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Abstract. This paper investigates the impact of various
vegetation types on water balance variability in semi-arid
Mediterranean landscapes, and the different strategies they
may have developed to succeed in such water-limited en-
vironments. The existence of preferential associations be-
tween soil water holding capacity and vegetation species is
assessed through an extensive soil geo-database focused on a
study region in Southern Italy. Water balance constraints that
dominate the organization of landscapes are investigated by
a conceptual bucket approach. The temporal water balance
dynamics are modelled, with vegetation water use efficiency
being parameterized through the use of empirically obtained
crop coefficients as surrogates of vegetation behavior in var-
ious developmental stages. Sensitivity analyses with respect
to the root zone depth and soil water holding capacity are car-
ried out with the aim of explaining the existence of preferen-
tial soil-vegetation associations and, hence, the spatial distri-
bution of vegetation types within the study region. Based on
these sensitivity analyses the degrees of suitability and adapt-
ability of each vegetation type to parts of the study region are
explored with respect of the soil water holding capacity, and
the model results were found consistent with the observed
affinity patterns.

1 Introduction

A primary motivation for this study is the development and
implementation of a simple water balance model for regional
applications in semi-arid Mediterranean landscapes, suitable
to investigate the impact of climate change on regional wa-
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ter budget, and the assessment of critical climatic and land-
scape controls over large spatial domains (Entekhabi and Ea-
gleson, 1989; Scholes and Walker, 1993), in absence of ex-
tensive soil database. According to Farmer et al. (2003) in
such environments, often referred to as water-limited ecosys-
tems (Rodriguez-Iturbe et al., 1999), the basic processes
of water storage, drainage and evapo-transpiration are con-
trolled by the interaction between climate (seasonality ver-
sus inter-annual variability), soil properties (storage capacity
and drainage rates), and vegetation dynamics (soil moisture
dynamics, plant productivity and security). Despite the pre-
vailing spatial heterogeneity of climate and landscape prop-
erties (i.e., soils) and the highly complex space-time patterns
of vegetation types, density and response, in order to es-
timate broad-scale elements of the water cycle (e.g. Milly,
1994), simplifications are necessary in model applications
(e.g. Yates, 1997; Arnell, 1999: Oki et al., 2001; Doll et
al., 2003). In fact, notwithstanding the process complexity,
it has been found that even models with a single-layered root
zone (e.g. bucket models) are quite often adequate to sim-
ulate monthly evaporation and water balance, at regional to
global scales (e.g. Feddes et al., 2001; Federer et al., 2003).

In this field, several experimental studies have shown that
water balance estimates are sensitive to land cover types,
vegetation cover, and land use, as well as the rooting depth
Dr , and available specific water contentθf c−θwp (e.g. Finch,
1998); therefore, the (quite commonly experienced) absence
of accurate soil databases especially concerning the soil wa-
ter storage capacity, represents a crucial limitation to the reli-
ability of model predictions. Moreover, the existing methods
to estimate the spatial maps of soil moisture storage proper-
ties (e.g. Santini et al., 1999) from multiple regression analy-
ses with vegetation characteristics and land-use, on their turn
are based on suitable geo-databases for testing the robustness
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of these hypothetical regressions over the study domains.
On the other hand, in the latest decade the development of

remote sensing has provided extensive and reliable maps of
vegetation cover which are always available even in so-called
ungauged basins. At the same time in the emerging field of
eco-hydrology the role of vegetation in hydrology has been
investigated in considerable detail.

Motivated by these considerations we explore the use of
simple models for water balance evaluation and prediction,
provided that they are able to correctly represent the role of
climate-soil-vegetation (CSV) interactions and the dynamic
adaptive behavior of vegetation in controlling the space-time
patterns of water balance variability (Scanlon and Albert-
son, 2003). The analysis and detection of CSV interactions,
in fact, may provide a priori information which can be ex-
ploited, in simple water balance models, to reduce parameter
uncertainties that arise in absence of accurate soil databases,
with the necessity to limit the use of model calibration pro-
cedures (Fiorentino et al., 2006).

It is well known, for instance, that during the evolution of
native plant species in any environment, a diversity of mecha-
nisms is adopted by plant communities to adapt their progeny
to the range of environmental perturbations encountered in
nature (Zobel, 1992). There is evidence that plants with
different rooting habitats show different seasonal courses of
water exploitation, and that the duration of water stress and
the distribution of soil moisture with depth will determine
whether a species can succeed in a particular environment
(e.g. Davis and Mooney, 1986). The depth at which plants
are able to grow roots has therefore important implications
for the whole ecosystem hydrological balance (as well as car-
bon and nutrient balances). For example, the water extracted
by plants during the wet season often comes from shallow
layers where the root density is highest, whereas, as those
layers dry, there is a progressive shift towards using water lo-
cated in deeper layers (Canadell et al., 1996). In this regard,
simulations with a simple water balance model across the
large area of the United States (Milly, 1994) demonstrated
that (estimated) actual values of soil water holding capacity
were such that they were large enough to maximize evapo-
transpiration and minimize runoff, pointing to an ecologi-
cally optimal vegetation response relative to the magnitudes
of water and energy supply.

In the same vein, we investigate if (and to what extent) the
principles of eco-hydrology may play an important role even
in heavily human impacted environments such as the Euro-
Mediterranean region. In particular, the habitats for plant
domestication, selected along the years by farmers on the ba-
sis of yield performance (Zobel, 1992), should provide re-
duced competition, improved fertility, and reduced disease
incidence, thus allowing increased productivity. In such a
case, vegetation response, and its evolutionary adaptation to
the multi-scale climate variability and landscape properties
(soils, topography etc.) prevalent in the study region, could
be considered as keys to understanding the underlying wa-

ter balance regimes, with particular reference to agricultural
landscapes.

