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Abstract. The probabilistic description of soil moisture dy- The dynamic water stress is also numerically evaluated, im-
namics is a relatively new topic in hydrology. The most com- plicitly taking into account the soil moisture condition at the
mon ecohydrological models start from a stochastic differ-beginning of the growing season. It is also shown the role of
ential equation describing the soil water balance, where thalifferent annual climatic parameterizations on the soil mois-
unknown quantity, the soil moisture, depends both on spaceture probability density function and on the vegetation water
and time. Most of the solutions existing in literature are ob- stress evaluation.
tained in a probabilistic framework and under steady-state The proposed model is applied to a case study character-
condition; even if this last condition allows the analytical istic of Mediterranean climate: the watershed of Eleuterio in
handling of the problem, it has considerably simplified the Sicily (ltaly).
same problem by subtracting generalities from it.
The steady-state hypothesis, appears perfectly applicable
in arid and semiarid climatic areas like those of African’s or 1 |ntroduction
middle American’s savannas, but it seems to be no more valid
in areas with Mediterranean climate, where, notoriously, theThe ecohydrology may be defined as that branch of hydrol-
wet season foregoes the growing season, recharging wateygy that seeks to describe the hydrologic mechanisms under-
into the soil. This moisture stored at the beginning of theing ecologic pattern and processes. During last years sev-
growing season (known as soil moisture initial condition) haseral ecohydrological models have been developed and im-
a great importance, especially for deep-rooted vegetation, byroved, different each other and characterized by different
enabling survival in absence of rainfalls during the growing goals. Most of the existing ecohydrological models are based
season and, however, keeping the water stress low during thén a soil water balance, even if some differences are present
first period of the same season. in the model components and in the solving approaches.
The aim of this paper is to analyze the soil moisture dy- In order to derive an analytical solution of the soil water
namics using a simple non-steady numerical ecohydrologicabalance, Rodriguez-Iturbe et al. (1999a) developed a model
model. The numerical model here proposed is able to reprobased on a simplified scheme; this model allows to study the
duce soil moisture probability density function, obtained an-soil moisture temporal dynamics in water controlled ecosys-
alytically in previous studies for different climates and soils tems, and provides a simplified realistic description of the
in steady-state conditions; consequently it can be used tinteractions between climate, vegetation and soil. This kind
compute both the soil moisture time-profile and the vegeta-of approach is the starting point for a quantitative evaluation
tion static water stress time-profile in non-steady conditions.of the soil moisture effects on ecosystems dynamics and of
Here the differences between the steady-analytical and théhe vegetation response to water stress. It is also useful in
non-steady numerical probability density functions are ana-the study of the hydrological control on the nutrient cycles
lyzed, showing how the proposed numerical model is able tanto the soil and in the study on the competition dynamics
capture the effects of winter recharge on the soil moisturefor water among the various species (Rodriguez-lturbe and
Porporato, 2004). Laio et al. (2001b) obtained the analyti-
cal expression for the soil moisture probably density function
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the wet one (Laio et al., 2001a). These climatic conditionsplicitly considers the mean duration and frequency of water
make the steady-state hypothesis reasonably satisfied, sinstress periods.
the effects of the transient condition, due to an initial soil  Starting from the Laio et al. (2001a) model, here a new
moisture condition (at the beginning of the growing season),approach is proposed, in order to reproduce the soil mois-
are limited to a short time-period. ture dynamics in Mediterranean climate during the whole hy-
In scientific literature there are only few studies regard-drologic year. This approach uses a numerical model which
ing climates with temperature and rainfall seasonally out ofimplicitly takes into account the transient effects of the ini-
phase. Kiang (2002) and Baldocchi et al. (2004) analyzed thdial soil moisture condition at the beginning of the growing
stochastic soil moisture dynamics and the related water stresseason and works using an opportune time-scale (lower than
for a Californian savanna, where the climate is semi-arid anddaily), through a finite differences method, computing the
similar to Mediterranean. Using soil moisture data recordedsoil moisture temporal evolution.
in situ, Kiang (2002) compared these data with the predic- The soil moisture dynamics, reproduced through this nu-
tions of the stochastic model proposed by Laio et al. (2001b)merical model, summarize the interrelationships among cli-
finding a general good agreement but with some differencesnate, soil and vegetation and furthermore are strongly cor-
due to the role of the initial soil moisture transient, not in- related with the vegetation stress, defined by Porporato et
cluded by the analytic model. al. (2001). In particular, the static water stress is humeri-
For Mediterranean climates, the steady-state hypothesisally computed from the soil moisture time-profile. Starting
during the growing season is not valid because the transierfrom the same profile it is also possible to calculate the mean
effects of high initial soil moisture conditions are not neg- duration and frequency of water stress periods and hence a
ligible, especially for deep-rooted vegetation. For this typedynamic water stress index.
of climate, the precipitations are mainly concentrated in the The model shown in this paper, is applied at the forested
October—March period, when the vegetation is almost inacEleuterio river basin in Sicily (Italy) with the purpose to show
tive. For this reason, during the wet season the level of soithis different kind of approach to ecohydrological models in
moisture tends to increase, and it will be available for theMediterranean areas, investigating also the influence of dif-
vegetation at the beginning of the subsequent growing seasdierent annual discretizations of the model parameters on the
(from April to September). The vegetation, adapting itself results.
to these soil moisture dynamics, often develops an extensive
water uptake strategy, by delving the roots into the soil in
order to utilize the water stored in the deeper layers.

