths above ground through 
overland f low and below ground through lateral f low and the 
connectivity of the soil surface with the water table should be 
raised to clarify how annual precipitation, evapotranspiration 
and water yield are altered by a land use change. In a specific 
ecohydrological context the interrelation between infiltration, 
plant growth and water yield depends on biological variables 
(leaf area index, rooting depth, and seasonality of plant activity), 
climate and soil texture (Huxman et al., 2005; Newman et al., 
2006). The soil structure is often related to vegetation growth 
and to the soil heterogeneity that the vegetation growth transfer 
on the soil structure (e.g., Flury et al., 1994).

In this paper we address, at least partly, the general question of 
what could be the impact of vegetation and particularly of root 
architecture on soil properties and indirectly on the water cycle, 
according to the experimental evidence collected via noninvasive 
techniques. In more in detail, we discuss the interconnection 
between soil moisture paths, soil moisture path connectivity and 
vegetation cover. We do this by comparing noninvasive fi eld obser-
vations with the results of a very simple conceptual model. Th e 
experimental study was conducted at an agricultural experimental 
farm located in Sardinia, Italy, as part of the part of the EU-FP7 
CLIMB project (Ludwig et al., 2010), focused on the analysis 
of climate change impacts on the hydrology of Mediterranean 
basins. The main goal of the experimental activities within 
CLIMB are to collect information about the hydrologic behavior 
of Mediterranean catchments, ranging from the small soil profi le 
scale to the larger catchment scale.

Th e interpretation of collected data has been supported by an 
ecohydrological minimal model, incorporating knowledge on the 
relevant feedbacks between root architecture and dynamic water 
balance in cultivated soils.
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Site Descrip  on
Th e study site is located at the San Michele farm in the Rio Mannu 
Catchment (Southern Sardinia). Th e basin ranges in elevation 
from 62 to 842 m asl with an average of 295.5 m asl. Th e basin is 
mainly covered by agriculture fi elds and grassland, while only a 
small percentage of its area is occupied by forests in the southeast of 
the basin. Th e farm area has a gentle topography and is part of the 
Campidano plain. Th e soils in the area are brown soils, regosols and 
vertisoils or marls, with outcrops of sandstones and conglomerates. 
Th e fl oodplain is characterized by alluvial soils, predominantly 
gravelly or sandy gravel. Th e yearly mean total precipitation in the 
farm area is about 500 mm with an estimated mean runoff  of about 
200 mm. Th e hydrological regime is characterized by wet periods 
from October to April, where more than 90% of the rainfall is 
accumulated, and very dry summers (May–September). Th e yearly 
average temperature is 16°C. Groundwater is thought to provide a 
negligible contribution to the streamfl ow. Th e San Michele farm 
is an agronomic research fi eld covering an area of 4.36 km2 and 
managed by AGRIS, a research agency of Regione Autonoma della 
Sardegna government. Part of the Azienda (~2 km2) is located in a 
hilly area with Maquis shrubland veg-
etation that is also a center of wildlife 
animal restocking. In the northeastern 
part, the Azienda is delimited by the 
San Michele hill. At the bottom of 
this hill, the Rio Flumineddu joins the 
Rio Mannu. Th e farm has been used 
for decades to investigate agricultural 
genetics for a more effi  cient farming of 
durum wheat (Triticum turgidum L.) 
in climatic conditions with frequent 
drought periods, such as the Sardinian 
ones. Today, the experimental agricul-
tural fi elds are destined to open-fi eld 
Mediterranean cultivations, particu-
larly important for the economy of 
the island.

Th e soil in the farm is characterized by 
silty-sandy agricultural soil overlying 
a formation with abundant calcium 
carbonate nodules. A plow layer about 
30 cm thick is maintained across the 
site by land preparation each year, 
irrespective of the soil being used for 
cultivation. No soil pan layer is present, 
thanks to the careful cultivation prac-
tices, including periodic deep plowing. 
Figure 1 shows a satellite view of the 
San Michele farm evidencing the areas 
where measurements have taken place. 
Traditional and noninvasive methods 

have been applied to monitor changing moisture content condi-
tions on selected fi elds since 2009.

In two fi eld campaigns (October 2010 and March 2011) about 
300 soil samples from three depths (0–30, 30–60 and 60–90 cm) 
were collected over the Rio Mannu catchment. Forty-three of these 
samples from 0–30 cm depth were taken over Field 21. Th e cor-
responding grain size distribution is summarized in Table 1, while 
interpolated maps of clay, silt and sand weight percentages  and 
CaCO3 percentages  are shown in Fig. 2. Th e spatial variations of 
grain size fractions is consistent with the geomorphologic features 
of the area: for example, sand prevails in the southern part of Field 
21, in correspondence of the original bed of the creek fl owing from 
east (see Fig. 1). However these variations are subtle, with all frac-
tions having ranges around 10%.

In October 2010 a collaboration between the EU FP7 projects 
CLIMB and iSOIL (Werban et al., 2010) brought a UFZ fi eld crew 
to the fi eld site and allowed, among other things, for a rapid map-
ping of natural γ-ray emission over nearly the entire farm. Th e most 
prominent evidence from this γ-ray survey is a strong correlation 

Fig. 1. Satellite view of the San Michele farm in Ussana, near Cagliari, Sardinia. Coordinates are UTM 
32. (Image source: Google Earth).

