
1. Introduction
Dry regions are often characterized by heterogeneous ecosystems, where trees or tree clumps are com-
peting for water with the surrounding grasses (Breshears, 2006; Detto et al., 2006; Montaldo et al., 2008; 
Sankaran et al., 2005; Scholes & Archer, 1997; Villegas et al., 2014). In these regions, climate change over 
the past century, manifested in trending meteorological regimes of decreasing precipitation and increasing 

Abstract Mediterranean mountainous areas of shallow soil often display a mosaic of tree clumps 
surrounded by grass. The combined role and dynamics of water extracted from the underlying rock, and 
the competition between adjacent patches of trees and grass, has not been investigated. We quantified 
the role rock water plays in the seasonal dynamics of evapotranspiration (ET), over a patchy landscape 
in the context of current and past seasonal climate changes, and land-cover change strategies. Soil water 
budget suggests deep water uptake by roots of trees (0.8–0.9 mm/d), penetrating into the fractured basalt, 
subsidized grass transpiration in spring through hydraulic redistribution. However, in summer trees used 
all the rock water absorbed (0.79 mm/d). A 15-year data set shows that, with increasing seasonal drought-
severity (potential ET/precipitation) to >1.04, the vertical water flux through the bottom of the thin 
soil layer transitions from drainage to uptake in support of ET. A hypothetical grass-covered landscape, 
with no access to deep water, would require 0.68–0.85 mm/d more than is available, forcing shortened 
growing season and/or reduced leaf area. Long-term decreasing winter precipitation and increasing spring 
potential ET suggest drying climate, so far with stable vegetation mosaic but progressively earlier peak of 
grass leaf area. Intervention policies to increase water yield by reducing tree cover will curtail grass access 
to rock moisture, while attempting to increase tree-related products (including carbon sequestration) by 
increasing forest cover will limit water availability per tree leaf area. Both changes may further reduce 
ecosystem stability.

Plain Language Summary In drier regions, individual trees or tree clumps are often 
surrounded by seasonal vegetation. Increasing climatic drought, form decreasing precipitation in winter 
and increasing potential evapotranspiration in spring, is common in these regions. Where the balance 
among vegetation types in a mosaic depends on deep water to subsidize transpiration, increasing drought 
may overwhelm the capacity for this subsidy, affecting both land cover and biosphere-atmosphere 
exchanges. Here we show that, in patchy ecosystems, nighttime hydraulic-lift of rock-moisture by wild-
olive roots recharges the shallow soil, enough to support transpiration of grass and trees in spring, but 
only trees in summer. Thus, seasonal vegetation rely on the evergreen trees to maintain physiological 
activity in spring, while the evergreen trees rely on the inactivity of the seasonal component to maintain 
their own activity in the dry season. These ecosystems likely represent a spatiotemporal equilibrium of 
water supply, dynamically meeting the demand of two adjacent vegetation types of distinct seasonal 
phenology. The equilibrium is not only highly sensitive to climate change, but may be destabilized by 
policies aiming to increase carbon sequestration by increasing tree cover, or water yield by increasing 
seasonal vegetation cover, with additional consequences to decreasing tree survival or increasing surface 
temperature
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temperature, exacerbate tree-grass competition for water (Batisani & Yarnal, 2010; Brunetti et al., 2002; Ca-
loiero et al., 2019; Ceballos et al., 2004; Garcia-Ruiz et al., 2011; Huang et al., 2016; Montaldo & Sarigu, 2017; 
Swain et al., 2016; Tabari et al., 2012). Tree cover in dry regions, and its spatial patterns, are variable, depend-
ing on water availability and incoming radiation (Sankaran et al., 2005), both reflecting topographic, climat-
ic and edaphic factors, and ultimately producing the tree-grass mosaic on the landscape (Breshears, 2006; 
Moore et al., 2011; Villegas et al., 2014). In turn, the characteristics of the woody plant-grass mosaic influ-
ence the land-surface fluxes, having different seasonal dynamics in patches of tree canopy and adjacent in-
tercanopy surface (Breshears, 2006; Montaldo et al., 2020). Evapotranspiration (ET) is the leading loss term 
in the water budget of semi-arid and arid regions (D. D. Baldocchi et al., 2004; Kurc & Small, 2004; Maselli 
et al., 2004; Reynolds et al., 2000; Rodriguez-Iturbe, 2000). Although ET estimates for these ecosystems are 
available, the sources of water and mechanisms for obtaining it, especially during dry periods, are often 
unclear (D. D. Baldocchi et al., 2004; Detto et al., 2006; Griebel et al., 2016; Kurc & Small, 2004). This is par-
ticularly so where tree clumps are growing on shallow soils surrounded by seasonal vegetation (Allen, 2009; 
Barbeta et al., 2015; Bornyasz et al., 2005; Lewis & Burgy, 1964).