Therefore, since soil moisture storage capacity becomes
a controlling factor for sustainability and survival of rain-
fed agriculture, some selective association between both soil
and vegetation features should be recognized in their spa-
tial co-variations, so that the key problem of identifiability
of model parameters could be effectively constrained. Thus,
land cover information, available at a regional scale, could be
further exploited in order to improve the hydrologic evalua-
tion and prediction of water balance and reduce the paramet-
ric uncertainty due to scarce information about soil features
and hydraulic behavior.

We use a conceptual bucket model. The water balance
behavior of each land cover (vegetation) type is explored
through sensitivity analysis with respect to soil water stor-
age capacity, and through assessing the effects of climate
variability (at intra- and inter-annual time scales) under dif-
ferent soil and vegetation conditions. The adaptation and
suitability of each vegetation type to local conditions (and
in the absence of irrigation) are then investigated in terms
of (estimated) annual rate of evapo-transpiration being this
a proxy of plant productivity. Finally, a conceptual vali-
dation of this rationale is performed by observing how the
evapo-transpiration response simulated by the model under
different vegetation and soil combinations reflects the appar-
ent spatial patterns of vegetation types across the study re-
gion.

The paper outline presents a background description of
the study region with its climatic and landscape peculiari-
ties and analyzes the soil and vegetation patterns observed in
the study region by the light of the available soil database.
Then, the water balance model is briefly described as well as
the soil and vegetation data used in the model simulations.
The results section is focused on the water balance response
under different soil and vegetation conditions, followed by
the sensitivity analysis carried out to investigate vegetation
adaptability.

2 Background to the study region

Puglia, South-Eastern coastal region of Italy (Fig. 1), ex-
emplifies typical features of semi-arid Mediterranean land-
scapes. Over many centuries, mild orographic features and
high population density have led to intensification of agri-
cultural farming, accompanied by replacement of existing
natural vegetation with agricultural crops (Table 1). Some
of these crops have originated from native species as in the
case of olives, grapes and some varieties of wheat. Exotic
species (e.g., some types of vegetables) have also been in-
troduced over time. This is exemplified by a low degree of
crop diversity in the region covering an agricultural area of
about 14 700 km2, of which 43% is cultivated with wheat,
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Fig. 1. Map of study area with spatial distribution of crops un-
der consideration. The notation “other uses” refers to natural areas,
other agricultural uses and urban areas.

Table 1. Land-use summaries of Puglia region (Southern Italy)

Area Area Area, % of
km2 % antecedent figure

Study site 19 332 100 –
Human-modified 15 776 81.6 –
Natural 3556 18.4 –
Vegetation cover 18 243 94.4 –
Agricultural use 14 687 76.0 80.5
Simulated species 12 779 66.1 87.0
Irrigated crops 2175 11.3 17.0

32% with olives, 9% with grapes, 3% with citrus and 2%
with vegetables (Fig. 1).

A major distinction can be made between permanent and
seasonal crops. In fact, a marked differentiation exists be-
tween seasonal (e.g. winter wheat) and permanent native
vegetation (e.g. olives) in terms of their physiological fea-
tures (e.g. root apparatus) to deal with variable soil moisture
storage (Zobel, 1992). Seasonal crops, represented here by
wheat crops, are usually characterized by an almost complete
vegetation ground cover with a high root density and shallow
root depth. These features make seasonal vegetation able to
maximize soil water exploitation only during and immedi-
ately after the wet season (Canadell, 1996). On the other
hand, permanent tree crops, represented by olives, grapes,
and citrus, have lower percentages of vegetation ground
cover, deeper roots and lower root density, which have all
evolved over time to withstand the expected soil moisture
deficits during the dry season.
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Fig. 2. Inter-annual (top) and intra-annual (bottom) variability of
climate: (a) fluctuations of annual rainfall totals above and be-
low mean annual rainfall;(b) mean monthly values (tick lines) of
rainfall and the potential evapo-transpiration and their inter-annual
variability range expressed as 10th and 90th percentiles. The aver-
age annual rainfall is 588 mm, while the average annual reference
evapo-transpiration is 1136 mm.

Besides physiological features of plants, the spacing of
trees, which in turn controls vegetation ground cover, is de-
termined by local agricultural practices aimed at maximizing
productivity and reducing disease exposure. Typical ground
cover conditions observed in the region as well as details on
harvesting and pruning time are presented in Table 2 (Allen
et al., 1998) for seasonal and permanent crops respectively.

The climate variables in this region typically ex-
hibit marked inter-annual variability (especially in rainfall,
Fig. 2a), as well as intra-annual seasonality (Fig. 2b) where
the observed seasonal rainfall pattern is out of phase with that
of potential evapo-transpiration.

A soil geo-database is available for the study region
(Caliandro et al., 2005), which consists of more than 5000
observations that were collected between 1997 and 2000 to
develop a new soil map for agricultural land planning and
management. The survey uniformly covered the agricultural
portion of the region (covering about 14 700 km2). Most of
these observations (about 4000) were based on soil cores
dug to a maximum depth of 1.50 m and analyzed on site
by trained experts adopting simplified qualitative methodolo-
gies.
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Table 2. Water use efficiency parameters, modified from Allen et al. (1998) after lsymeter experimentations at the local scale (Caliandro
et al., 2005); local adjustment of the crop coefficients take into account the peculiarity of climate and the typical cultivars and agricultural
practices. Figures reported in bold character indicate harvesting time for the seasonal crop (wheat) and pruning time for permanent ones,
while figures in italic character refer to the dormancy period in which bare-soil evaporation is the dominant atmospheric loss from the soil
water.