Table 1. Results of grain size analysis on the San Michele farm (Ussana, Cagliari, Sardinia).

Min. Max. Median Mean SD

Clay, % (w/w) 21.43 44.52 34.43 33.50 5.76

Silt, % (w/w) 19.08 34.87 25.55 26.00 3.89

Sand, % (w/w) 31.02 55.31 36.70 40.51 7.26

Corg, % (w/w) 0.52 1.19 0.79 0.83 0.21
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between low total dose rate and a whiter soil color, which in turn 
is associated to a high calcium carbonate content (Fig. 2), derived 
from erosion of calcite nodules (Fig. 3). Note that the diff erent soil 
color is visible in satellite images (e.g., in Fig. 3) solely because Field 
21 was maintained free of vegetation for long periods as part of a 
remote sensing ground-truthing experiment.

 Irriga  on Experiment: 
Results and Discussion

In May 2010, a controlled irrigation experiment was undert aken 
on Field 23 (see map in Fig. 1) where the eastern plot was cultivated 
with alfalfa (Medicago sativa L.) even though several other invasive 
species coexisted with it at the time of the experiment. Th e western 
plot was left  bare, but few spontaneously growing species survived 
there. A satellite view of Field 23 at the time of the experiment is 
shown in Fig. 4a, from which it is apparent how the vegetation 

cover is substantially diff erent in the two plots separated by a dirt 
road. Th e vegetation density can also be appreciated by the photo-
graphs in Fig. 4c and 4d.

Figure 5 shows the typical root architecture of the diff erent species 
that cover the two plots. Th e vegetation in the cultivated site is 
uniform with high density and preferential allocation of biomass 
above ground; the roots are shallow. Th is fact does not allow indi-
cation, though, that the roots are not able to extract water from 
deeper in the soil profi le via suction. On the contrary, the vegeta-
tion cover in the bare soil appears sparse above ground but the 
allocation of biomass is, in this case, preferential below ground. 
Spontaneous vegetation growing in the bare soil presents deep 
roots that spread both vertically and horizontally.

No diff erence in soil texture or color is apparent between the 
two plots, as evidenced in Fig. 4b, where we show the natural γ

Fig. 2. Interpolated grain size percentages and carbonate content on Field 21.
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Fig. 3. Comparison between satellite image of Field 21 on 29 Oct. 2002 (bare soil image source: Google Earth) and the total γ-ray emission map 
obtained from soil mapping.

Fig. 4. Setup of the area where the irrigation experiment was conducted in May 2010: (a) satellite view of Field 23 (24 May 2010, image source: Google 
Earth) showing the vegetated and the bare plots; (b) total γ ray emission map of the same area; (c) photo of the vegetated; and (d) of the bare soil plots.
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emission map collected in October 2010: 
note that the total dose rate variation is 
within a very narrow range (compare Fig. 
4b with the variations observed in Field 
21 (Fig. 3b).

Before the irrigation experiment, we 
conducted an EMI survey in the area, 
covering both the vegetated and the bare 
plots, using a GF Instruments CMD1 
sonde in low-penetration confi guration, 
corresponding to an estimated total 
depth of investigation of 75 cm. The 
results (Fig. 6) show a strong diff erence 
in average electrical conductivity of these 
top 75 cm in the two plots. Th e vegetated 
plot was considerably more resistive (on 
average a factor of 2) than the bare plot 
just a few meters away. This result is 
somewhat surprising as the bare soil has 
a crusty appearance, evidently as a result 
of evaporation from the top layer, while 
the soil in the vegetated plot was much 
wetter at the surface probably thanks 
to the shading provided by the veg-
etation against direct sunlight. On the 
other hand, given that the soil texture 
is the same in both plots, we could 
only attribute the diff erence in appar-
ent electrical conductivity to the eff ect 
of vegetation, and its interaction with 
the local hydrology. During the period 
October 2009 to September 2010 the 
mean annual rainfall at the site was 
500 mm, while the temperature ranged 
between 10 and 30°C. Th e estimated 
mean annual evapotranspiration was 
between 100 and 200 mm (Agenzia 
Regionale per la Protezione dell’Am-
biente Sardegna, 2011).

To obtain detailed information about 
the system’s changes as a result of a 
controlled irrigation, we deployed two 
electrical resistivity tomography (ERT) 
lines, one in each plot. Each line was 
composed of 24 electrodes spaced 20 
cm, for a total length of 4.6 m each, and 
an expected depth of investigation not 
exceeding 1 m. Th ese lines were left  in 
place throughout the experiment until 
4 d aft er irrigation. Time-lapse measure-
ments were taken periodically, using a 

Fig. 5. Field 23: Typical root length (left ) in the cultivated plot and (right) in the bare soil where 
spontaneous and sparse vegetation grows.

Fig. 6. Th e results of the small-scale electromagnetic induction survey conducted on 18 May 2010 on 
the part of Field 23 used for the irrigation experiment. Th e survey was conducted with a GF Instruments 
CMD1 sonde in horizontal loop confi guration, with a nominal penetration depth of 0.75 m. Both the 
vegetated and the bare soil plots were surveyed. Th e fi gure also shows the location of the two electrical 
resistivity tomography lines used for irrigation monitoring and of the fi xed time domain refl ectometry 
probes, in both plots. At the same time TRASE measurements were run at random georeferenced loca-
tions on both fi elds to measure the average moisture content in the top 0.10 m.
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dipole-dipole skip 0 scheme (i.e., with 
dipole length equal to one electrode 
spacing) and full acquisition of recipro-
cals to estimate the data error level (see 
e.g., Monego et al., 2010). Consistently, 
the data inversion used an Occam 
inversion approach as implemented in 
the Profi leR/R2/R3 soft ware package 
(Binley, 2011) accounting for the error 
level estimated from the data them-
selves. The skip 0 scheme allows for 
the highest achievable resolution and 
still produces signifi cant signal/noise 
ratios given the short dipole distances 
used in these acquisitions.