There is increasing evidence suggesting that tree roots penetrating below thin soils through cracks, frac-
tures and dissolution features, absorb and transpire sufficient amounts of water to sustain physiological 
activity in dry seasons (Breshears et al., 2009; Cannon, 1911; Eliades et al., 2018; McCole & Stern, 2007; Nie 
et al., 2017; Rempe & Dietrich, 2018; Schwinning, 2010; Yan et al., 2019), thus assuring survival. These roots 
allow trees to use, during the dry season, water infiltrating during wet seasons into fractured rocks, and held 
in soil pockets (Estrada-Medina et al., 2013; Rempe & Dietrich, 2018); indeed, root uptake of water stored 
in the underlying rock have been estimated to contribute 70%–90% of ET (Breshears et al., 2009; McCole 
& Stern, 2007; Schwinning, 2010). Remarkably, the contribution of water stored in the rocky strata to tree 
transpiration, and to ecosystem evapotranspiration, is commonly ignored in ecological and hydrological 
studies, and in modeling of biosphere-atmosphere exchanges (Rempe & Dietrich, 2018; Schwinning, 2010), 
prompting Schwinning (2010) to issue the challenge to elucidate the “eco-hydrology of roots in rocks.”

The water balance of the surface soil layer can be described broadly as:

    ΔdP Q ET f S (1)

where P is precipitation, Q is runoff, ΔS is the variation of the water in the soil layer, and fd is the vertical flux 
through the bottom of the soil layer from underlying substrate (i.e., positive when downward). While Q is 
typically a large loss term during the wet season, it is negligible during the dry season of semi-arid and arid 
regions (Corona et al., 2018; Montaldo & Sarigu, 2017). We expect drainage to dominate (positive) fd during 
a typical wet season, but water uptake by roots in the rocky layer should dominate (negative) fd during dry 
seasons. As climate aridity increases (Huang et al., 2016; Montaldo & Sarigu, 2017), the role of dry season 
fd in the water balance may increase. This balance (Equation 1) has been often employed successfully in 
studies of homogeneous ecosystems (e.g., Imukova et al., 2016; Reichert et al., 2017; Scott, 2017).

Detto et al. (2006) and Montaldo et al. (2020) investigated a typical heterogeneous Mediterranean ecosys-
tem located at Orroli in Sardinia (Italy; Montaldo et al., 2008, 2013), a patchy mixture of trees (mainly wild 
olive, Olea europea var. sylvestris) and grass growing on thin soil (∼17 cm depth) above a fractured basalt. 
The latter study identified tree transpiration as the primary component of ET during the dry seasons – tree 
clumps maintained some summertime transpiration even though the thin soil was dry and its water content 
unchanging, suggesting access to subsoil water source. Indeed, the wild olive, a common Mediterranean 
species (Lumaret & Ouazzani, 2001; Terral et al., 2004), appear to tolerate well prolonged droughts (e.g., 
summer, 2003), increasingly common on the island (Montaldo & Oren, 2018; Montaldo & Sarigu, 2017). The 
species developed an adaptation strategy to increase reliance on a range of avoidance and tolerance mecha-
nisms that maintain internal water status and metabolic activity during the dry periods (Connor et al., 2005; 
Fernandez et  al.,  1997; Lo Gullo & Salleo,  1998). This strategy consists of both control of transpiration 
rate, and water uptake by an extensive root system, which can penetrate the underlying fractured rocks. 
Subsoil water uptake is not unique to wild olive, demonstrated primarily, but not exclusively, in chaparral 
shrubs and several species of pines and oaks, growing mostly in regions with pronounced dry season and 
mountainous landscapes of shallow soils (Allen, 2009; Bornyasz et al., 2005; Breshears et al., 2009; Graham 
et al., 1997, 2010; Hubbert et al., 2001; Lewis & Burgy, 1964; McCole & Stern, 2007; Rose et al., 2003; Schwin-
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ning, 2008; Sternberg et al., 1996; Witty et al., 2003; Zwieniecki & Newton, 1995), where roots do not reach 
the water table, but may extract water stored in the fractured bedrock (Witty et al., 2003).