CropKc Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Wheat 1.00 1.00 1.10 1.12 0.650.30 0.30 0.30 0.30 0.30 1.00 1.00
Olivesa 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
Grapesb 0.40 0.40 0.40 0.50 0.60 0.75 0.75 0.60 0.40 0.40 0.40 0.40
Citrusc 0.75 0.75 0.70 0.70 0.70 0.65 0.65 0.65 0.65 0.65 0.70 0.70

a Values with ground cover equal to 50%;b Values with ground cover equal to 35%;c Values with ground cover equal to 70%.

 (a)

 (b)

Fig. 3. Empirical and fitted probability density functions (a
measure of abundance) of soil environmental variables;(a)
with regard to soil depth sub-samples for olive (mean=46.0 cm;
st.dev.=25.5 cm), wheat (mean=54.4 cm; st.dev.=27.4 cm), and
vineyards (mean=70.6 cm; st.dev.=22.7 cm);(b) with regard to
AWC sub-samples for olive (mean=64.4 mm; st.dev.=40.6 mm),
wheat (mean=84.5 mm; st.dev.=48.8 mm), and vineyards
(mean=85.9 mm; st.dev.=48.1 mm).

Total soil depth and available water capacity (AWC) were
recorded among other features such as soil texture and struc-
ture, terrain elevation, slope and aspect, landuse, vegetation,
litology, groundwater level, drainage condition, and perme-
ability. The AWC (mm) is estimated by accounting for all
soil layers available within the root zone.

2.1 Detection of soil-vegetation affinity and preferential as-
sociation

When ecologists investigate variation of plant or animal com-
munities across a range of different environmental condi-
tions, usually not only large differences in species composi-
tion of the studied communities are found, but also a certain
consistency or predictability of this variation (e.g. Lepš and
Šmilauer, 2003).

Accordingly, we investigate on the available geo-database
of soil samples introduced in background section (Caliandro
et al., 2005) that provided a valuable source of information
on soil depth and soil water holding properties for the study
region.

In the available soil database, the individual samples have
information only on one single vegetation species observed
in site. Therefore we can analyse the vegetation species com-
position in terms of various abundance measures, including
counts and frequency estimates, only if we refer to the avail-
able data set as a multiple-sites sample.

In practical terms, the response variables representing the
community composition is given by the presence of a given
vegetation species, while the explanatory data set contains
measurements of the environmental properties, namely soil
depth (cm) and AWC (mm). In turn, the quantitative and
presence-absence variables representing the species compo-
sition may also occur as explanatory variables to predict ex-
pectable conditions for some environmental variable of inter-
est.

In Fig. 3, for the three dominant land-uses (Table 4) fre-
quency distributions are shown as abundance measures with
respect to the adopted environmental variables. By fitting a
gamma probability distribution function to the soil variables,
as in Milly (1994), it is possible to explore the response level
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Table 3. Central values and expected variability bounds of model parameters.

Parameter Wheat Olive Grape Citrus

Root Depth (cm) 80÷100 70÷130 90÷130 100÷120
bc=θf c−θwp (% vol.) 6.4÷19.5 6.4÷19.5 6.4÷19.5 6.4÷19.5

field capacity =θf c; wilting point = θwp

Table 4. Composition of land-use types and numbers of soil samples classified by their land-use attributes.

Area [km2] Area [%] Soil Samples Soil Samples [%]

Total 19332 100 3967 100
Wheat 6850 35.5 1202 30.3
Olive 4828 25.0 1575 39.7
Vineyards 1266 6.6 246 6.2
Other land-uses 6388 33.0 940 23.7

of a species with respect to an environmental gradient vari-
able (Gauch and Whittaker, 1972); therefore, theoretically
the value of environmental variable that gives the maximum
abundance represent the optimum value, while the amplitude
of response (like measures of dispersion) is a measure of en-
vironmental tolerance. From such an analysis (Fig. 3a and b),
it is clear that the abundance of the three considered species
is basically correspondent to specific ranges of soil depth and
AWC conditions.

In particular, the range of values for the soil AWC ob-
served in the real data (Fig. 3b) is coherent with those val-
ues estimated on the basis of literature ranges of root depths
and soil textural properties (Table 3). Nevertheless, differ-
ences are revealed between their shapes. Olive plants seem
well suited even to small values of the AWC parameter, while
wheat and grape appear less tolerant. These features shown
by the frequency distributions of water holding capacity well
represent the selectivity (grapes and wheat) and conversely
the adaptability (olives) of main vegetation types to various
landscape conditions in the region.

Furthermore, the dependence between spatial occurrence
of land-use types and soil attributes across the landscapes
is clarified in terms of patterns of relative abundance of the
considered land-uses in any given class of soil water hold-
ing capacity. Based on the soil samples, Fig. 4 presents the
relative frequencies of each land-use varying the AWC. The
use of frequencies normalised by the relative abundance of
each soil class within the entire sample assures more signif-
icant and unbiased signals of soil-vegetation affinity. The
observed patterns show that increasing the available water
content of the soil implies a regular transition (or substitu-
tion) from less water-consuming crops (more adaptable) to
more exigent ones (more selective).
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Fig. 4. Relative frequencies of soil samples conditional on soil use
with respect to AWC classes.

Therefore, the shapes of these curves (and their slopes)
provide an explanation of the affinity trends between land-
use and water holding capacity. In fact, according to Fig. 4,
wheat crops tend to dominate above 150 mm of AWC with
noticeable improvements as this threshold is exceeded. Sim-
ilarly grape crops reach a stable condition for AWC values
above 150 mm. On the other hand, olive groves that are
adaptable to a wider range of landscape conditions in the
study region appear gradually substituted by other more prof-
itable crops. As for the natural biomes, this gradual change
in the community composition can be related to differing, but
partially overlapping demands of individual species for envi-
ronmental factors such as the available soil moisture, AWC.
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Based on these results, we can make conclusions about the
preferences of individual plant species’ populations for par-
ticular environmental gradients, which are described by the
measured soil properties.