Th e noninvasive monitoring has been 
complemented by (i) fixed TDR 
probes (32 cm and 50 cm) located 
next to the ERT lines (Fig. 6), peri-
odically monitored with a Tektronix 
1502 instrument; and (ii) a roaming 
10-cm TRASE probe (Soilmoisture 
Equipment Corporation), that unfor-
tunately failed aft er the background 
measurements on 19 May 2010. Figure 
7 shows the results of the ERT moni-
toring (lines 1 and 2) of the irrigation experiment. In particular, 
the background images (19 May 2010) show that indeed the ERT 
profi le in the vegetated plot (line 1) is substantially more resistive 
than the equivalent profi le (line 2) in the bare soil. In fact, the two 
profi les are nearly mirrored. 

1. In the vegetated plot, a (relatively) resistive subsoil underlies a 
thin, more conductive soil layer at the top. Our tentative expla-
nation is that (i) the top layer is moist, as it is shaded from direct 
sunlight by the canopy, while (ii) the deeper soil is relatively dry, 
as roots manage to extract soil moisture content from a depth in 
the 1-m range, mostly through suction, as the roots themselves 
are relatively shallow (Fig. 5). 

2. In the bare plot, a more conductive soil layer underlies a thin, 
more resistive top layer. Here our tentative hypothesis is that 
the topsoil is strongly aff ected by evaporation due to direct sun-
light and exposure to the warm air (no continuous canopy is 
present), thus protecting the underlying soil from evaporation 
(the top crust has reduced hydraulic conductivity).

Th e ERT background results are totally consistent, also quanti-
tatively, with the EMI maps in Fig. 6 particularly if we consider 
that the EMI data refer to an average over the soil down to 75 cm.

Th e night before the experiment (between 19 May and 20 May) 
a natural 13-mm rainfall event occurred over the farm. Th e irri-
gation experiment took place overnight between 20 May and 21 
May 2010: about 42 mm of irrigated water was applied to both 

vegetated and bare soils covering the entire area surrounding the 
two ERT lines.

Th e eff ects of both natural rainfall and irrigated water is shown, 
for both ERT lines, in Fig. 7. Th ree aspects are clearly noticeable. 

1. Th e 13-mm natural rainfall seemed to cause little to no eff ect 
on the ERT images. Th is may be slightly surprising, but it can 
be explained by (i) the rainfall interception on the canopy for 
line 1, and (ii) the large runoff  fraction caused by the soil crust 
on line 2. 

2. Th e 42-mm controlled irrigation causes a dramatic change in 
the images of ERT line 1: suddenly they become very similar 
to the background image along line 2. A possible explanation 
is that the large rate of infi ltrating water replenished the water 
defi cit caused by evapotranspiration in the vegetated plot. 

3. Th e 42-mm controlled irrigation has no noticeable eff ect on 
ERT line 2: Th is can be again explained by the low hydraulic 
conductivity of the soil crust covering the bare plot, drawing 
most irrigated water into runoff  onto the road and/or locally 
ponded water that is rapidly evaporated in absence of a protect-
ing canopy.

Th ese phenomena seem to point toward the existence of well 
defi ned mechanisms associated to the presence of vegetation. Th e 
presence of roots, albeit short and thin, is clearly capable of enhanc-
ing the infi ltration capacity of the vegetated plot: this is a positive 
feed-back mechanism that enhances the replenishment of the 
water reservoir available to vegetation. Indeed, the background 

Fig. 7. Sequence of electrical resistivity tomography lines collected over lines 1 and 2 (see Fig. 6 for loca-
tion) before and aft er the irrigation was applied to both vegetated and bare soil plots in Field 23.
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ERT and EMI images demonstrate that vegetation can eff ectively 
draw water from a depth exceeding half a meter; that is the depth 
replenished as a consequence of the intense artifi cial irrigation 
input. On the other hand, the absence of an extensive vegetal cover 
on the western plot causes the formation of a low permeability dry 
topsoil layer that protects the underlying soil from evaporation and 
maintains a high moisture content in the underlying soil layer. On 
the other hand, the impermeable dry topsoil also limits infi ltration 
into the subsoil.