In patchy landscapes, the partitioning of ET into its contributing components is a challenge, particularly 
during the dry season (Raz-Yasseef et al., 2010; Villegas et al., 2014). In such heterogeneous ecosystems, 
for example, tree clumps may reach for water extending roots not only into the rocky substrate below their 
canopies, but also horizontally into the soil and underlying rock of the surrounding areas covered with 
highly seasonal, shallow-rooted vegetation (Breshears, 2006; Breshears et al., 2009; House et al., 2003). It is 
thus unclear whether trees are competing with the grass for its limited accessible water, or facilitating grass 
transpiration and soil evaporation through hydraulic redistribution of rock moisture, such as often observed 
among the layers of deep soils (Dohn et al., 2013; Domec et al., 2010; Ludwig et al., 2004; Neumann & Car-
don, 2012; Quijano et al., 2012). Although evapotranspiration from grass-covered patches can be high dur-
ing the wet season, it decreases during the dry season to the low rate of evaporation from dry vegetation and 
bare soil. Nevertheless, this low rate of evaporation may account for an appreciable portion of dry season 
ET, and must be considered when searching for the source of water used by trees.

It is clear that the trees in this ecosystem must rely on water extraction from below the thin soil to support 
the transpiration of tree clumps (Et) and ET, yet the amount of water supplied by the rocky substrate, 
its horizontal distribution, and how it is affected by seasonal precipitation and potential evaporation is 
not known. Also unknown is how these quantities are affected by droughts, of which frequency has been 
increasing (Caloiero et al., 2019; Montaldo & Sarigu, 2017; Swain et al., 2016). Moreover, the effect of in-
creasing drought severity on the local water budget occurs on the background of past and, likely, future 
land cover change strategies (e.g., afforestation vs. deforestation). Tree cover varied in extent historically 
(Pungetti, 1985), showing an increase in woody vegetation over recent decades as traditional agro-silvopas-
toral activities in Mediterranean ecosystems declined (Chauchard et al., 2007; Falcucci et al., 2007; Poyatos 
et al., 2003; Puddu et al., 2012). More recently, tension has emerged between two ecosystem services, water 
yield and carbon-based products (e.g., wood and sequestered carbon) (Ovando et al., 2019). Policies aimed 
at maximizing water yield may be achieved by converting the mosaic to mostly seasonal vegetation, despite 
the consequences to increased erosion and surface temperature, and decrease in carbon storage, while poli-
cies aimed at maximizing carbon-based products as agricultural pressure decreases may compel conversion 
of pasture to forest, at the expense of water yield (Gentry & Lopez-Parodi, 1980; Guzha et al., 2018; Liski 
et al., 2003; Mohammad & Adam, 2010; Ovando et al., 2019). Regardless, policies reflected in land cover 
change strategies must conform to the climatic-edaphic capacity to support the desired vegetation mix, 
and how this capacity may change if drought severity continues to increase (Lindner et al., 2014; Stephens 
et al., 2010; Vilà-Cabrera et al., 2018).

We combined sap flux measured in trees across the eddy-covariance footprint with energy balance and 
eddy-covariance measurements to estimate ET and its components in this typical heterogeneous Mediter-
ranean ecosystem (Montaldo et al., 2020). These measurements, together with measured precipitation and 
soil moisture, and modeled flux components, were combined into seasonal soil water balance, investigating 
the water sources supporting evapotranspiration, and testing the hypotheses: (H1a) Water taken up by tree 
roots from the rocky layer dominates ET and its components during dry seasons. We obtained limited qual-
itative information on horizontal distribution of wild olive roots, and soil moisture and water flow in such 
roots to evaluate the hypothesis (H1b) that rock moisture used by wild olive roots during the dry season is 
taken also from below the grass. Lastly, we hypothesized (H2) that trees compete with the grass, and thus 
reduce the amount of water evapo-transpired from the grass covered area. We analyzed these hypotheses in 
the context of past seasonal climate changes and potential land-cover change strategies.

2. Materials and Methods
2.1. Setting

Located on a gently sloping plateau in east-central Sardinia (39°41'12. 57”°N, 9°16'30. 34”°E, 500 m eleva-
tion, Orroli in the Sarcidano area), the site is covered by a patchy mixture of tree clumps with canopy cover 
of ∼33% of the footprint area (Figure S1), and interclump area displaying herbaceous and grass species dur-
ing the wet season, transitioning to dry soil surface during the principally rainless summer. The dominating 
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wild olive in tree patches average ∼4 m in height, with scattered emergent individuals of Quercus suber and 
shorter shrubs; vines often climb the trees.