On the other hand, though the establishment of crop
species is based on a yield maximization principle that en-
compasses other criteria like terrain slope, and feasibility
of plantations, the substitution of less remunerative cultures
such as the olives with more rewarding ones, such as wheat,
seems to prevail in the land-use composition. The observed
co-occurrence of land-use and soil properties provides ev-
idence that eco-hydrological principles play a crucial role
even in human-modified landscapes that are strongly char-
acterized by agricultural vegetation in a water limited envi-
ronment, thus providing a useful guidance for model param-
eterization and constraint.

3 Description of the water balance model

This paper section mainly focuses on the role of soil and veg-
etation in regulating the landscape water balance. Therefore,
model simulations are utilized to explain and explore differ-
ences in the soil moisture response due to different vegetation
types. In particular, the temporal variability of water balance
resulting from simulations is used to interpret the spatial pat-
terns of soil-vegetation occurrences extracted from the statis-
tical analysis of available soil data over the study region.

For the specific orographic and geological setting of
the study region, we focus on vertical fluxes of evapo-
transpiration to the atmosphere, and evaluate drainage from
the root zone, including any surface or subsurface flow.
Hence, modeling a single-layer root zone is deemed adequate
to simulate monthly water fluxes, though ignoring several
processes of water movement which become more important
at the daily time scale (Federer et al., 2003). Such an as-
sumption is corroborated from the fact that the aquifer level
lays far below the root zone almost everywhere in the study
region.

In the single-layer root zone, soil moisture state variable
S(t) is updated on the basis of known or estimated net in-
flows and outflows to and from an associated control volume.
The resulting dynamic water balance equation is given by:

S(t + 1) = S(t) + P − ET − Y (1)

where,P is the rate of precipitation,ET is the rate of actual
evapo-transpiration,Y is the net drainage yield (i.e. the rate
at which water is leaving the root zone), andt is the generic
time step. The magnitudes of fluxes on the right-end-side
of Eq. (1), namely,ET , andY , are all controlled by the soil
water storageS(t). To estimate these fluxes in terms ofS(t)

(with the assumed mathematical expressions being summa-
rized in Appendix A) the soil moisture capacity,Sbc (mm),
is the limiting factor (e.g. Milly, 1994; Struthers et al., 2003;

Federer et al., 2003). This model parameterSbc, represent-
ing the soil storage capacity per unit area, is assimilated to
the AWC and is given by the product of the soil depth avail-
able for plant rootsDr (cm) and the difference between the
soil moisture at field capacityθf c (%) and at wilting point
θwp (%).

Such a model structure is specifically adopted in order to
control soil moisture behavior and concentrate its variability
into one single parameter. The sensitivity of model predic-
tions to the parameterSbc will be reported later on.

Monthly evapo-transpiration is modelled on the basis of
the Penman-Monteith equation, after the FAO calculation
method (Allen et al., 1998). The influence on evapo-
transpiration exercised by canopy architecture, leaf cover
density, and root apparatus is embedded into empirical crop
coefficientsKc describing vegetation development stages
with respect to some standard vegetation type. Similarly,
the influence of soil water deficit on the stomatal resistance
considered in the Penman-Monteith formulation is taken into
account through an empirical water stress conceptualization
on the basis of the available water in the root zone, again as
suggested by the FAO method known as non-standard evapo-
transpiration (Allen et al., 1998) (see Appendix A).

Both for seasonal and permanent cropsKc values are vari-
able during the year reflecting the seasonal developmen-
tal stages of plants under particular climatic conditions. A
database of crop coefficients for typical Mediterranean crops
was provided by Doorenbos and Pruitt (1977), and later sup-
plemented by Allen et al. (1998) (Table 2). In Table 2, as
suggested by the FAO method (Allen et al., 1998), the crop
coefficients were modified with respect to the literature val-
ues on the basis of lisymeter studies developed in the study
region to account for the peculiarity of climate that reflects
on plant development and therefore soil water exploitation
(Caliandro et al., 2005). The most evident adjustment in the
crop coefficients is that of the winter wheat with its antici-
pated development and maturation in the early spring.

Four typical crops are considered in model simulations,
namely wheat, olives, grapes, and citrus, because they repre-
sent most of the agricultural areas within the Mediterranean
region.

As for the crop coefficients, the allowable limits of root
depth for each species are taken from Allen et al. (1998) and
revised through local observations (Caliandro et al., 2005).
The estimates ofDr are expressed in terms of ranges of vari-
ability (up to±30%) observed in the region (Table 3). Sim-
ilarly, θf c andθwp are highly variable between the different
soil types that exist in the study region. The possible range
of values defining soil water holding capacity is reported in
Table 3 as obtained from the regional soil database. Conse-
quently, the variability of the soil storage capacities can cover
a range of about±70% if any dependence between root depth
and soil properties is neglected.

The water balance simulations are initially carried out for
central values of the variability range that characterizes the

Hydrol. Earth Syst. Sci., 12, 899–911, 2008 www.hydrol-earth-syst-sci.net/12/899/2008/
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soil water storage capacity,Sbc, as estimated from central
values ofDr , θwp and θf c in their respective variability
ranges. With this parameter set, the model was run for a
50-year data set (1951–2000) of monthly climate records in
order to capture specific water balance responses to the intra-
annual and inter-annual climate variabilities that can be re-
lated to landscape attributes in the study region. The climate
records are taken from a meteorological station that is cen-
trally located and is considered climatically representative of
most of this territory. Each vegetation species is assumed to
be under stationary conditions, repeating their annual devel-
opment cycle as represented by the crop coefficients reported
in Table 2 in which harvesting and pruning times are also
indicated. In the case of permanent tree crops, we refer to
mature plants.