Th e above discussion is necessarily limited to qualitative terms. We 
made an attempt to quantify the meaning of the ERT monitoring 
by calibrating a suitable constitutive relationship linking electri-
cal conductivity and moisture content. Given the relatively large 
fi ne grain fraction (see Table 1) it is necessary to account for grain 
surface conductivity in the constitutive relationship (consider, e.g., 
Brovelli and Cassiani, 2011). A classical approach, albeit somewhat 
limited, is to use the Waxman and Smits (1968) model in its unsat-
urated porous media form:

n
S

W
S
F S
⎛ ⎞σ ⎟⎜σ= σ + ⎟⎜ ⎟⎜⎝ ⎠

 [1]

where σ is the bulk electrical conductivity (σ  = 1/ρ, where ρ is the 
electrical resistivity derived e.g., from the ERT inversion); σW is the 
pore water electrical conductivity; σS is the equivalent grain surface 
conductivity; S is water saturation (0 ≤ S ≤ 1); n is referred to as 
the saturation exponent; F is Archie’s formation factor, that can be 
expressed as F = 1/φm, where φ is porosity, and m is the so-called 
Archie’s cementation exponent. To reduce the number of indepen-
dent parameters we assumed m = n. Th is assumption is justifi ed as 
we did not seek to characterize the spatial variability of porosity, 
and in absence of these data an independent calibration of m is 
impossible. In addition, as we are interested only in the variation of 
electrical conductivity with saturation, any other parameterization 
that describes the formation factor would be eff ectively equivalent.

We used Eq. [1] to model the transformation from electrical con-
ductivity to water saturation. To fi x the model parameters we fi rst 
decided to try and honor the in situ moisture content measure-
ments provided by TDR and TRASE probes in the vegetated plot, 
where moisture content changes are extreme. Th is was done by (i) 
taking the horizontal averages of the line 1 ERT resistivity images 
in Fig. 7, thus constructing one-dimensional resistivity profi les as 
a function of depth only; (ii) Monte Carlo simulations exploring 
the parameter space and identifying the optimal parameter set 
that transforming the one-dimensional resistivity profi les above, 
satisfi es, in a least squared sense, the TDR data on 19 May and on 
24 May 2010, that is, at the beginning and end of the irrigation 
experiment, and the TRASE data on 19 May.

Th e result of this fi tting procedure is shown in Fig. 8. Note 
that it has not been able to reproduce the TRASE average value on 

19 May. Th is is hardly surprising, as the TRASE data are limited 
to the 10 cm depth of the TRASE probe, while the resolution of 
the ERT-derived moisture content estimations cannot be any fi ner 
than the 20 cm electrode spacing (actually, lower than that). Th e 
TDR data are reasonably well fi tted by Eq. [1] with the optimal 
parameters: φ  = 0.391; n = m = 2.42; σW = 6.48 × 10−2 S/m; σS
= 0.982 S/m.

Several soil samples from the top 30 cm were used for laboratory 
measurements of electrical resistivity as a function of water satu-
ration. Tap water was used to saturate the samples during these 
experiments, with an average water conductivity equal to 4.9 × 
10−2 S/m. Th e water extracted during desaturation, aft er con-
tact with the sample soil, had an electrical conductivity equal to 
6.6 × 10−2 S/m, i.e., very close to the σW value obtained by fi t-
ting the ERT data to the fi eld TDR measurements using Eq. [1]. 
Desaturation and resistivity measurement were performed similar 
to the procedure described in Cassiani et al. (2009). Th e labora-
tory measurements were conducted at 20°C, i.e., very similar to 
the in situ temperature in late May 2010 at the San Michele site 
(18°C). Figure 9 shows the comparison between the Waxman and 
Smits (1968) relationship (Eq. [1]), fi tted to the fi eld data, and the 
laboratory data. While a nonnegligible scatter is clearly present in 
the laboratory results, the calibrated Eq. [1] is largely compatible 
with the laboratory results.

Fig. 8. Calibration of electrical resistivity tomography inversion results 
against in situ time domain refl ectometry and TRASE measurements 
of moisture content over the vegetated plot. Th e curves of moisture 
content as a function of depth are obtained taking the horizontal aver-
ages of the line 1 electrical resistivity tomography resistivity images 
of 19 May and 24 May 2010 in Fig. 7, that is, at the beginning and 
end of the irrigation experiment, and transforming resistivity into 
moisture content values with Eq. [1] calibrated on time domain 
refl ectometry and TRASE data. Th e horizontal dotted line marks 
the maximum depth considered reliable for the electrical resistivity 
tomography–derived profi les, that is, the one that correspond to a cor-
rect mass balance of infi ltrated water.
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Figure 8, however, demonstrates the existence of one remaining 
pending issue: the integral of moisture content change between 
19 May and 24 May 2010, taken from the ground surface to the 
maximum depth of about 92 cm (about 100 mm) exceeds the total 
known infi ltrated water (55 mm). In fact a large percentage (nearly 
50%) of the moisture content change integral lies in the bottom 
30 cm of the profi le, i.e., the region where surface ERT resolu-
tion is poorest. Mass balance issues from ERT inversion of tracer 
test monitoring data is known to exist and can lead to severe bal-
ance errors (e.g., Singha and Gorelick, 2005): Th is phenomenon 
is well established to be a consequence of resolution limitations 
of geophysical data (Cassiani et al., 1998; Day-Lewis et al., 2005). 
Since the poorest resolution in ERT images is necessarily present 
at depth, it is reasonable to trust the ERT results down to a depth 
compatible to the need to honor mass balance, i.e., to roughly 60 
cm depth (see Fig. 8). All water mass that appears to be deeper 
than this depth is probably only caused by an extrapolation of 
the electrically more conductive layer put in place by the irriga-
tion between 30 and 60 cm depth. To give some confi rmation of 
this hypothesis, we ran a synthetic exercise relevant to the ERT 
acquisition on the vegetated fi eld on 24 May. First we considered 
a one-dimensional resistivity versus depth profi le obtained from 
horizontally averaging the two-dimensional ERT inverted section 
(the one at the bottom of Fig. 7). Th is profi le is the one used to 
derive the moisture content profi le in Fig. 8. We extended this 
profi le to larger depth, as needed for synthetic modeling and we 
generated a forward dataset with the same confi guration as the 
fi eld acquisition. Th is dataset was then inverted with the same data 
error (5%): the result is shown in Fig. 10 as synthetic (a). We then 
modifi ed the profi le at depths larger than 62 cm adopting a larger 
resistivity value, roughly equal to the maximum observed close to 
the surface, and the corresponding inverted image is also shown in 