The climate is maritime Mediterranean: mean annual precipitation (1922–2017) is 643 mm, with dry sum-
mers (averaging 11 mm in July); mean annual air temperature (Ta) is 14.6°C (mean Ta of 23.7°C in July). 
The silt loam soil (19% sand, 76% silt, 5% clay), has a bulk density of 1.38 g/cm3 and a porosity of 53%; soil 
depth is ranging 0–50 cm, averaging 17 cm ± 6 cm (standard deviation, SD) above a fractured basalt. In the 
unusually dry May of 2017, manifested in earlier than normal senescence of grasses, electrical resistivity 
tomography (ERT), was used to detect singularities such as cracks, fractures and soil pockets in the rocks, 
and their relative water content (Muchingami et al., 2012; Nijland et al., 2010; Rodriguez-Robles et al., 2017; 
Travelletti et al., 2012). The 12 m long images (unit electrode spacing of 0.25 m) were collected along nine 
transects at 1 m intervals between two tree clumps. Rocks, cracks, soil pockets and water content were qual-
itatively estimated from the observed electrical resistivity map of each transect. Qualitative information on 
the horizontal extent of wild olive roots was based on two trenches. Each trench was 7 m long and 0.2 m 
wide, extending to the underlying rock; from 0.2 m long section of the trench, positioned at 1, 2, 3, 4, and 
7 m distance from the tree clump, all tree roots were separated and dried at 75°C to a constant weight.

2.2. Soil and Micrometeorological Measurements

A 10 m tower was instrumented to measure land-atmosphere fluxes of energy and water from April 2003. 
The tower includes a Campbell Scientific CSAT-3 sonic anemometer and a Licor-7500 CO2/H2O infrared 
gas analyzer at 10 m above ground to measure velocity, temperature and gas concentrations at 10 Hz for 
the estimation of latent heat, and sensible heat fluxes through standard eddy-correlation methods (e.g., 
D. Baldocchi, 2003). Half hourly statistics were computed and recorded with a 23X data logger (Campbell 
Scientific Inc., Logan, Utah). The effect of the gentle slope of the plateau was removed by an axis rotation 
(Detto et al., 2006) and the Webb-Pearman-Leuning adjustment (Webb et al., 1980) was applied. Skin tem-
perature of the tree canopy and grass/bare soil patches (using IRTS-P by Apogee Instrument), incoming and 
outgoing shortwave and longwave radiation to derive net radiation (using CNR-1 by Kipp & Zonen), and 
soil heat flux and temperature (using HFT3 REBS) at two locations close to the eddy-covariance tower, com-
bined to generate the energy budget, were monitored and half-hourly means were recorded. Ta and relative 
humidity (RH) were measured at the tower to calculate vapor pressure deficit, further processed into day-
length normalized daily mean (Dz; Oren et al., 1996). Precipitation (P) was measured using a PMB2 CAE 
rain gauge. Complete details on these measurements and data processing are available at Detto et al. (2006) 
and Montaldo et al. (2020).

Seven frequency domain reflectometer probes (FDR, Campbell Scientific Model CS-616) were inserted in 
the soil close to the tower (3.3–5.5 m away) to estimate moisture (θ) at half-hourly intervals in the thin 
soil layer, from April 2003. FDR calibration is described in Montaldo et al. (2020). During the summer of 
2018, five dielectric water potential sensors (MPS-2; Decagon Devices, Inc.) were installed at 10 cm depth 
to monitor soil water potential (Ѱs), one under the canopy and four in a grass covered area, using the same 
logging procedure.

The components of ET budget were evaluated for closure against eddy-covariance ET using the two-dimen-
sional footprint model of Detto et al. (2006) for upscaling the components to the eddy-correlation contrib-
uting land-cover area. The approach uses the fractions of tree cover, grass cover, and bare soil in the flux 
footprint, which was obtained from a multispectral high spatial resolution (resolution of 2.8 m) satellite 
image (DigitalGlobe Inc.), based on a supervised classification scheme (Montaldo et  al.,  2008). Further 
details on upscaling component flux to the footprint area can be found in Detto et al. (2006) and Montaldo 
et al. (2008, 2020). We have also estimated the normalized difference vegetation index (NDVI) over the field 
site using Landsat satellite images (30  m spatial resolution), which were available from 1984 (temporal 
resolution of 16 days).

For an historical meteorological analysis, daily precipitations from 1922 were available from two nearby 
rain-gauge stations, Nurri and Villanova Tulo (located <10 km from the eddy-covariance tower, always in 
the Sarcidano area). We considered mean precipitations of the two stations, which are correlated with P at 
the Orroli station during the overlapping period of operation (correlation coefficient 0.90, p < 0.001; slope 
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of 1.08 and intercept of 0.41 mm/d of the linear interpolation with Orroli P). Daily air temperatures from 
1922 were also available from another nearby station, Mandas (∼12 km from the eddy-covariance station; 
correlation coefficient of 0.97, p < 0.01, slope of 0.91 and intercept of 2.24°C of the linear interpolation with 
Orroli Ta).