With regard to the link bereef‘ the soil m.0|stL'Jre and theZ.l Soil water balance at a point and the analytical solution
vegetation response, low soil moisture level implies a reduc-

tion in plants physiological capacities, and if the reduction of Roqriguez-Iturbe et al. (1999a) considered the water balance
soil moisture is severe or prolonged, it may cause permanenjeiically averaged over the root zone, under the simplify-
damages to the vegetation. Porporato et al. (2001) suggestigg assumption that the lateral water contributions, mainly
method for water stress quantification, defining the static waj e to topographic effects, can be neglected. The soil water
ter stress and the dynamic water stress under the above me|ance equation is a stochastic ordinary differential equa-
tioned hypothesis of steady state condition. The static watefion describing at each point the behavior of soil moisture in
stress; gives a static description of physiological effects in- time py linking climatic, pedological and vegetational fea-
duced by water stress. In the above definition, the incipientyres. |t is constituted by a deterministic part given from the
stomatal closure is related to the soil moisture vaftibe-  gistribution of water fluxes within the soil (infiltration, evap-
Iovy Whlch itis assumed that the Water.stress increases. Trarbtranspiration and leakage), and by a stochastic part given
spiration and root water uptake continue at a reduced ratg,om the nature of the precipitation.

until soil moisture reaches the wilting poin, below which The form of the water balance equation here considered is
the plant suffers a permanent damage that quickly leads planfe following (Rodriguez-lturbe et al., 2004):
to the death. The resistance mechanism to the soil moisture

N

deficit adopted by plants i's closely rel'ated to water stress_duh Ze— =@ (s, 1) — x (s5,0) (1)
ration. If the water stress is characterized by a short duration,

the vegetation does not suffer any damages, while, when thevheren is the soil porosity and, is the rooting depth (theirs
same stress remains for longer, the wilting phase takes oveproduct is the active soil depthZ,), s is the relative soll
with permanent damages for the plants that become unable tmoisture contenty(s, ¢) is the rate of infiltration from rain-
re-establish their own vital functions. For these reasons it idfall (taking into account the amount of water lost through
necessary to consider also the length of the intervals in whiclcanopy interceptiom\(¢) and through runoffQ (s, ¢)), and
vegetation is under stress and the number of such intervalg (s) is the water losses from the soil (due to evapotranspira-
during the growing season in order to characterize properhftion E (s, t) and leakagé. (s, ¢)). The equation does not have
the vegetation water stress. The dynamic water stress any particular time-scale.

2 The analytical and the numerical approaches
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Working at the spatial scale of a few meters and at the tem- s
poral scale of the growing season, the rainfall input may be  ,,|
considered as an external forcing, independent of soil mois-
ture state. Therefore, rainfall depth is assumed to be an inde-,g
pendent random variable exponential distributed with means *|
value«, while the occurrence of rainfall is assumed to be a
marked stationary Poisson process with ratgRodriguez-
Iturbe et al., 2004).

The vegetation intercepts part of the rainfall, which never
arrives to soil surface and is lost directly through evapora-  °*|
tion. Interception is incorporated in the stochastic model by 0
fixing a threshold for rainfall depth, below which no water
reaches the ground, while for rainfall depth higher than
the water arriving to soil surface is equal to theirs difference.rjg 1. soil water losseg (s) as a function of relative soil moisture

All the others terms of the balance are considered usingn a loamy sand soil (with features in Table 2). The solid line is
the same notation of Rodriguez-Iturbe et al. (2004). Figure lreferred to a value of Tmax=0.464 cm/day while the dashed line
shows the assumed scheme for the soil water losses and, rensidersE Tmax=0.203 cm/day (cf. Table 5),,=0.01 cm/day.
particular, the dependence pfs) by the relative soil mois-
ture content, considering two different values foifi,ax; the
former is a mean value of potential evapotranspiration dur-The model works at a spatial scale of few meters, consider-
ing the growing season for a typical Mediterranean climate,ing homogenous soil and vegetation.
while the latter is a mean value during the dormant season The seasonal climate variability is represented through a
for the same climate. partitioning of the hydrologic year (annual discretization) in

The solution of the Eq. (1) consists in the determination Several periods with fixed climatic forcing (precipitation and
of the soil moisturepdf that, in general, depends on time. €vapotranspiration). The proposed approach could be ap-
Assuming that the soil moisturedf is not time dependent, Plied using a simple distinction between the growing (dry)
it is possible to obtain the approximate analytical solution of 2nd the dormant (wet) seasons, for which only two sets of

08

06

X(s) (em

water balance equation given in Laio et al. (2001b). parameters, for the rainfall and the evapotranspiration de-
scription, are needed. Otherwise it could be applied using a

the estimation of twelve mean values of rainfall intensity,

In the above section, the analytical solution in steady staté@infall frequency and maximum evapotranspiration rate. All
condition has been shortly discussed. As mentioned in théhese input data, available at daily time scale, must be aggre-
introduction, it is difficult to find steady-state condition in 9ated in order to obtain the seasonal or monthly parameters.
Mediterranean areas since the soil moisture at the beginning Another crucial point for the proposed numerical approach
of the growing season is higher than the average of the samgoncerns the choice of the temporal discretizafionthe im-
period, generating a transient dynamic. In order to overcomdortance of this aspect in the numerical estimate of the soll
the limitation implicitly related to the analytical formulation, Moisturepdf has been tested, evaluating, with differexr,

the soil moisturepdf during the growing season can be eval- the ability of the proposed numerical model in reproducing
uated solving the soil water balance, through a finite differ-the analytic soil moisturedf in steady conditions proposed
ences method. It is possible to estimate the relative soil moisPy Laio et al. (2001b). The agreement betweenpttiearis-

ture content; 1 at the timer; .1, starting from its value; at ing from the two different approaches has been verified us-

the timeti using the fo”owing balance equation: Ing the Pearson’s Chi'Square test. In particular, through an
iterative procedure, the minimums required for a good fit
©i Xi between the analytical and the numeripdf has been cal-

AS = Si41 = 8i = (n Z, ﬁ) F A (@) culated. Figure 2 shows as different soils and rainfall con-

ditions require different temporal discretizations, while dif-
whereAt is the temporal step, whilg; and x; are the infil-  ferent tests have pointed out that the influence of the rooting
tration and the losses, both referred to the time depth is negligible.