Subsequently, the simulations were repeated covering the
full range of possible values for the bucket capacitySbc

and recording estimates of the water balance fluxes (evapo-
transpiration and drainage) and the soil moisture storage. A
comparison between model simulations resulting from daily
and monthly formulations is presented in Appendix B to
demonstrate the limited bias of the monthly water flux pre-
dictions for the reported study case.

3.1 Climate-soil-vegetation impacts on water balance

The selection of results presented below is aimed at recogniz-
ing and conveying differences among the various vegetation
species in terms of hydrologic response and climate adapta-
tion which can be useful to explain the observed spatial oc-
currence of vegetation and soil features. The vegetation re-
sponse to intra-annual and inter-annual variability of climate
is presented in the form of associated behavior patterns, or
signature plots (Atkinson et al., 2002; Farmer et al., 2003).

The central values of root depths and soil water capac-
ity (used for the initial simulations) in their respective vari-
ability ranges (Table 3) are not significantly different be-
tween the various crops: it is either 100 cm (olives, wheat)
or 110 cm (grapes, citrus), and the remaining soil properties
are in fact identical. Hence, the differences in the average
drainage yields between different crops, and the differences
in drainage yields between different years that may yet have
similar rainfall totals, are consequence of the differences in
plant water use (i.e., crop coefficients and moisture dynam-
ics). In particular, the seasonal cycle of rainfall and potential
evapo-transpiration determines strong intra-annual variabil-
ity of soil moisture and consequently drainage yield.

Always using central values of root zone depth and soil
properties, the model estimated the mean monthly drainage
yields, which are presented in Fig. 5a (continuous lines).
Model simulations highlighted significant differences be-
tween the crops, with grapes having the greatest water yield
on average, followed by olives. Wheat and citrus, al-
though representing very different vegetation types, exhibit
almost identical hydrological responses, but with lower an-
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Fig. 5. Drainage response of the four vegetation types at the intra-
annual scale.(a) variability due to climate fluctuations; continu-
ous lines represent mean monthly drainage yields based on 50-year
of simulations, while magnitude of inter-annual variability for each
month is marked with dots shifted from the mean curves by as much
as one times the standard deviation of the monthly simulation re-
sults.(b) Sensitivity of the mean monthly drainage yield (based on
50-years simulations) to soil moisture storage capacity,Sbc, where
continuous lines refer to median soil storage conditions and dots
correspond to the use of minimum and maximum values ofSbc

found within the region.

nual yields than grapes and olives. Moreover, these mean
curves reflect the seasonal patterns of climate (rainfall and
potential evapo-transpiration) and the seasonal cycle of plant
water use (as reflected in the crop coefficients). Wheat crops,
for example, exhibits the lowest average water yield during
winter months since they correspond to its growth period,
whereas for permanent crops (e.g., olives, grapes) the high-
est water yields are obtained from the concurrence of high
winter rainfall and relative plant dormancy.
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Figure 5a also presents measures of the inter-annual vari-
ability of monthly drainage yield, in the form of excursions
above and below the mean curve. One can see that the inter-
annual variability is particularly high during winter months
for all of the vegetation species, clearly reflecting the inter-
annual variability of rainfall in the wet season. In the early
autumn period, however, the wheat crop shows the greatest
variability, since this period corresponds to pre-seedling and
early development of that crop when its evapo-transpirative
demand is reduced, as seen in Table 2. The effects of rain-
fall deficit conditions are also evident in Fig. 5a, with deep
drainage falling quickly to negligible values in dry years for
all (including winter) months.

The simulations also reproduced significant inter-annual
variability of drainage, ranging from less than 50 mm/year to
about 600 mm/year for the various crops. Evidently, much of
this variability can be attributed to the corresponding large
inter-annual variability of annual rainfall (ranging from less
than 400 to about 950 mm/year). Nevertheless a significant
inter-annual variability of drainage yield, of the order of 100
to 150 mm/year, is exhibited also between years with simi-
lar annual rainfall totals. This component of the total inter-
annual variability can be explained by the intra-annual (deter-
ministic and random) variability of rainfall, interacting with
intra-annual variability of potential evapo-transpiration, to
produce variable soil moisture dynamics and drainage yield
within and between years.

On the other hand, by varying the soil depth and soil
moisture storage parameters, the sensitivity of monthly wa-
ter yield to different soil settings was analysed. Figure 5b
presents the mean monthly values of the simulation results,
where the solid lines represent the mean monthly yields for
central values ofSbc (same as Fig. 5a). In addition to these,
the results corresponding to the maximum and minimum
values ofSbc in the ranges defined Table 3, are presented
as points, to remark the ranges of variability in the mean
monthly yields that can be expected due to soil storage prop-
erties. The results presented in Fig. 5b indicate that the great-
est variability in drainage yield is achieved in the late autumn
period (November), as this corresponds to the period of mois-
ture recovery after the summer deficit, when the superposi-
tion of variability of Sbc and intra-annual rainfall variability
combines together to cause this effect. It is clearly evident
therefore that the effect of changes inSbc on drainage yield
progressively reduces in the winter, and from late winter till
late summer it is almost negligible. In late winter field capac-
ity conditions are reached on average for all realistic values
of, Sbc and hence the water yield does not depend on it. In
summer, on the other hand, soil moisture status is consider-
ably low regardless of the soil storage capacity, and therefore
drainage yield is, once again, not in any way impacted by the
assumed maximum value ofSbc.

A comparison of the results presented Fig. 5a and Fig. 5b
also indicate that in such an environment the variability of
the hydrological responses due to variability ofSbc values

is significant but considerably smaller than that due to the
inter-annual fluctuations of climate, which were previously
reported, especially during winter months. Consequently, it
can be argued that in order to assure plant survival and se-
curity in the Mediterranean region, vegetation must develop
more effective strategies to adapt to the large inter-annual
variability of climate than those needed to be successfully
adapted to other landscape features controlling soil moisture
storage (i.e., through increases of root depth). In particular,
they must focus on adjusting their plant water use to be more
closely aligned with the temporal patterns of rainfall and the
resulting patterns of soil moisture.