Fig. 10 as synthetic (b). Both synthetic results are compared with 
the real inverted data: even though the test is not conclusive, the 
images in Fig. 10 seem to indicate that the true data are likely to 
correspond to a situation intermediate between the two synthetic 
(one-dimensional) cases, confi rming the low resolution character-
istics of the inversion at depths larger than about 60 cm.

Given the above, we accepted the Waxman and Smits relationship 
with the parameters fi tted to the fi eld TDR data, and corroborated 

Fig. 10. Sensitivity analysis with respect to the actual resistivity profi le below 0.63 m, that is, the depth down to which the electrical resistivity tomog-
raphy inversion is considered reliable. On the left  the two profi les used in the synthetic forward/inverse modeling: (a) is the inverted profi le on 24 
May (see Fig. 8) extrapolated to larger depth; (b) is the same profi le down to 0.63 m, but with higher resistivity deeper than that. On the right the 
corresponding synthetic electrical resistivity tomography inversion results compared against the actual inverted electrical resistivity tomography image.

Fig. 9. Laboratory data on soil samples from the San Michele farm 
(diamonds) compared against the fi eld-calibrated Waxman and Smits 
relationship (Eq. [1]).
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by the laboratory measurements, as our best estimate of the rela-
tionship between electrical resistivity and moisture content, and 
thus converted all ERT sections collected during the irrigation 
experiment (Fig. 7) into moisture content sections (Fig. 11). Th e 
most prominent features of this result are (i) the large diff erence 
in moisture content observed between vegetated and bare fi elds, 
and (ii) the dramatic eff ect that irrigation has on the vegetated 
plot, apparently restoring the subsoil moisture content condi-
tions to a situation similar to the one observed in the bare plot. 
We argue that the pre-irrigation diff erence is mainly caused by the 
evapotranspirative eff ect of the vegetation, and that irrigation only 
replenishes the depleted soil reservoir in the soil top 60 cm.

 Seasonal Monitoring: Results 
and Discussion

We also performed the time-lapse hydrogeophysical monitoring 
of the soil hydrological dynamics under natural conditions. Th e 
technique we utilized (EMI) is most sensitive to changes in the 
hydrological state of the system, particularly to its moisture con-
tent. However temperature changes cannot be neglected. Th e 
changes considered are naturally induced by the diff erent forcing 
conditions (e.g., precipitation, evapotranspiration) that strongly 
depend on the season. Th e ultimate aim is to translate the time and 

space dependent geophysical data into quantitative estimates of the 
hydrological state variables, distributed in space and time, that in 
turn shall be part of the dataset for hydrological model calibration.

Monitoring started in May 2009 and is currently ongoing 
(December 2011). Th e dataset is composed of a good number of 
repeated frequency-domain electromagnetic measurements par-
ticularly focused on Field 21. Th e acquisition has been performed 
using a GF Instruments CMD1 electro-magnetometer in low 
penetration confi guration (horizontal loops) with a nominal pen-
etration of about 0.75 m. Most of the measurements have been 
performed manually and are automatically georeferenced using a 
Trimble GPS with decimetric precision in horizontal positioning. 
Note that, given the high soil electrical conductivity, GPR does 
not produce usable results, as the signal is quickly attenuated in 
the subsurface. Th erefore neither structural information nor time-
lapse measurements of soil moisture content are possible using this 
technique.

Temperature eff ects have been accounted for by correcting the EMI 
electrical conductivity readings (ECa) according to the relation-
ship proposed by Sheets and Hendrickx’s (1995) and discussed in 
detail by Ma et al. (2011):

Fig. 11. Sequence of electrical resistivity tomography lines collected over lines 1 and 2 before and aft er the irrigation, converted into estimates of mois-
ture content according to the calibrated Eq. [1] (see Fig. 9).
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( )/26.815
25 0.4470 1.4034 T

aEC EC e−⎡ ⎤= +⎢ ⎥⎣ ⎦  [2]

where EC25 is the ECa standardized at 25°C and T is the soil tem-
perature (°C). Estimates of soil temperature have been derived 
from average monthly air temperatures recorded on site. Similarly 
the bulk conductivity in the calibrated Eq. [1] can be normalized 
to 25°C to transform ECa readings into estimated average moisture 
content in the top 0.75 m of soil. Figure 12 shows a sequence of 
such estimated moisture content maps on Field 21 from September 
2010 to October 2011. During this period the fi eld was maintained 
free of vegetation by herbicide application. Th is practice was inter-
rupted between the beginning of February and the end of March 
2011, and consequently a mixture of spontaneous species grew with 
a prevalence of oilseed rape.

Th e moisture content maps in Fig. 12 show three main features. 