No interaction between the active soil layer and the wa- The key point explaining the behavior of Fig. 2 is the re-
ter table are considered. Moreover it is assumed that the eflation between the rain and the leakage losses. When the
fects on the soil surface driven by raindrop impact (i.e. soil relative soil water content is higher than field capasgity,
crusting, sealing, etc.) are neglected, and that the poresity the active soil depth tends to lose water excess by gravity.
depends only on soil texture, while the rooting-degpde-  The loss rate is assumed to be at the maximiyr=(satu-
pends only on vegetation type, and both are time invariantrated hydraulic conductivity) when the soil is saturated and

www.hydrol-earth-syst-sci.net/12/1/2008/ Hydrol. Earth Syst. Sci., 194,12008



4 D. Pumo et al.: Ecohydrology in Mediterranean areas

24 ; ; ; ; ; Once the soil water balance equation has been solved using
| | | | | the finite differences method, the soil moisture time profile is
obtained and it is possible to estimate the vegetation water

20

LT N D emoam | T stress following the methodology below described.
N e L eamysand [
a [h]u’ § N L | | | 2.3 Indexes of plant water stress
. AN » B _ Moisture reduction into the active soil layer leads to a de-
,,,,,,,,,,,,,,,,,,,,,,,, “ N V\~ - ‘ ) crease of pl'ant water potential and conse.quen'tly of transpira—
4 | | i s S tion, potentially dangerous for plant physiological functions.
: : : LT N :
S S B Under steady state hypothesis, it is possible to calculate
O o - - e - w0 o o0 thg St.atIC wgter streggntroducgd. by Porporato et al. (2001).
Rain during the season [mm] This index is equal to zero (minimum value) when the rela-

tive soil water content is equal or above (incipient stom-
Fig. 2. Minimum temporal discretization needed for a satisfac- atal closure), while whenis equal or belows,,, the stress is
tory reproduction of the analytic soil moistupf («=1.5cm ; equal to one (maximum value). Thus, the static water stress
Z,=90 cm; E Tmax=4.64 mm/day Tseas214 days; the soils param- can be expressed as
eters from Table 2).
s* —s(1)
g(s) = |:*—
ST =S8
then rapidly decays as the soil dries following the decreasgynere the exponent takes into account the non-linearity of
of hydraulic conductivityK (s). For soil moisture equal to e relationship between water stress and soil moisture, and
field capacity condition, hydraulic conductivity can be as- jis value depends on vegetation species and soil type.
sumed equal to zero. The decay of the hydraulic conductiv- The pdf of static stresp(¢) can be analytically obtained
ity is usually modelled using empirical relationships. Here, from the soil moisturgdf. Also the mean value of the static
the exponential form (Rodriguez-lturbe and Porporato, 2004)ater stress< ¢> can be analytically obtained, by integra-
has been considered, using a coefficienb+4, whereb is tjon, taking into account the second atom of probability (at
an index related to the type of soil and pore size. Then the;zl) through the cumulate probability of having maximum
leakage losses functions have been considered with a non "rktressP(g:l).
ear behavior (as itis shown in Fig. 1 fors.) and they are Actually it is more helpful to estimate the mean static wa-
characterized by;,  ands . relative to each soil type. ter stress on the periods of growing season in which the water
High rates of rainfall imply a higher probability of wet stress is really present, neglecting the periods in which
soil conditions and thus the activation of leakage mecha<i.e. the static water stress modified’>). In order to ana-
nism. The numerical estimation of these leakage losses igytically obtain this last index, the following expression can
very sensitive to the temporal discretization. Particularly, abe used (Porporato et al., 2001):
wide time-stepAr leads to an overestimation of leakage con-
tributions; this may be due to the non linear behavior of the ) = & 4)
used leakage loss equation (Manfreda et al., 2005). Conse- P(s%)
quently, for assigned soil type, as the rainfall input increasesyhere P (s*) is the value of cumulative distribution of soil
the time-step should be shorter. Keeping constant the rainmojsture calculated in = s*. The static water stress mod-
fall, it is instead possible to observe a relation between thefied <¢’> takes into account the mean intensity of water
soil parameters (the saturated hydraulic conductikjtand  deficit, but it does not contain information on its duration
the exponent of leakage losses equagipand the values of  and frequency.
Ar: highly permeable soils with low values gf(i.e. loamy Another index for the evaluation of plant water stress un-
sand ;=100 cm/d,=12.7) require lowen:. der steady state condition is the dynamic water stress, which
As shown in Fig. 2, it is possible to reach a satisfactory also takes into account the crossing properties.
reproduction of steady state analytical solution in semi-arid According to Porporato et al. (2001) this index is a water
or dry climate (less than 300 mm of rainfall in the consid- stress measure able to combine, through the variatilgs>
ered season) witht=12 h (two steps for day) for all the soil and <n+>, the above defined mean static stress modified
types, while for wet seasons (more than 500 mmn)should  <¢’> with the mean duration and frequency of water stress.
be lower for the loamy sand soil (4 h) and higher for the clay <T;+> is defined as the mean duration of stress periods dur-
(8 h). On the other hand, a lower time-step implies a highering the growing season, whilen+ > is the number of stress
computational effort, often not negligible. Obliviously, after periods during a growing season (mean number of down-
thatAr has been chosen, itis necessary to reduce all the inputrossing or mean number of the soil moisture excursions be-
data and parameters at the same time-scale. low s*).

q
i| for s, <s <s* 3)

w
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According to Porporato et al. (2001), the mean total dy-analytical one are that in the former the variablgs and
namic stress during the growing seasafi> can be ex- Ty« are numerically computed and for this reason they are
pressed by a function in which the numben,«> appears bounded, that so it is impossible to have valuegetigher
as an exponent and moreover it is in turn raised to the powethanTseas Also the evaluation of the mean static water stress

of —r, wherer is a constant (according to the autherss is different, since it is not obtained from the static stnedf
equal to 0.5): butit is evaluated starting from the soil moisture time-profile,
. step-by-step evaluating the static water stress by the Eq. (3)
((;’>-(T5*)><”s*> if.. <;/> (Ts+) < k - Tseas and averaging all the results. Similarly the mean static water
6) = k-Tseas (5)  stress modified is not obtained by the Eq. (4) but simply aver-
1 if. (g/) (Ts+) > k - Tseas aging year by year the static water stress only on the periods
in which <¢ > is different from zero and then evaluating the
wherek is an index of plant resistance to water stress. mean value using the entire simulated series.

The plant response in terms of dynamic water stress, de- Even if the two indexes given by Porporato et al. (2001)
pends on the active soil dep#y. Deep-rooted species (e.g. are defined for steady state conditions, the proposed ap-
trees) rely on the winter water recharge into the soil, as oproach for their numerical estimation provides a complete
posed to shallow-rooted species (e.g. grasses) that quicklgescription of the plants water stress also in presence of a not
respond to the intermittent rainfall (Rodriguez-Iturbe et al., negligible transient period.

2001).