3.2 Vegetation adaptive strategies and hydrological de-
scriptors

In this section we explore the adaptive strategies that may
have been employed by the various vegetation species to sur-
vive and succeed in the semi-arid Mediterranean landscape.
The basic hypothesis is that the vegetation species develop
strategies to maximize their productivity within the limited
resources available (energy, water, nutrients etc.), and, on
the other hand, they withstand periodic shortages of these
resources that arise due to the natural variability of climate
(Zobel, 1992). In other words, species that are naturally
adapted to the local conditions are those that concurrently
maximize mean productivity and minimize the variance of
the productivity. With respect to the water uptake, the strate-
gies they have under their disposal are 1) maximize the reach
of the root apparatus to access more of the annual rainfall,
and 2) maximize security against water stress by adopting a
seasonal plant water use pattern that is aligned with the cli-
mate (water and energy). In model simulations, both strate-
gies are accounted for by varying the root zone depth and
soil moisture storage parameters within the expected range
of soil properties that are present in the study region and by
comparing the evapo-transpiration performance of different
crops (essentially represented by the seasonal patterns of the
specific crop coefficientsKc in Table 2). In fact, the mean
monthly potential evapo-transpiration turns out to be larger
than mean monthly rainfall for a significant period of the
year for all of the investigated crops (though with consider-
able differences between crop types), with wheat having its
period of maximum evapo-transpiration from late winter till
mid-spring (February to May), while tree crops (particularly
grapes and olives) maximize their water exploitation from
spring to summer (March to September). In other words,
for all plants water stress conditions are likely to occur over
considerable (though different) periods in the absence of ir-
rigation. The impact of these adaptation strategies are in-
vestigated in terms of the mean and variance of actual evapo-
transpiration, these being used as surrogate measures of plant
productivity and security against water stress, respectively.

The results of the sensitivity analysis to soil moisture stor-
age capacity,Sbc, are first presented in terms of mean and
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Fig. 6. Sensitivity of the mean annual evapo-transpirationE(ET )

and drainage yieldE(Y ) to changes in soil moisture storage capac-
ity, Sbc. The various curves refer to mean annual values scaled by
the mean annual rainfall,E[P ], based on 50-year water balance
simulations.

inter-annual variability of water fluxes. Figure 6 shows the
sensitivity of mean annual evapo-transpiration and drainage
yield to the range of soil storage parameters defined in Ta-
ble 3. As expected, the increase ofSbc produces a beneficial
increase in actual evapo-transpiration, and a corresponding
decrease of drainage yield, by assisting plants to capture a
larger fraction of the annual rainfall. This sensitivity of the
hydrological response toSbc may also be taken as an indi-
cation of the heterogeneity of actual evapo-transpiration and
drainage yield estimates across the region, arising from the
heterogeneity of soil storage properties (root depth, field ca-
pacity and wilting point).

This hypothesis to recognise naturally adapted vegetation
is further investigated by exploring the effectiveness of in-
creasingSbc for stabilizing plant productivity, and in particu-
lar, for reducing the inter-annual variability of actual evapo-
transpiration. Figure 7 presents the coefficients of variation
of the annual actual evapo-transpiration (CVEt ), which is
used as a measure of the inter-annual variability of plant
productivity. Results indicate, in general, that increases of
Sbc, besides clear improvements in the mean annual evapo-
transpiration (Fig. 6), also produce substantial decreases in
the inter-annual variability once some threshold ofSbc is ex-
ceeded. This is due to more of the water being carried over
to subsequent months and being available for plant water
use, and not lost through deep drainage. Native permanent
species, i.e., olives and grapes, show the greatest sensitiv-
ity to soil moisture storage capacity, and reach the same de-
gree of residual variability, which suggests the effective use
of soil moisture storage capacity as an adaptation strategy to
deal with climate variability. For winter seasonal crops (e.g.,

 

Fig. 7. Influence of soil moisture storage capacitySbc on the
coefficient of variation of the estimates of annual actual evapo-
transpiration.

wheat) the sensitivity to soil moisture storage capacity is not
as strong as olives and grapes, because their growth period
coincides with the period of low rainfall variability, helping
to ensure that they are less dependent upon the carryover of
soil moisture storage. In fact, the coefficient of variation
for wheat presents an almost constant value forSbc values
greater than 150 mm, indicating a substantial non-sensitivity
of the inter-annual variability to any increase of storage ca-
pacity. On the other hand, citrus appears less sensitive to the
soil moisture storage capacity, with the highest residual vari-
ability among the studied crops, indicating that citrus crop is
not as well suited to the local climate without irrigation.

The analysis ofCVEt can be used to estimate expected
values ofSbc needed to optimize plant performance in terms
of both productivity and conservation. In all four cases, in
fact, the rising limb of theCVEt curve represents unfavor-
able conditions of stable but low evapo-transpiration from
year to year that determine the occurrence of frequent wa-
ter stress conditions as a consequence of limited moisture
storage within the soil. Consequently, specific suitability
ranges forSbc can be recognized for the modelled vegetation
types (Fig. 7), thus providing an explanation for the observed
spatial patterns of vegetation and soil properties highlight-
ing variable degrees of affinity (Fig. 4). According to the
performed sensitivity analysis, grape and olive crops seem
to be adaptable to the climatic conditions in the study re-
gion for soil moisture capacities above 75–100 mm, whereas
wheat and citrus would have good performances forSbc val-
ues greater than 140–150 mm (Fig. 7).