2.3. Sap Flow Measurements and Scaling

Sap flux in stems (Js) was monitored from August 22, 2014 to July 9, 2017 using Granier-type heat dissipa-
tion sensors inserted in 11 stems, keeping the original configuration and signal processing (Granier, 1987). 
The stems were positioned in eight clumps in the eddy-covariance footprint, and scaled to represent tran-
spiration per unit ground area of the clumps (after Oishi et al., 2008) based on diameter measurements of 
1,615 stems in 21 clumps, and allometric relationship between stem diameter and sapwood area developed 
for the site. In each clump, we estimated the ratio Asw/Ag (Asw is the tree sapwood area, and Ag is the ground 
area of the clump's canopy projection), and scaled Js to total tree transpiration within the clump area, SF

tE , 
multiplying by with Asw/Ag (Oren et al., 1998). Because we did not calibrate the sensors for the species and 
conditions, we verified the scaled fluxes comparing with estimate from the energy balance method (Detto 
et al., 2006), based mainly on canopy surface temperature (Ts), wind velocity, air temperature and radiom-
eter measurements. Upscaling the sap-flux measurements to the eddy-covariance footprint scale (Et,fp) was 
accomplished by multiplying SF

tE  by the fraction of tree canopy cover (Ffp,t, estimated using Equation 4 of 
Detto et al. [2006]). Due to missing data, we patched together portions of the time series from 2014 to 2016, 
capturing typical seasonal dynamics of sap-flux in a relatively dry year, beginning in spring (March 20) 
and ending in fall (November 19). We also used the data from the even drier spring of 2017 (for details see 
Montaldo et al., 2020).

In the summer of 2018, we installed the same type of sensor in two positions along one shallow root of 
sufficient diameter (∼7 cm near the stem), one close to the stem, and one 3 m away in an area covered by 
dry grass for estimating root sap flow (Jr) (Domec et al., 2010). We further installed a modified thermal dissi-
pation sensor (designed to monitor only the direction of flow, proximal, toward tree clumps, or distal, away 
from clumps; Domec et al., 2010) in one position of two roots under canopy, about 1 m from a stem, and four 
roots farther under the grass. These measurements were designed to help evaluate, qualitatively, the behav-
ior of roots and water flow between the grass covered and tree covered areas, during a period in which the 
grass canopy already senesced yet low summer precipitation increased soil moisture under both cover types.

2.4. Soil Water Balance

We used Equation 1 for the seasonal soil water balance. From observed P, the surface runoff Q was estimat-
ed using the commonly used Soil Conservation Service (SCS) method (Chow, 1988; Ponce, 1989; Soil Con-
servation Service, 1972, 1986). We estimated the key parameter of the SCS method, the CN curve number, 
using the results of the rainfall simulator-based experiments of Wilson et al. (2014) for plot-scale runoff sim-
ulation, conducted at the site in 2010. For simulating the observed runoff coefficients of 0.8 (with rainfall 
intensity of 61.6 mm/h and wet antecedent moisture conditions (AMC), Wilson et al., 2014), a CN value of 
89 (for AMC II; Ponce, 1989) was estimated.

Eddy-covariance observations were used for estimating ET, and θ observations for estimating the variation 
of the water in the soil layer (ΔS = Δθ (1 − rc) ds, with ds soil depth equal to 0.17 m, and rc rock content 
equals to 10%). fd was estimated as residual term of Equation 1.

We estimated bare soil evaporation (Ebs) and grass transpiration (Eg) based on the observed soil moisture (θ) 
using a simple approach (verified in Montaldo et al., 2008): Ebs = α PE, and Eg = βgPE [with α = −9.815θ 3  
+ 9.173θ2 – 0.082θ (Parlange et al., 1999), and βg = (θ − 0.08)/(θlim,g − 0.08), if θ ≤ θlim,g and βg = 1 if θ > θlim,g, 
where θlim,g is the grass limiting soil moisture (Montaldo et al., 2008)]. Ew was set to the rainfall intercep-
tion, with storage capacity of 0.2 LAI (Noilhan & Planton, 1989), where LAI is the leaf area index. LAI was 
estimated for both grass and tree canopy separately using the land surface–vegetation dynamic model of 
Montaldo et al. (2008), calibrated for Orroli. Potential evapotranspiration (PE) was estimated based on the 
Thornthwaite equation (Thornthwaite, 1948), controlled by air temperature observations only.
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Based on the above, we estimated the water budget terms of Equation 1 for each season of the 2014–2016 
observation period and for the driest 2017 spring for which observed sap flow measurements were available. 
For each season, we estimated the pasture evapotranspiration contribution (Ep = Ebs,fp + Eg,fp), while Et,fp was 
based on scaled sap flux (and, at the end of fall, using the energy balance approach; Montaldo et al., 2020).