Also this dynamic water stress definition is referred to
steady-state conditions. Thus, whenever a not negligible3 Application
transient period is present this definition is not valid. For
example the Mediterranean climate, where the presence of 8 1  The Eleuterio river basin
winter recharge creates a transient in the soil moisture dy-

namics (whose duration depends mainly on the active soilrhea aim of the following application is to show how to use
depthZ,), is a typical case of not applicability of this kind of 1, model and what results it is able to provide working on a
approach since it would lead to overestimation of the Watersingle area, homogeneous in terms of climate, soil and veg-
stress. _ _ etation. The application is also an attempt to investigate on
~ Moreover, using an analytical approach, some of the termgp,e importance of the annual discretization of the rainfall pa-
involved in the dynamic water stress formulation may as- 3meters and the values of the potential evapotranspiration.

§um(;.-t§) hys(;cagli/aunrealﬁnq vslues; €.g. _tbhle ;’aLU&GID The watershed studied in the present study is located near
IS not bounded tWseasand ILIS NENCE POSSIDIE 10 NAVE a mean g, (Sicily, ltaly), at latitude 37.83 In ancient time

duration of stress periods during the growing season highe{hiS area, near the town of Ficuzza, was a royal hunting re-
than the duration of the growing season. ' ’

In order to overcome these limitations, a numerically esti-se.rve’ and also f_or thl.s reason, is nowadays well con_served,
; . . ' . ith few anthropic actions. The watershed of Eleuterio has
_mat|on ofthe dynamlc water stress is proposed and explame\éyn extent of almost 9.5kfmand its elevation ranges from
in the next section. 517.5ma.s.l. to 1635.5ma.s.l. with a mean elevation of
792.2ma.s.l. and standard deviation of 194.6 m. The water-
shed is within the “Bosco della Ficuzza” wood. The natural

Once the soil water balance equation has been solved b{eserve of “Bosco della Ficuzza” with an extent of 5333 ha
finite differences method obtaining the soil moisture time- Fepresents one of the widest natural reserves in Sicily. The
profile, it is possible to evaluate the vegetation response iPrésent vegetation is mainly of woody type, constituted by
terms of water stress. Through the Eq. (3) the static watefQuUercus pubescenécer campestrandFraxinus ornus

stress time-profile is obtained. It is also possible to calcu- The watershed presents a low variability of total annual
late, during the growing season, the mean static water stregfecipitation and being an ecosystem in an ecological state
modified. The seasonal values of the number of periods wittef maturity, it is also characterized by a low variability in
stress and theirs mean duration can be assessed year-by-yetine from pedological and vegetational point of view. More-
Averaging the seasonal data on the whole number of simuoVver, no interaction between soil and water table is taken into
lated years, it is possible to evaluate the mean values for soiccount, since of the deep groundwater observed in the area.
moisture<s>, for static water stress¢ > and static water The studied area is constituted by several river channels
stress modified<¢’>, and finally for the variables,« and ~ merging into the Scanzano reservoir (Fig. 3). Three maps of
Ty« described in the previous section; the evaluation of thesehe Eleuterio areaMap of Cultures, Hydrogeological Map,
variables allows the estimation of the mean dynamic waterGeological Maf), produced in a previous study (Liguori et
stress according to Eq. (5). It is important to point out thatal., 1983), have been taken into account in determining spa-
the main differences between the proposed approach and thal patterns of soil texture and vegetation.

2.4 Numerical evaluation of the vegetation water stress
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Fig. 3. Location of the Eleuterio basin (Sicily-ltaly). In blu are
highlighted the main river channels.

The Map of Culturesshows that there is an overriding Fig. 4. Spatial pattern of soil texture (top left) and vegetation (top
presence of woody vegetation, even if vineyard, olive treeright) for the Eleuterio river basin and theirs spatial overlay (at bot-
grove and pastureland with shrub vegetation are also preseﬁ?m '
as well as a low percentage of dry seminative land and bare

soils. The Fig. 4 shows the vegetational and soil information on
From this map it has been derived a vegetational patthe Eleuterio river basin, used in order to obtain the spatial
tern that considers three types of vegetation: trees (areasatterns of vegetation and soil; finally the spatial overlay be-
classified as woody, degraded woody, reforestation zone}ween these layer points out that eight of the nine possible
shrubs (vineyard, olive tree grove and pastureland); and figifferent combinations of soil-vegetation are present within
nally grasses (seminative and sterile). This classificationthe pasin.
differs from the classical definition of tree, shrub or grass Nevertheless, the model has been only applied to the ar-
species, because it is based on the deepness of vegetatior@ls covered by trees because the primary aim of this paper
root-apparatus. The vegetational parameters related to tregs to investigate on the possibility to overcome the problems
are shown in Table 1, using data coming from Caylor etconnected to the transient effect due to a not neglectable soil
al. (2005). moisture initial condition in Mediterranean areas. From this
The Hydrogeological Mapand theGeological Mapshow  point of view, the most critical vegetation cover is certainly
that the zone of interest is mainly constituted by lithological- the woody vegetation because it is the most subjected to the
technical complexes classifiable as incoherent soil materialsransient effect (Laio et al., 2001c; Caylor et al., 2005). Par-
in the southern part, pseudo-coherent soil materials in theicularly, the presence of higher active soil depth causes the
middle part of the basin and coherent soil materials withincreasing of water that can be stored into the soil during the
pseudo-coherent levels in the northern part and in the eastemormancy season, and the dry processes for these deep soils
one. The information arising from these maps has allowed taare slower; as consequence of these aspects, more time is
recognize three soil types (according to USDA classification)required to reach a stationary condition during the growing
within the basin: sandy loam, loamy sand, and clay. The soilsseason. For this reason the application has been limited to a
features are summarized in the Table 2. unique vegetation type (that is also the most present within
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Table 1. Parameters describing the vegetation characteristics used in the model application (Eleuterio).

rooting threshold of canopy vegetation shortwave leafarea maximum stomatal

depth interception height albedo index conductance
. Zr hA H g LAI &8s, max
Vegetationtype (cm) m) (MR/m2) (mis)
Tree 150 0.2 4 0.1 15 0.01

Caylor et al. (2005) — “On the coupled geomorphological and ecohydrological organization of river basins” — Advances in Water Resources

Table 2. Parameters describing the soil characteristics used in the model application (Eleuterio).

coefficient of the hydraulic  saturated hydraulic  porosity characteristic values of
conductivity power law conductivity relative soil moisture
. B ks n Sp Sw s* Sfe
Soil type em/d
Loamy sand 12.7 100 0.42 0.08 0.11 0.31 0.52
Sandy loam 13.8 80 0.43 0.14 0.18 046 0.56
Clay 26.8 25 0.5 0.47 052 0.78 0.91

Laio et al. (2001) — “Plants in water-controlled ecosystems: active role in hydrological processes and responce to water stress” — Advances
in Water Resources

the basin), investigating also on the importance of diﬁeremTabIe 3. Meteo-climatic data for the Eleuterio river basip.and

soil types (sandy loam, loamy sand and clay). Cp are the density and the specific heat capacity of air, respectively;

o o TmaxandTmin are the mean daily values of maximum and minimum
3.2 Evapotranspiration estimation temperatures respectively; Ridanis the avarage daily air humidity.