BesidesCVEt a second important hydrological descriptor
is the mean annual value of the actual evapo-transpiration
ET scaled by the annual potential crop evapo-transpiration
ET c (Fig. 8). This ratio is a measure of the annual plant
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Fig. 8. Influence of soil moisture storage capacitySbc on the ra-
tios between actual and potential annual evapo-transpiration for the
experimented crops.

productivity, representing the variable degree of adaptation
in response to the water storage capacity of the soil. In Fig. 8,
wheat and olive crops show better performances among the
considered species, whereas grapes and citrus are far below,
thus appearing to be less adapted.

4 Conclusions

This research explores whether, the interaction in a challeng-
ing environment between human (or socio-economic) and
natural processes, that led to the adoption of typical “nat-
urally” selected crops, can be explained through the analy-
sis of water balance dynamics. It pursues a dual goal. On
one hand we need to assess the role of the eco-hydrological
concepts of natural selection and productivity optimization to
landscapes deeply affected by human intervention and dom-
inated by agricultural vegetation species. On the other hand
we examine the suitability of simple hydrological models for
water balance evaluation and prediction under conditions of
limited data availability (i.e. in ungauged basins).

The first issue is already accomplished in Sect. 2 where the
existence of preferential patterns and selectivity associations
is clearly detected in the study region thus supporting the
conclusion that ecohydrological concepts of competition and
selectivity also apply to agricultural crops.

Regarding the second one, a monthly bucket model is
proven to be able to fairly reproduce the aforementioned eco-
hydrological processes, providing a simple scientific expla-
nation of the observed patterns of vegetation cover and asso-
ciations between vegetation and soil types and thus gaining
robust, though non-conventional, validation of the model-
based hypotheses. The model also has the advantage of
simple process parameterizations which assisted in contain-
ing the uncertainty of prediction. In fact, the above men-

tioned eco-hydrological associations permitted the evalua-
tion of probability distributions of soil hydraulic properties
conditional on the vegetation cover (see Fig. 3). Such infor-
mation, within a Bayesian context of model uncertainty eval-
uation can be highly informative when considering that soil
properties are rarely available at regional scale while vege-
tation and land cover information is one of the products that
can be most effectively obtained by remote sensing observa-
tion.

The water balance estimations, obtained through model
simulations, were focused first on the temporal dynam-
ics of water balance with regard to vegetation impacts in
Mediterranean water-limited environments. In such condi-
tions, much of the inter-annual variability is due to the inter-
annual variability of rainfall. Nevertheless, there are signif-
icant differences between vegetation types in the way their
phenology is adapted to the climate, as exemplified by the
assumed crop coefficients. For example, where vegetation
activity is in phase with rainfall the water yield is reduced as
happens for wheat crops. On the contrary, if the wet season
corresponds to the plant dormancy period, as for grape crops,
the water yield is maximized.

In the second part of the results section, model sensitiv-
ity analysis is reported in order to explore the vegetation
response to variable soil properties, namely soil type and
depth available for plant roots. In particular, the impact of
soil properties on the overall water balance is clarified. De-
pending on the different types of vegetation, increasing val-
ues of the soil moisture storage capacity,Sbc, leads to an
increase of actual evapotranspiration and a decrease of the
drainage yield, due to the increase in the carry-over of soil
moisture from wet to subsequent dry periods. Consequently,
the spatial variability ofSbc can contribute significantly to
the variability of hydrological responses at the annual scale,
although it is most important during the autumn, wetting up
period. Nevertheless, at least for the range of values ofSbc

used, the model simulations also showed that the variabil-
ity of hydrological response caused by the soil parameters is
much smaller than the variability caused by climate (rainfall)
random fluctuations in this region.

Subsequently, the concepts of maximum plant productiv-
ity and security are employed to discuss the suitability and
adaptation of these vegetation types to the semi-arid Mediter-
ranean climate and landscapes. It is assumed that to survive
in water-limited environments plants adapt their physiology
in such a way as to exploit water during periods of abundance
(e.g. seasonal winter crops), and secondly to adjust the soil
moisture storage capacity at their reach by extending the root
depth (e.g. olive and grape). According to the hydrological
indicatorsCVEt and averageEt /ET c, both strategies help to
carry over soil moisture from wet to dry periods. Indeed,
it is interesting to note that well-adapted native vegetation
types (i.e. olive groves) are not the ones that maximize wa-
ter exploitation but are the ones that are able to successfully
manage the inter-annual variability of climate.
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The effectiveness of soil moisture storage capacity in im-
proving evapo-transpiration performances helped to assess
the suitability of a given species to different landscape con-
ditions (e.g. spatial variability of soil attributes prevalent
across the region). Olive, for example, exhibited the smallest
minimum allowable value of soil moisture storage capacity
among all crops, proving its adaptability to different soil set-
tings (including shallow soils), as exemplified by the excep-
tional spreading of olives throughout the region. The other
crops were shown to be more selective in terms of soil set-
tings as they require larger storage capacities to survive under
drought conditions. Thus, the results of the sensitivity anal-
ysis are consistent with the observed spatial patterns of veg-
etation and soil water holding capacity in the study region,
enabling to interpret the variability occurring in the Mediter-
ranean landscape in terms of their eco-hydrological controls.
This allowed us to consider that, also for agricultural species,
despite the strong human disturbances, the water balance be-
haviour of ecosystems, results to be mainly controlled by nat-
ural factors that are not merely climatic but are strongly af-
fected by climate-soil-vegetation interactions. Such a remark
is particularly useful since the reduction of uncertainty of wa-
ter balance models is one of the main research goals particu-
larly in conditions of absence or scarcity of soil-related infor-
mation. In such a case the respect of eco-hydrological prin-
ciples may provide useful and non-conventional information
which is today mostly not exploited in hydrology.