1. In all seasons the spatial patterns of moisture content are well 
defi ned and repeatable, showing an area of higher moisture con-
tent to the western side of the site. Th e higher moisture content 
is eff ectively correlated with the fi ne soil fraction (clay+silt: see 
Fig. 2) while it is not so obviously correlated with γ-ray emission 
that is strongly controlled by the abundance of CaCO3 (Fig. 
3) thus probably masking the more subtle fi ne fraction eff ect. 

2. Moisture content changes substantially over time, and as 
expected is much lower over summer (below 8%) than in 
winter–spring (as high as 22%). 

3. In March 2011 the most dense spontaneous vegetation is con-
centrated in the area where higher moisture content is always 
observed, i.e., in the region of finer soil texture. Here the 
canopy reached more than 2 m in height, making it diffi  cult 
even to walk through this area. Elsewhere in Field 21 the veg-
etation appeared to be sparse and large patches of bare soil still 
remained, similar to the situation of the bare soil plot in Field 
23. Note that the dense vegetation is here correlated with higher 
rather than lower moisture content in the soil as observed in 
Field 23 in May 2010. However this is not surprising, as (i) we 
are here considering data related to an earlier period (March 
versus May) with a diff erent evapotranspiration demand, and 
(ii) the fi ner soil texture in the western area of Field 21 is a factor 
controlling the vegetation growth.

Figure 13 shows another interesting phenomenon linked to 
the interaction between vegetation and soil state. Here the esti-
mated moisture content maps in May 2009, May 2010, and May 
2011 are compared. Th e EMI surveys were conducted roughly at 
the same date. For May 2010 this corresponds to the time of the 
irrigation experiment in Field 23.

In January–February 2010 the south-eastern portion of the fi eld 
was seeded with wheat, and in May 2010 this was fully grown. On 
the contrary, in both May 2009 and May 2011, the whole fi eld was 
bare. Th e wheat area is marked by the thick line in Fig. 13. Th e 
presence of wheat has a distinct eff ect on moisture content patterns, 
reducing moisture content basically to the level observed in the veg-
etated plot of Field 23 at the same time (10–12%) and erasing any 
pattern observable in 2009 and 2011 over the same area, and likely 

linked to soil texture subtle patterns. Th e remaining part of Field 
21, always left  bare, shows the same features in May 2009, 2010, 
and 2011. Note that Field 21 was, up to May 2011, not irrigated.

 Model
Th e phenomena observed in the fi eld irrigation experiment and long-
term monitoring, particularly the interactions between soil moisture 
content and vegetation, call for the development of a mechanistic 
model capable at least of capturing the main controlling features. 
In this section, we would like to provide a tentative theoretical 
framework that could support our hypothesis that the signifi cant 
diff erences that characterize the biomass and water dynamics in 
bare and vegetated plots of Field 23 could be ascribed to the water 
stress that originates from the scarce wettability of the bare soil, that 
is just partially contrasted by the vegetation growth. Furthermore, 
we would discuss what could cause the very diff erent soil moisture 
patterns observed in the two noncultivated plots of Field 21 and 23 
where the vegetation density and the soil saturation are respectively 
very high and quite low, fi nally we would discuss how the soil- vege-
tation feedbacks could impact the water budget and the connectivity 
of the soil surface with the soil layers below the root zone.

We do not try to invert measurements but rather we try to translate 
soil moisture patterns into evidence of relevant processes in act 
and justify the link and relevance of these processes to the growth 
of diff erent species, on the base of mass balance consideration. 
Th e following experimental evidences may be easily incorporated 
within simple biomass and water balance evaluation. 

1. High biomass density corresponds to high soil moisture avail-
ability (at Field 21) and conversely a patchy distribution of 
vegetation (corresponding to low average biomass density) is 
associated to the persistent soil moisture defi cit (at Field 23). 

2. A feedback seems to exist between infi ltration and vegetation 
growth according to the soil moisture patterns observed at Field 
23, if the scarce vegetation cover of the bare plot is associated 
with increased runoff  and reduced infi ltration. 

3. A linkage seems to exist between the dynamics of soil moisture 
and the depth of the soil layer that participates to the dynamics 
of soil moisture (it could be expected to be related with the root 
depth). Th e linkage is evidenced by the comparison between the 
soil moisture patterns observed at the cultivated site (no water 
stress) and those observed at the bare plot of Field 23.

Th e conceptual model proposed in the following consists of 
two mass balance equations: one for the soil moisture and one for 
biomass (see Fig. 14 for a conceptual scheme of the model fl uxes).

Th e rate of variation of the biomass density B is the diff erence 
between the growth rate of the biomass G and the mortality rate 
M  due to water scarcity.

d
d
B G M
t
= −  [3]
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Fig. 12. Maps of estimated moisture content derived from EMI mapping on Field 21 during 2011. Th e ECa values have been temperature corrected and 
converted into moisture content using to the calibrated Eq. [1], see Fig. 9. Th e arrow in Fig. 12c points at the area covered by dense and tall spontane-
ous vegetation on 30 Mar. 2011.
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Th e time derivative of the soil moisture volume nHS, where S is 
the soil saturation, n the soil porosity and H the root depth, equals 
the infi ltration rate I minus evapotranspiration ET and leakage L.

d
ET

d
SnH I L
t
= − −  [4]

According with our intuitive interpretation of the experimental 
data, we assume that infi ltration is impeded in the absence of 
vegetation and furthermore, that infi ltration and evapotranspi-
ration both increase with increasing biomass density. Th e soil 
vegetation interaction aff ects leakage as well. We simulate the 
possible occurrence of fast fl ow from the soil surface to the water 
table by increasing the soil conductivity and thus L, under the 
hypothesis that roots create fast fl ow path to the detriment of 
soil moisture storage.