It is assumed that the growing season, in the study area and| ,4,de = 37.53
for the considered vegetation, starts at the beginning of April \ean Elevation = 792.2 ma.s.l.
and finishes at the end of October, with duration of 214 days. ;=1 1 kg/n?

The evapotranspiration at minimum rafg,, in corre- €,=0.001013 JIC
spondence to the wilting point,, can be fixed at value
0.1 mm/day (Rodriguez-Iturbe et al., 1999b).

In order to estimate potential evaporation, the monthly

TemperatureqC) Avarage air humidity (%)

time series of air relative humidity, heliophany and wind  Month Tmax  Tmin RHmean
speed have been used because of the difficulty to find daily  januauy 11.7 3.8 69
data series. February — 12.3 3.9 68
Monthly time series of the above mentioned variables have March 15.0 5.2 73
been extracted from records of the Ficuzza gauge statibn ( April 18.3 7.1 74
lante climatografico della SiciliaRegione Siciliana; Augi, May 22.9 10.6 73
2003). Table 3 shows some meteo-climatic features within June 28.5 13.7 72
the basin; it points out that the maximum values of mean JA‘fj';’ust 212'86 11(;'2 773:1
monthly temperatures and air humidity have been observed ) '
during ¥he grt))wing season. ) September  28.2 14.9 76
October 22.6 12.0 75

Potential evapotranspiration has been estimated by yNovember 17.2 8.2 74
Penman-Monteith method, following a procedure similart0  pecember  13.3 5.1 71
that of Caylor et al. (2005) in which, however, the spatial
distribution of climatic variables has not been taken into ac-
count because of low spatial variability of these within the
watershed. Some of the parameters useful for the evaluation
of the potential evapotranspiration are reported in Table 1.
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Fig. 5. Eleuterio river basin.(a) Historical rainfall series (from

Ficuzza raingauge, 1960-1988). In yellow the precipitation duringFig. 6. Eleuterio river basin.(a) Annual fluctuation of the mean
the dormant season (DS) while in green that during the growingseasonal (SCHEME A) and monthly (SCHEME B) values ¢¢ém)
season (GS)b) Mean monthly precipitations. andx1/day). (b) Annual fluctuations of the mean monthB/Tmax
(mm/day) used in SCHEME A and SCHEME B.
3.3 Schematization of climatic variability
Starting from the historical data series, the seasonal values
Figure 5a and b represent the recorded precipitation in thef « and (useful for SCHEME A) and the monthly val-
Eleuterio river basin. The former shows the annual precipi-ues (useful for SCHEME B) have been derived (Table 4). In
tations during the observation period, divided into precipita-the SCHEME A,« and A are constant during each season
tion during growing season (green) and that during dormantand are equal to 5.95mm and 0.195 1/day respectively dur-
season (yellow), while the latter shows the mean monthlying the growing season, and 7.01 mm and 0.493 1/day dur-
precipitations. The mean annual precipitation observed isng the dormant season. In the SCHEMExBanges from
773 mm, (526 mm during the dormant season). A strong sea2.97 mm (June) to 7.80 mm (October), whilganges from
sonality is evident in monthly precipitation, with higher and 0.051 1/day (July) to 0.128 1/day (February).
more frequent rainfall events during the winter months (in  Similarly, starting from the data shown in Tables 1 and
December, January and February over 100 mm of monthly3, the seasonal and monthly valuesHEifmayx for the woody
precipitation) and only 5mm of mean monthly rainfall in component of vegetation have been obtained and reported in
July. Table 5. Here it is possible to point out high values of evap-
In order to analyze the effects of a different schematiza-otranspiration during the entire summer period with a maxi-
tion of the year, two different schemes have been considerednum in July (5.84 mm/day).
SCHEME A and SCHEME B. The different annual fluctuations of the three parameters
In the SCHEME A, the year is divided into two seasons, «a, A and E Tmax Used in the two schemes are emphasized in
the growing season (GS) and the dormant season (DS), ead¥ig. 6a and b.
one with its own values af anda for the precipitations and The numerical model requires as input a synthetic rainfall
E Tmax for the evapotranspiration, time-invariant (during the series, long enough to allow long-term evaluations for the
season and also year by year), quantities representative of thesponse of vegetation in a river basin. For this purpose, two
two seasons. synthetic series of 100 years have been generated; one for
In the SCHEME B, the sets of parameters. and E Tmax each considered scheme (A and B), following the procedure
are assumed to be time-invariant quantities at monthly time-described in Sect. 2.1 and usingand . parameters shown
scale, so twelve sets of these parameters are present. in Table 4.
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Table 4. In the upper part seasonal and annual values, of and the total amount of rainfath for the Eleuterio river basin. At bottom,
mean monthly values and standard deviation (S.D.) (GS = growing season; DS = dormant season).