This kind of pattern interpretation may represent a pow-
erful guide for the development of large scale water balance
models in which the critical point of spatial distribution of
soil water storage can be effectively constrained from the rec-
ognized soil-vegetation affinity patterns.

Appendix A

Model equations

Threshold storage and bucket capacity are defined as follows:

Sf c = Drθf c (A1)

Swp = Drθwp (A2)

Sbc = Dr

(

θf c − θwp

)

(A3)

Actual evapo-transpiration is modelled according to rec-
ommendations by the FAO (UN’s Food and Agricultural
Organization). Therefore, when the soil moisture is abun-
dant (moisture content is at or aboveθf c, or in other words
S(t)≥Sf c), actual evapo-transpiration is equal to a poten-
tial crop evapo-transpiration,ET c of each vegetation type.
This procedure involves estimating a reference (i.e. poten-
tial) evapo-transpiration (ET 0) for a “standard crop” through

application of the Penman-Monteith equation, and then mul-
tiplying it by a crop coefficient (Kc) for the crop in question,
thus yielding:

ET = ET c = KcET 0 when S(t) ≥ Sf c (A4)

Note that the rate of actual evapo-transpiration (ET ) is esti-
mated for a unit total ground area, with no distinction being
made between vegetated and bare soil fractions, with the rel-
ative areas of vegetation and bare soil being effectively in-
corporated within the assumed crop coefficients.

Moreover, Eq. (A4) refers to evapo-transpiration rate un-
der conditions of abundant soil water availability (i.e., a
potential rate). However, as the soil moisture decreases,
the evapo-transpiration flux is proportionately reduced below
this potential rate. The constant of proportionality for non-
standard evapotranspiration (Allen et al., 1998), denoted as
the water stress effectKs (θ ), is expressed as a function of
the average soil moisture content in the root zone,θ , which
is related to the soil moisture storageS(t) throughθ=S/Dr .
The actual evapo-transpiration for a given crop, under water-
limited conditions, is then given by:

ET = Ks (θ) KcET 0 Drθ (t) = S(t) ≤ Sf c (A5)

The functionKs (θ ) takes on a value of 1 forθ≥0.75θf c,
and reduces linearly to zero as the soil water contentθ

approaches wilting pointθwp. The functional expression
adopted for the water stress coefficientKs (θ ) is reported be-
low in Eq. (A6).

Et=Ks (θ) KcET o=

(

S (t) −Swp

Sbc

)

KcET o if S (t) <0.75 Sf c

ET =KcET o if S (t) ≥0.75 Sf c (A6)

Actually, the estimation ofKs (θ) suggest daily water bal-
ance computation (Allen et al., 1998), but, as demonstrated
from the basic comparison between daily and monthly cal-
culations (see Appendix B), the adopted method to model
evapo-transpiration below the potential rate is equally valu-
able for monthly calculations, at least for the conditions of
this study.

Concerning the drainage below the root zone, also referred
as soil water yield, the monthly model is based on a pure
bucket scheme as in Eq. (A7)

Y = 0; if S (t) ≤ Sf c

Y = S (t) − Sf c if S (t) ≥ Sf c (A7)

Appendix B

Comparison between monthly and daily
model formulation

Compared with the adopted monthly model, the daily formu-
lation of the soil water balance, regardless of the conceptual
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Fig. B1. Comparison between daily and monthly estimation of
mean annual water fluxes in response to variable soil moisture stor-
age capacity,Sbc. Simulations were conducted with soil hydraulic
parameter in the typical ranges of the silty-loam. Red marks refer
to the daily model while black marks to the monthly one. Drainage
response is in the lower part of the figure (decreasing patterns) and
evapo-transpiration in the upper part.

flow model, would involve additional soil hydraulic param-
eters such as, for example, the saturated hydraulic conduc-
tivity, the total porosity, the pore size distribution, and the
residual water content, that are likely to increase the para-
metric uncertainty of the model. Therefore, as a proof of the
validity of the monthly water balance model results, a daily
formulation of the vertical fluxes was also implemented and
tested. For the daily predictions of soil water fluxes a Brooks
& Corey formulation was adopted for the un-saturated flow
with hydraulic parameters from the literature (Rawls et al.,
1992).

All of the results describing the hydrologic response of the
Mediterranean landscape at the monthly scale are compared
with water balance predictions resulting from a daily model.
In order to compare the prediction of the two model formu-
lations hydraulic parameters from silty-loam soils were con-
sidered as they cover the widest range of soil water holding
capacities among the possible soil textures. The daily pre-
dictions of water fluxes were then aggregated at the monthly
scale to enable comparison.

Some results of this comparison are reported in Fig. B1
and Fig. B2 concerning both the soil water fluxes at monthly
scale and sensitivity of model predictions to variable condi-
tions of soil storage capacity. In particular, Fig. B1 shows the
comparison between monthly flow duration curves obtained
from the two model formulations in which the differences ap-
pear indeed quite limited. The results of the sensitivity anal-
yses of the mean annual soil water balance estimates to vari-
able conditions of soil storage capacity (Fig. B2) appear to be

Fig. B2. Comparison between monthly drainage duration curves
obtained from the daily (red lines) and monthly (black lines) for-
mulations of the water balance model.

very similar. Probably the negligible differences in the esti-
mation of drainage and evapo-transpiration can be explained
by the attenuation of the episodic nature of rainfall caused by
the buffering effect of the soil water storage. This attenua-
tion effect is even more evident when the daily calculations
are aggregated to months and the typical seasonal pattern is
revealed in soil drainage and evapo-transpiration. The com-
parison between the two water balance models of contrasting
complexity, at least for the adopted soil setting, show a con-
sistent agreement for longer time scales as reported by other
authors (e.g. Federer, 2003).
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