Assuming that upward fd relies on uptake of water from the rocky layer by tree roots, and its discharge into 
the overlaying thin soil layer as a hydraulic redistribution (Domec et al., 2010; Neumann & Cardon, 2012), 
we reevaluated the fluxes under a hypothetical scenario in which the pasture grass cover the entire area, 
thus having no access to rock moisture, scaling Ebs, Eg (using Ffp,bs and Ffp,g respectively) and Ew (using Ffp,g 
only) to represent pasture conditions over the entire area.

2.5. Modeling the Soil Water Balance and the Consequences of Prescribed Changes in the 
Fractions of Land Cover

A simplified model of land surface interactions was developed to predict soil water balance and allow evalu-
ation of the effect of land cover change on ET and its components, and on water yield. The model simulates 
at daily scale the soil water balance of two layers, the surface soil layer and an active fractured rock layer 
with tree roots:

 
       

 , , , ,
s

s w fp bs bs fp g g t fp t t s d rd P Q E F E F E F E f D
t

 (2)

  
     

 , ,1r
r t fp t t r d r ed F E f D L

t
 (3)

where θs is the predicted soil moisture, θr is the predicted rock moisture, Et,s is the tree transpiration from the 
surface soil layer, Et,r is the tree transpiration from the fractured rock layer (with Et = t Et,s + (1 − t) Et,r), dr 
is the depth of the active fractured rock layer (=1.5 m), t is the percentage of tree root water uptake from the 
surface soil layer, fd equals 3.3 × 10−9 (Ψr − Ψs)/dr [in m/s, Lee et al., 2005, where Ψr and Ψs are the soil water 
potential in the fractured rock layer and in the surface soil layer, respectively, and are related to soil moisture, 
following Clapp & Hornberger, 1978, through Ψr = 0.01 (θr/0.4)3.5 and Ψs = 0.7 (θs/0.5)8 in m]. Dr is the drain-
age (estimated using the unit gradient assumption of gravity drainage from the root zone, so that Dr = ksat 
(θs/0.5)17, where ksat is the saturated hydraulic conductivity, following Clapp & Hornberger, 1978), Le is the 
leakage, equals ksat (θr/0.5)19 (again using the unit gradient assumption of gravity drainage), and Ffp,g, and Ffp,bs 
are the fractions of grass cover and bare soil in the flux footprint, respectively (estimated using Equation 4 of 
Detto et al. [2006]), and Ffp,t + Ffp,g + Ffp,bs = 1. We estimated Ebs and Eg, using the same approach previously de-
scribed (see Section 2.4) but with predicted soil moisture (θs) instead of observed soil moisture (θ). Et,s, and Et,r 
are also predicted based on soil moisture using a simple approach: Et,s = βts PE [where βts = (θs − 0.06)/(θlim, s  
− 0.06), if θs ≤ θlim,s, and βts = 1.0 if θs > θlim,s, and θlim,s is the limiting soil moisture for trees with roots in the 
surface soil layer], and Et,r = ρrβtrPE [where βtr = (θr − 0.2)/(θlim,r − 0.2), if θr ≤ θlim,r, and βtr = 1.0 if θr > θlim,r 
with θlim,r the limiting soil moisture for trees with roots in the active fractured rock layer, and ρr, an index of the 
root resistance to water uptake from the rock is 0.6]. Hence, the ecosystem evapotranspiration is:

   , , ,fp t t fp g g fp bs bs wET F E F E F E E (4)

We generated several land cover change scenarios ranging from a scenario of 100% pasture cover to one of 
100% tree cover, changing Ffp,t (=0, 0.1, 0.2, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1) and CN (=96.4, 94.2, 91.9, 87.5, 
85.2, 82.9, 80.7, 78.5, 76.2, and 74, respectively).

Analyzing the potential impact of land cover change strategies, we used the model to estimate ET for a 
100% grass land-cover scenario over the 2003–2017 period for which eddy-covariance data are available 
for the actual ecosystem, and tree transpiration for the opposite scenario of 100% tree cover over a dry 
year, and compare these estimates with those for the actual ecosystem. Furthermore, we evaluated the 
soil water balance components for the historical 1922–2017 period over the complete range of possible 
Ffp,t (from 0 to 1).
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Because the soil water balance model is sensitive to soil and vegetation parameters (Franks et al., 1997; 
Montaldo et al., 2003), we evaluated the effect of these uncertainties in our analysis, using a global multi-
variate approach (Franks et al., 1997; Montaldo et al., 2003) based on a Monte Carlo simulation framework, 
prescribing uncertainty in four key model parameters: the saturated hydraulic conductivity, and the three 
limiting soil moisture values in the beta functions of grass and tree transpiration estimates.

2.6. Statistical Data Analysis

Observed data at the Orroli station were analyzed at monthly and seasonal time scales, using typical statis-
tical index (mean, μ, and standard deviation, SD).