T o A O=arT

days mm 1/day mm

GS 214 595 0.195 248
DS 154 7.01 0.493 526
Annual 365 6.63 0.319 773

« mean rainfall depth A = mean time between two events

Mean S.D. Mean

Monthly Precipitation

S.D. Mean S.D.
Month mm mm 1/day 1/day mm mm
Januauy 7.52 2.25 0.526 0.109 130 58
February 7.20 1.90 0.502 0.128 105 41
March 6.45 2.34 0.45 0.123 91 42
April 6.32 3.17 0.354 0.100 72 48
May 4.71 2.75 0.191 0.076 31 23
June 2.97 2.37 0.12 0.056 11 10
July 3.35 2.40 0.051 0.053 5 7
August 6.07 4.52 0.086 0.053 17 18
September  6.14 2.94 0.213 0.081 38 20
October 7.80 2.49 0.313 0.101 74 29
November  6.74 2.53 0.413 0.107 86 40
December  7.00 2.32 0.512 0.108 113 48

_It is imp(_)rtant to point out that the two differe_nt generated Table 5. Monthly and seasonal values Bffmax for woody vege-
rainfall series present the same mean value, with regard to thg+ion within the Eleuterio river basin (GS = growing season; DS =
seasonal rainfall relative to the growing and the dormant seagormant season).

sons; but this aspect does not warrant also a correspondence
year by year of the seasonal rainfall.

3.4 Model application to Eleuterio

For the Eleuterio river basin, a time step:, equal to four
hours has been chosen, according to the concepts expressed
in Sect. 2.2 (cf. Fig. 2).

Starting from an initial condition of soil moisture equal
to the field capacity and solving the Eq. (2), the soil mois-
ture time-profile can be calculated for all the three considered
soil-types.

For the computation step by step of the static water stress,
Eq. (3) has been used with the expongeigual to 3, assum-
ing a strongly non-linear relationship between water stress
and soil moisture. In this way two static water stress time
profiles, using the proposed schemes, has been obtained.

Some of the results of simulations carried out using the
two schemes are summarized in Fig. 7a and b. Both this
plots show the soil moisture time-profile (middle panel) and
the static water stress (bottom panel), in response to the syn-
thetic rainfall series (top panel). These figures represent the
results relative to two representative years extracted from the
two series generated using SCHEME A and B. These years

www.hydrol-earth-syst-sci.net/12/1/2008/

ETmax
Month mm/day
Januauy 1.67
February 1.91
March 2.23
April 3.06
May 4.13
June 5.19
July 5.84
August 5.79
September 4.82
October 3.59
November 2.50
December 1.86

ETmax
Season mm/day
GS 4.64
DS 2.03

Hydrol. Earth Syst. Sci., 124,12008



10 D. Pumo et al.: Ecohydrology in Mediterranean areas

@
_
E 30
=
=
S 20F B
=
=
=5 10—‘
g IR § Y L
E ol ‘ll‘ || | \|‘ il i ‘ ‘ | H | | | u\ L o | 1 I |‘| i
1
08 4
06 i A
.
” PR ——— N T
O e ‘rrrl\‘r,,f" i
——
02 T e T T T 1 -
o I
1 T
08 . B
p
| AT |
o 0 ) e K
oar A = s
A A
0.2 /m e 111\
0 | = / |
90 304 365
DOY
_ .
E 301 : -
= :
g = ; J
= ;
] :
= 0 ; B
ik balll 1 Lok 1IN N
& Ot“\l 7 A BT Y “\ | Ll |I L || 1| A |‘| |
A~
1 T
058 :
SN cen &S AR L ST : B
e : ]
. 0.4~ \\\\\\\\\ : \;I—INJJ(
02f [ N Sy eSS [l =
o I i I I I I
1 T |
0.8 g///// B
S
0.6 4V///’/ B
d 0.4 A //17///4 P B
02k /// A7 =
o e
o i i i i L ] i i i Loy
31 59 90 120 151 181 212 243 273 304 334 365

Fig. 7. Time-profiles for two generic representative years. The year relative to SCHER4Eakhd that relative to SCHEME B) present

the same total values of precipitation during the G.S. (242 mm) and during the D.S. (560 mm). Vegetation type: tree. Soil-type: loamy sand
(blue), sandy loam (red) and clay (green). On the top the precipitation series, in the middle the soil moisture time-profile and at bottom the
static water stress time-profile. DOY = day of year.

have been chosen by ensuring that they have the same totabme of the peculiarities of the two proposed schemes. In the
values of precipitation during the growing season and dur-SCHEME B, because of its higher discretization, the rainfall
ing the dormant season in both the two schemes (equal ttput, the soil moisture and the water stress time profiles are
242 mm and 560 mm respectively). The aim of the compari-more regular, with less abrupt variations in the temporal evo-
son between the two figures is to emphasize, in a qualitativéution (mainly as regards the passage from a season to the
manner, the different behaviors of the soil moisture and theother).

consequent trees response, arising from two different climate

variability assumed. Analyzing Fig. 7, it is possible to note
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Table 6. Eleuterio river basin. Mean values during the growing season of soil moistuse seasonal number of stress periags and its
durationT;«, static water stress¢ > and static water stress modified’>, and dynamic water stressd>. Woody vegetations* is the
soil moisture relative to the incipient stomatal clousure (for each possible soil type).

Soil Type:  Loamy sands{=0.31) Sandy loams(=0.46) Clay §*=0.78)
SCHEME: SchemeA SchemeB SchemeA SchemeB SchemeA SchemeB
<s> 0.22 0.24 0.31 0.32 0.65 0.66
Ng+ 1.31 1.19 1.29 1.39 1.36 1.30
T, [days] 136.2 130.8 149.6 124.2 139.6 129.1
<¢> 0.29 0.35 0.27 0.34 0.25 0.31
<¢'> 0.35 0.48 0.30 0.42 0.29 0.40
<0> 0.37 0.45 0.35 0.41 0.32 0.39

With a two seasons discretization (SCHEME A) the static Averaging on the whole considered period (100 years), it is
water stress appears early in the growing season and compossible to obtain the long-term seasonal values of the mean
tinue increasing until the end of the season. Using the twelvenumber of downcrossing,+ and theirs mean duratiofi«
months discretization (SCHEME B), the static water stresswhich allow the estimation of the dynamic water stress. Fi-
arrives later and increases more rapidly than the previousally, using the Eq. (5), with=0.5 andk=0.7 for the woody
scheme, reaching a maximum in August and then decreaseggetation (Caylor et al., 2005), the dynamic water stress rep-
because of the higher rain contributions during Septemberesentative of plant condition within the Eleuterio basin can
and October. The comparison between the maximum valuebe obtained for both the proposed schemes.
of static water stress reached with the two schemes shows Even if for the SCHEME B the mean soil moisture dur-
that the SCHEME B gives the highest values. In conclusioning the growing season is higher than the one obtained by
the SCHEME A leads to less intensive but more protractedthe SCHEME A, also the mean static water stress calculated
periods of water stress during the growing season. with the former results higher than the one provided by the