Parameters and functions are taken from literature and our specu-
lation on the relevance of the soil vegetation feedbacks will serve 
to outline specifi cally dedicated further experiments. Functions 
(G, M, I, ET, L), function parameters and related references are 
reported in Table 2. Equation [3] and [4] have been integrated on 
daily time scale for several years to lose memory of an arbitrary 

initial condition and average estimate of the dimensionless biomass 
density b = B/Kb and of soil saturation S are presented in Fig. 15 as 
a function of H, for diff erent hypothetical environmental scenarios 
(see Table 2 for parameter defi nition).

When the partitioning of rainfall into infi ltration and runoff  is 
linked to the vegetation growth by a positive feedback between 
infi ltration and biomass growth (as conjectured for the Field 21) 
the gain in storage capacity achieved by the plant that develops 

Fig. 14. Conceptual scheme of the model used in this paper.

Fig. 13. Maps of estimated moisture content 
derived from EMI mapping on Field 21 in May 
2009, 2010, and 2011. Th e ECa values have 
been temperature corrected and converted into 
moisture content using to the calibrated Eq. [1]. 
Note the clear eff ect of wheat grown in 2010 in 
the southern part of the fi eld. Satellite image 
source: Google Earth.
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deep roots, does not represent an advantage for the plant itself as 
roots grow deeper. Above a certain threshold H, b, and S become 
less sensitive to further increase in root depth.

Th e “critical” root depth at which plant cover no longer aff ects the 
soil moisture balance and thus the water yield depends on plant 
physiology and phenology (through ET) and on the soil vegeta-
tion interaction and feedback that alter the soil wettability and 
conductivity (and thus I, and L). Modeled and observed (at the 
bare plot of Field 23) “critical” root depth are in the same order of 
magnitude of about 500 mm.

Th e occurrence of a water stress situation is associated to the occurrence 
of a patchy vegetation cover (low S corresponds to low b). According to 
a simple mass balance approach, water stress may be attributed to the 
physiological high water demand (when ET0 = 500 mm yr−1  cases: c 
and d (from Fig. 15 and Table 2), the eff ective evapotranspiration cor-
responds to the literature data taken here as reference values due to the 
low biomass density, but it is locally very high) or to a disadvantageous 
partitioning of rainfall into runoff  due to the lack of soil wettability 
where the vegetation does not grow ( 00/1( ) 0/0.8bI b I= = ) or to 
enhanced leakage when the root growth coincide to the establishment 
of a fast connection of the soil surface with the water table (simulated 
by setting n = 0.5 in cases a and c). Th e model outcome demonstrates 
that (i) vegetation may aff ect the soil structure and enhance leakage 
and/or infi ltration producing a negative or positive feedbacks, (ii) pref-
erential allocation of biomass below ground determines and increment 
of soil storage capacity but does not always turn into an advantage for 
biomass growth.

Table 2. Model function functionality, parameter defi nition, parameter values and related references.

Model functions Parameters Parameter values References

b
( ) 1

BG B rB
K

⎛ ⎞⎟⎜ ⎟= −⎜ ⎟⎜ ⎟⎜⎝ ⎠

r = specifi c growth rate and
Kb = carrying capacity

r = 1 yr−1

Kb = 5 kg m−2
Verhulst (1838)
Lieth and Whittaker (1975)

1
1
−

=
+
SM mB
S

m = mortality rate m = 1 yr−1

b

BI Pg
K

⎛ ⎞⎟⎜ ⎟= ⎜ ⎟⎜ ⎟⎜⎝ ⎠

( )0 1 sin 2= + πP P t

P0 = average annual precipitation P0 = I = 500 mm yr−1 Agenzia Regionale per la Protezione 
dell’Ambiente Sardegna (2011)

b

1
b

=
+

B
K

g
B k
K

k1 = feedback parameter k1 = 0.25 HilleRisLambers et al. (2001)
Ursino (2007)

( )0 bET ET 1 cos2 t B K= + π ET0 = average annual 
evapotranspiration

ET0 = 500 mm yr−1 (c; d)
ET0 = 200 mm yr−1 (a; b)

Agenzia Regionale per la Protezione 
dell’Ambiente Sardegna (2011)

Baudena et al. (2012)

L = KsSn Ks = soil saturated conductivity
n = soil empirical parameter

Ks = 300 mm yr−1

n = 0.5 (a; c)
n = 5 (b; d)

Brooks and Corey (1964)
Kim et al. (1996)
Ursino (2009)

Fig. 15. Model predictions. Average biomass density and soil satu-
ration for diff erent control volume depth H. Dashed line: soil 
saturation; continuous line: dimensionless biomass density. Diff erent 
scenarios (concerning the soil-water-vegetation interaction) have been 
simulated. Black lines: positive feedback between vegetation growth 
and infi ltration. Gray lines: wettable soil, and no feedback g = g(1). 
Curves a and c: low storage capacity due to fast leakage through the 
root zone toward the water table n = 0.5. Curves a and b: low evapo-
transpiration ET0 = 200 mm yr−1, with high and low leakage n = 0.5 
(a) and n = 5 (b), respectively. Curves c; d: high evapotranspiration 
(leading to possible water stress) ET0 = 500 mm yr−1  with high and 
low leakage n = 0.5 (c) and n = 5 (d), respectively.
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Th us, the “critical” root depth of about 500 mm (observed at the 
bare plot of Field 23) may be the signature of vegetation adaptation 
to climate and/or soil water scarcity.