Trends of P, PE and the soil water balance terms were computed using the Mann-Kendall nonparametric 
test (Hensel & Hirsch, 2002; Kendall, 1938; Sneyers, 1990). The Mann-Kendall τ measures the monotonic 
relationship between two variables, and it is less sensitive to outliers and missing data values. The Theil-
Sen slope method was used to estimate the slope linear trends (Sen,  1968; Theil,  1950). Generally, this 
estimator is frequently applied in climatology and for the analysis of the hydrometeorological time series 
(Amirabadizadeh et al., 2014; Hirsch et al., 1982; Hu et al., 2012; Mohsin & Gough, 2010) to define the rate 
of change, β. The Theil-Sen method and the Mann-Kendall test are strongly connected, with the β slope 
estimator related to the Mann-Kendall τ test statistic (Montaldo & Sarigu, 2017).

Finally, the common standard precipitation index (SPI) has been used for identifying droughts in the pre-
cipitation time series both at seasonal and annual time scales (Guttman, 1998; Mishra & Singh, 2009). First 
a probability density function (a gamma distribution) that describes the long-term time series of rainfall 
observations was estimated, then the cumulative probability of an observed precipitation amount was com-
puted. The inverse normal (Gaussian) function, with mean zero and variance one, was then applied to the 
cumulative probability distribution function, which results in SPI. We have classified droughts as severe 
droughts for SPI < −1.0, and extreme droughts for SPI < −2.0 (Livada & Assimakopoulos, 2007; Mishra & 
Singh, 2009).

3. Results
Dynamics of monthly soil moisture was almost in phase with precipitation over the 2003–2017 period (Fig-
ure 1a), but reached highest values in January and February, later then the wettest months (November and 
December), reflecting the combination of high P and low ET. Despite spring P, soil moisture decreased with 
increasing ETEC (Figure 1b), peaking in May due to favorable conditions. In contrast to the large absolute 
variability of ET, tree transpiration was less variable during the 2014–2016 observation period, reaching 
highest rates in July and lowest in October. While predicted Ew was almost negligible all year, grass transpi-
ration was high in spring, reaching highest rates in May, and diminishing thereafter as the grass senesced 
in summer (Figure 1c). Consequently, in summer, predicted bare soil evaporation exceeded grass transpira-
tion, reaching highest rates in July (Figure 1c).

3.1. Water Balance and the Source of Evapotranspiration

The estimated water balance terms for spring, summer and fall of the 2014–2016 observation period and 
for the driest 2017 spring are in Figure 2. Evapotranspiration, as the sum of its components, Ep + Et,fp + Ew, 
agreed without bias with estimates based on the eddy-covariance method, ETEC, with differences (of +1.6% 
and 2.2%) only in the summer and fall (Figure 2). As expected, surface runoff occurred only in fall, when 
rainfall increased sufficiently to produce Q averaging ∼0.14 mm/d, or 9.8% of P; due to both low P and 
high evaporative demand, Q was negligible during spring and summer. In both springs and summer, fd was 
negative, meaning trees were absorbing water from the rocky substratum. In contrast, owing to low ET in 
fall, which in 2014 was not particularly rainy, the flux through the bottom of the thin soil layer was down-
ward as drainage, recharging deeper reservoirs. As a check, we estimated the gravitational drainage in the 
three seasons using θ and the Clapp and Hornberger (1978) relationship [k = 5 × 10−6 (θ/0.5)19; Montaldo 
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et al., 2008]. Drainage was negligible in spring and summer (<0.01 mm/d), reaching 0.06 mm/d in fall, 
equal to the budget-based estimate of fd = 0.06 mm/d (Figure 2c).

The budget-based approach produced an estimate of root water uptake from the rocky substratum of 62% of 
ET in summer, 45% of ET in the wetter spring of 2016, but reaching 64% of ET in the dry 2017 spring. Mean 
seasonal Et,fp was lowest in fall (0.43 mm/d) and highest in summer (0.74 mm/d). Spring ET during the 
wetter 2016 (1.84 mm/d) was double that of the fall (0.90 mm/d). The seasonal change of soil water content 
(considering the entire season) was negligible in summer, negative in spring and positive in fall.

In spring and summer, fluxes were also reevaluated under a hypothetical scenario in which the pasture 
grass cover the entire area (Figures 2d and 2e), and therefore the source of water from rock moisture was 
not available. Scaling Ebs, Eg, and Ew suggests that, depending on the spring, a daily deficit of ∼0.70 or 
0.86 mm/d will occur (Figure 2d), meaning the grass will not be able to sustain its current activity. In sum-
mer, with lower grass cover activity, and the soil dry, the daily deficit will be less (∼0.28 mm/d, Figure 2e), 
suggesting that water taken up by trees from the rocky stratum (Figure 2b) is mainly for their own use. 
Without the tree component, ET in summer is reduced by 40%.