Afterwards, the analysis has been only focused on thdatter (19% for loamy sand, 24% for sandy loam and 23% for
growing season for both the considered schemes. The fielay). This fact, which is apparently contradictory, is mainly
nal results, concerning the 100 years time series, show thalue to the short stress periods with very high values of plant
the SCHEME B, gives values of the mean soil moisture dur-stress in SCHEME B. The same considerations are also valid
ing the growing season higher than SCHEME A (about 10%for the mean static water stress modified, which is more sen-
for loamy sand, 3% for sandy loam and 2% for clay, cf. Ta- sitive to the prolonged and intense stress periods. In fact, the
ble 6). In fact, using the SCHEME B, two different peri- differences between the results arising from the two schemes
ods are observable during each simulated year. During thare on the order of 36% for loamy sand, 38% for sandy loam
first, at the beginning of the growing season, this schemeand 39% for clay. As direct consequence, also the dynamic
simulates lower water losses (evapotranspiration lower thamwater stress index for the SCHEME B is slightly higher than
SCHEME A, cf. Fig. 6b) and, at the same time, the rain- that obtained using the SCHEME A (22% for loamy sand,
fall events, which are more frequent, keep the soil moisturel 7% for sandy loam and 21% for clay).
higher than the SCHEME A. The second period presents two Comparing the results of the three different soils it is pos-
different behaviors. During the first driest months (from Junesible to point out that the woody vegetation suffers less water
to August), the evapotranspiration losses are much highestress in a clayey soil than that in the other considered soil
than the ones calculated with the SCHEME A, but they aretypes, because clayey soil has higher water storage capacity
concentrated and bounded in a shorter period. During the lasind moreover retains for a longer period the initial moisture
months, the soil moisture tends to grow again until the endduring the growing season (Table 6).
of the season because of the rainfall contribution increase In conclusion, even if the differences between the results
(cf. Fig. 6a) as well as the contemporaneous reduction obbtained with the two proposed schemes are minimal with re-
evapotranspiration rate in October (cf. Fig. 6b). All that, in gard to the evaluation of the mean values of soil moisture dur-
conclusion, leads to a higher mean soil moisture during theng the growing season, these differences seems to be more
entire growing season using the SCHEME B than the sameelevant with regard to the evaluation of vegetation response.
value calculated by the SCHEME A. In order to give a comparison between the results provided

Using a numerical approach, the mean number of periodérom the analytical solution in stationary condition and from
with water stress during the growing season, and theirs meathe proposed numerical models, the soil moispo&s dur-
duration can be assessed for each simulated growing seasang the growing season have been compared for different soil
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Fig. 8. Eleuterio river basin. Probability density functions of soil moisture during the growing season relative to the analytical solution
(green), and to the numerical solutions for the SCHEME A (red) and for the SCHEME B (blue). Vegetation type: tree; Soil-type: loamy sand
(top left), sandy loam (top right) and clay (at bottom). In the box of each plot there are the mean values of soil moisture during the growing
season.

characteristics. Figure 8 shows that the analyfcHlis uni- months of the season, the resultipdf has lower probabil-
modal and symmetric, with low variance, whereas the nu-ity in correspondence of high values of soil moisture. Con-
mericalpdf's show a greater dispersion of the values aroundversely, because of the higher rain input in the July - Au-
the mode and an asymmetric behavior; this is due to the facgust period, the unique mode of tpdf resulting from the
that the proposed model takes into account the transient elSCHEME A is higher than the left-mode obtained with the
fects of soil moisture at the beginning of the growing seasonSCHEME B, and it also presents an higher probability for all
For this reason, the resulting mean values during the growinghe three soil types. The SCHEME A works with the same
season for both the numerical soil moistpdd’s are consis-  climatic input data used in the analytical formulation (namely
tently higher than that relative to analytiqadf. with the mean seasonal valuesogfi and E Tryax during the
growing season) and then the differences betweepdfis
derived using these two different approaches, are exclusively
due to the effects of the winter recharge of moisture into the
soil before the growing season.

The transient effect manifests itself in two different ways
for the two annual discretization considered. The SCHEME
B leads to a bimodagbdf. The right-mode accounts for the
transient period and is justified by the high value of soil mois-
ture at the beginning of the growing season but also from
the rainfall input assumed in the April-May period, that are 4 Concluding remarks
higher than the mean seasonal value used in SCHEME A.

The left-mode instead takes into account the soil moistureThe soil moisture dynamics and the vegetation water stress in
dynamics after the end of the transient period, when a stationMediterranean climate, where the wet and the growing sea-
ary condition could be reached; actually it is very close to theson are out of phase, have been here investigated proposing
analytical mode, even if it obviously presents a lower prob-a numerical ecohydrological model which takes into account
ability. In the SCHEME A, the winter soil water recharge the seasonality of the rainfall and of the evapotranspiration
is the same as the previous scheme (SCHEME B) but, bedemand. Working on the entire year, the model is able to
cause of the lower contribution of the rainfall during the first reproduce the winter process of water recharge into the soil,
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which gives the soil moisture condition at the beginning of ter stress indexes can be numerically computed since the soil
the growing season, leading to transient effects during thevater balance equation has been solved and the soil moisture
same season. Particular attention has been focused on wootiyne-profile has been obtained. Also the water stress evalu-
vegetation cover (deep soil) because it is the most criticalation is influenced by the description of the annual climate
with regard to the effects on soil moisture dynamics due tovariability. The results arising from the application to the
a transient period. The proposed model solves the soil wateEleuterio watershed, show that the higher is the annual dis-
balance, through a finite difference method, working with a cretization, the higher are all the indexes of the vegetation
temporal step short enough to give a satisfactory approximawater stress, and in particular with regard to the static water
tion of the water losses. Sampling the soil moisture values instress modified. The substantial difference between the two
the growing season, it is possible to estimate the soil moistureonsidered schematizations is that the SCHEME B simulates
pdf, which implicitly considers the transient effects. Through shorter stress periods with more intensive static water stress.
an application to the watershed of Eleuterio and for three dif- The numerical evaluation of the dynamic water stress is a
ferent soil types, the numericadf’s have been compared new definition of water stress and leads to different results
with those analytically obtained, showing important differ- from the analytical estimate, allowing to consider a non-
ences. The numericgdf's are not symmetric and spread steady condition for the soil moisture dynamics, and thus
over a wide range, from the field capacity, which is a likely to calculate the vegetation water stress in Mediterranean cli-
value at the beginning of the growing season, to the stomatanate, where the presence of a transient period is crucial es-
closure point, which is the most likely value during the grow- pecially for deep root vegetation.