Th e vegetation growth indirectly aff ects locally the average soil 
saturation and globally the connectivity between the soil moisture 
paths. Increasing H  due to adaptation or physiological charac-
terization turns into an advantage for the vegetation (and to an 
increase in soil saturation) when no water stress occurs (case b) 
or when the water stress may be contrasted by a positive feedback 
between infi ltration and biomass growth (cases a and d) despite 
the formation of a soil surface sealing crust in the absence of veg-
etation and the either high ET (case d) or high L (case a). When 
ET and L are both high (case c) deep rooted species are penalized 
(case c). If the soil surface remains wettable and the conjectured 
crust does not develop over the bare soil patches (gray lines with 
no feedback ( ) (1) 0.8g b g= = ), moderate and severe water scar-
city conditions (cases a and c) turns into more favorable scenarios, 
leading at least to the conversion of a patchy vegetation cover into 
a uniform vegetation cover (such as in case a) if the roots can grow 
deep enough. Th e fact that the vegetation cover at Field 21 and 23 
is diff erent despite the soil texture is similar, may be attributed to 
species physiology (including the diff erent root depth that aff ects 
the annual water balance) and phenology and/or to the vegetation-
soil interaction that aff ects the soil structure, the soil wettability 
and the vertical connectivity between the soil surface and the deep 
soil layers. Th is means that our tentative mechanistic explanation 
for such diff erent water dynamics at the observed sites may not 
be unique. Corresponding to a diff erent possible explanation, the 
expected impact of the local soil vegetation interaction on global 
soil moisture balance changes.

 Conclusions
Th is paper presents the results of long-term monitoring and irri-
gation tests performed on the San Michele experimental farm in 
Southern Sardinia, an area of semiarid climate where concerns 
exist about future impacts of possible climatic changes on the 
already stressed water balance. Th e collected data allowed us to 
draw some interesting conclusions. 

1. Noninvasive techniques, and particularly soil mapping with 
electromagnetics and γ-ray emission, provide data at the scale 
and resolution necessary to understand the hydrological pro-
cesses of the topsoil, in their spatial variability. Unlike remote 
sensing techniques, noninvasive geophysics penetrates the soil 
subsurface and can eff ectively image moisture content in the 
fi rst meter or so, that is, in the active layer where moisture con-
tent and vegetation strongly interact. 

2. Careful calibration of these noninvasive techniques, in our 
case on the basis of a controlled irrigation experiment, leads 
to producing quantitative estimates of moisture content at the 
scale and resolution needed by large-scale hydrological models. 

3. Th e evidence collected at the San Michele farm using nonin-
vasive techniques point toward a strong interaction between 

vegetation and soil water dynamics, with important feed 
backs between biota and water infi ltration and exfi ltration 
from the soil. 

4. Th e collected evidence calls for a conceptual model capable 
of representing the vegetation–soil interaction, and that has 
simple enough parameterization that can be fulfi lled by mea-
surements of a noninvasive nature, available at a large scale. One 
such key parameter is the thickness of the active layer.

In our experimental site we observed that the growth of veg-
etation, the associated below ground allocation of biomass and the 
architecture of root have a signifi cant impact on the soil moisture 
dynamics. Th e presence of the roots in the vadose zone has been 
observed to be crucial in the water balance due to the fact that the 
below ground biomass aff ects the soil structure and its response to 
the hydrologic forcing. We reasonably conjectured that the vegeta-
tion that spontaneously grows in the fi eld that was left  bare alters the 
structure of the compact layer that seals the soil surface otherwise. 
Indeed, the bare soil reacts slowly to rainfall and irrigation and its 
reaction is confi ned within the upper soil layers, despite the fact that 
the vegetation grows deeper roots as compared to the neighbor crop.

By enhancing infi ltration, the vegetation grows locally and profi ts 
of the increased soil moisture availability and at the same time 
exploits the scarce water resources creating the conditions that 
limit its own growth. In many arid sites of the word the mosaic 
vegetation cover (dense and patchy vegetated patterns within a bare 
background) represents the reaction of the ecosystem to this com-
plex interplay between soil, biomass and hydrological constrain. 
We observed a quite uniform, although scattered, vegetation cover 
that we would attempt to explain on the base of the data collected 
and the outcome of a minimal model.

Although encouraging, the numerical results presented here shall 
be considered as preliminary investigations only. Indeed our 
modeling approach is very simple, as it roughly describes the time 
variability of the hydrological forcing, the soil characterization 
and the plant physiology. Th e model ignores daily time scale pro-
cesses, and the diff erent dynamics that characterizes the vegetation 
growth above and below ground. Nevertheless, despite the many 
simplifying hypothesis, it suggest that accounting for ecohydro-
logical feedback may provide an explanation for some physiological 
aspect of vegetation growth and soil moisture dynamics.

Geophysics evidenced relevant diff erences in soil moisture patterns 
that may be linked to the vegetation growth although our tentative 
mechanistic explanation for such diff erences may not be unique. 

What reason determines the strong diff erences in observed soil 
moisture patterns at diff erent fi elds certainly deserved deeper 
investigation to address the main water and land use management 
issues concerning the water availability and the water quality.
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