ing season (when a steady state condition can be considered

reached). The numerical approach allows to take into acEdited by: S. Manfreda

count the transient effects and consequently gives values of

the mean soil moisture during the growing season higher than

the values obtained using the analytical approach; in particReferences

ular this is evident from the comparison between pla€'s

arising from the analytical model and the numerical modelAugi, S.: Deduzione disgrietgmpora!i d.i contenutoe(jis}re.ss i.drico
with a bi-seasonal annual discretization (SCHEME A). This da un modello stocastico di bilancio idrologico, Univeasiegli
higher value of the mean soil moisture during the growing Studi di Palermo (Dottorato di Ricerca in Idronomia Ambientale,

. . XV ciclo, Tesi per il conseguimento del titolo) , 2003.
season, often warrants the survival of woody species an%al docchi, D. D., Xu, L., and Kiang, N.: How plant functional-

theirs presepce In Med|terlranean areas, otherwise impossi- type, weather, seasonal drought, and soil physical properties alter
ble to explain by the analytical approach, that would leads t0  \yater and energy fluxes of an oak-grass savanna and an annual

a too high water stress. grassland, Agr. Forest Meteorol., 123, 13-39, 2004.
The higher is the annual discretization considered for rain-Caylor, K. K., Manfreda, S., and Rodriguez-Iturbe, I.: On the cou-

fall and evapotranspiration parameters, the more physically pled geomorphological and ecohydrological organization of river
consistent is supposed to be the annual soil moisture behav- basins, Adv. Water Resour., 28, 69-89, 2005.

ior and then the resultingdf. For this reason, the influ- Kiang, N.: Savannas and seasonal drought: the landscape-leaf con-
ence of the description of the annual climate variability on nection through optimal stomatal control, Ph.D. thesis, Univer-
the soil moisturepdf has been also analyzed. Considering a  Sity of California, Berkley, 2002. _
monthly climate variability (SCHEME B) the numerical ap- Laio, F., Porporato, A., Fernandez-lllescas, C. P., and Rodriguez-

roach leads to a bimodal soil moistusdf The behavior Iturbe, I.: Plants in water-controlled ecosystems: active role in
P Yoert. hydrologic processes and response to water stress — IV, Discus-

F’f the pdf arising from this type of SChem.atization ShOWS aS  gjon of real cases, Adv. Water Resour., 24, 745-762, 2001a.

in a Mediterranean area, there are two different periods dury 45 £, Porporato, A., Ridolfi, L., and Rodriguez-lturbe, I.: Plants

ing the growing season: the former is characterized by high in water-controlled ecosystems: active role in hydrological pro-

values of soil moisture due to both the winter water recharge cesses and response to water stress, II, Probabilistic soil moisture

into the soil and the persistence of high precipitations and dynamics, Adv.Water Resour., 24(7) 707-723, 2001b.

low water losses from the soil, while the latter, characterizedLaio, F., Ridolfi, L., Rodriguez-lturbe, 1., and Porporato, A.: In-

by lower values of precipitations and higher water losses, is tensive or extensive use of soil moisture: plant strategies to cope

not dependent on soil moisture state at the beginning of the With stochastic water availability, Geophys. Res. Lett., 28, 23,

growing season and it could be considered as a steady period, mmmpage numbers?2001c. N .

The shape of the soil moistupelf relative to SCHEME Bap- ~ -'9uer V., Raimondi, S., Dazzi, C., and Cirrito, V.: Modello

pears hence as the result of an overlap of a typical analytical di studlo_lnt_egrato del_terrltorlo (Elcuzzal_-PaIermo),_ Estratto da
. o . Quaderni di Agronomia, n.10, Istituto di Agronomia Generale

pdf in steady state condition and a more disperse non-steady

X ; . e Coltivazioni Erbacee dell'Universitdegli Studi di Palermo,
pdf relative to the transient period. 1983.

In order to evaluate the plant response to the soil moistur@yanfreda, S., Fiorentino, M., and lacobellis, V.: DREAM: a dis-
dynamics, a new methodology has been proposed. Following tributed model for runoff, evapotranspiration, and antecedent soil
the proposed procedure, the mean static and the dynamic wa- moisture simulation, Adv. Geosci., 2, 31-39, 2005.

www.hydrol-earth-syst-sci.net/12/1/2008/ Hydrol. Earth Syst. Sci., 194,12008



14 D. Pumo et al.: Ecohydrology in Mediterranean areas

Porporato, A., Laio, F., Ridolfi, L., and Rodriguez-Iturbe, I.: Plants Rodriguez-lturbe, I.: Ecohydrology: A hydrologic perspective of
in water-controlled ecosystems: active role in hydrologic pro- climate-soil-vegetation dynamics, Water Resour. Res., 36, 3-9,
cesses and response to water stress, I, Vegetation water stress, 2000.

Adv. Water Resour., 24, 725-744, 2001. Rodriguez-lturbe, I., Porporato, A., Laio, F., and Ridolfi, L.: In-

Rodriguez-Iturbe, 1., Porporato, A., Ridolfi, L., Isham, V., and Cox, tensive or extensive use of soil moisture: plant strategies to cope
D. R.: Probabilistic modelling of water balance at a point: the  with stochastic water availability, Geophys. Res. Lett., 28, 4495—
role of climate, soil and vegetation, P. Roy. Soc. Lond. A. Mat., 4497, 2001.

455, 3789-3805, 1999a. Rodriguez-Iturbe, I. and Porporato, A.: Ecohydrology of Water-

Rodriguez-Iturbe, I., D’Odorico, P., Porporato, A., and Ridolfi, L.: Controlled Ecosystems, Cambridge University Press, 2004.

On the spatial and temporal links between vegetation, climate,
and soil moisture, Water Resour. Res., 35, 3709-3723, 1999b.

Hydrol. Earth Syst. Sci., 12, 14, 2008 www.hydrol-earth-syst-sci.net/12/1/2008/