Qualitative information confirmed that rock moisture used by wild olive roots during the spring and 
summer was taken also from below the grass. From the two soil trenches we derived information on 
horizontal distribution of wild olive root density (Figure 3). For both trenches, root density was highest 
near the edge of clumps (9.3 kg/m3 and 16.5 kg/m3), showing a similar relative decrease with distance 
from the edge (Dt). The normalized root densities (NRD, normalized to 1.0 at 1 m from the edge) de-
creased such that NRD = 0.897Dt1.302 + 0.107 (R2 = 0.98, p < 0.01; Figure 3a). At 7 m from the clumps, 
about halfway to the next clump in the direction of the trench, roots density seemed to stabilize at 
∼20% of the density at 1 m. While digging trenches to determine root distribution, second-order tree 
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Figure 1. Monthly means (and standard deviations; n = 10 years except for tree transpiration) of: (a) observed 
precipitation (P) and soil moisture (θ); (b) observed ecosystem evapotranspiration (ET), and tree transpiration (Et,fp; 
from the 2014–2016); (c) modeled wet-surface evaporation (Ew), bare soil evaporation (Ebs,fp), and grass transpiration 
(Eg,fp). All flux values scaled to the entire landscape.
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Figure 2. Soil water balance at the Orroli site with trees, and grass or bare soil in (a) spring, (b) summer and (c) fall, and of a hypothetical site with grass 
or bare soil only in (d) spring, and (e) summer. P: precipitation; ΔS: changes of soil water content; fd: vertical flux through the bottom of the soil layer; ET: 
evapotranspiration; Et,fp: transpiration from scaled sap flux normalized to the footprint area; Ep: footprint-scaled pasture evapotranspiration (=bare soil 
evaporation + grass transpiration); Ew: footprint-scaled wet evaporation; Q: surface runoff; Def: the closure term of the soil water balance (deficit). All the 
components of the soil water balance are mean seasonal quantities expressed in mm/d. Black text represents 2014–2016, and red text represents 2017.
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roots branching from the horizontal first order roots and penetrating vertically into the fractured basalt 
were observed. From the ERT information along the transects, we note that fractures, cracks and soil 
pockets were randomly distributed in the basalt, vertically and horizontally distributed, and surface 
moisture was higher in the rock fractures moving away from the tree clumps (Figure 3b). A thick rocky 
layer dominated the ground near the clump, but was not apparent near the surface with increasing 
distance (Figure 3b).

Using the soil water potential and root sap flow measurements during July 2018, we evaluated qualitatively 
the horizontal water flux between the area under the canopy and in the pasture, in the surface soil layer, 
and how it is supported by roots in the fractured rocks (Figure 4). July 2018 was a dry month following an 
unusually wet June, during which the soil saturated. Hence, ψs decreased from saturated to dry conditions 
both under the clump canopy and in the pasture, but at clearly different rates (Figure 4a). Under the canopy, 
water content decreased quickly due to tree water uptake; in the open, the senesced grass not only did not 
transpire, but may have slowed down evaporation; thus, a soil water potential gradient developed between 
the pasture area and tree clumps (Figure 4a; ψs gradient was significantly different from 0.0 during the 
period represented by the horizontal bar; one sample t-test p < 0.05). This is consistent with the directional 
flow measurements, showing persistent proximal flow during both day and night from roots in the pasture 
(Figure 4b). Roots near the clumps showed proximal flow only in daytime, but distal flow at nighttime, like-
ly from rock moisture recharging the overlaying soil near the clumps (Figure 4b and left panel of Figure 4d). 
Then, as the gradient decreased later in the month (Figure 4a), nighttime flow ceased, and unchanging soil 
moisture suggest that root-soil contact in the dry soil decreased and the proximal flow observed during 
most of the daytime hours in roots near and far from the clumps (Figure 4b), was supplied by rock moisture 
uptake (right panel of Figure 4d). Sap flux of roots near clumps was low relative to that in stems, but nearly 
invariable (Figure 4c), while that of distant roots was similar to the stem sap flux, but decreased in relative 
terms as the soil dried; this suggests that when the shallow soil dries, limits to water uptake are imposed by 
access to rock moisture only (Figure 4d).
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Figure 3. (a) Normalized density of transport roots along 7 m transect from the edge of two tree clumps. (b) inverse 
model electrical resistivity (in Ohm m) tomography (ERT) images, indicating rock fractures and soil pockets in the 
subsurface layer (0.2–1.2 m) in transects perpendicular to a root trench at 1 m intervals from the edge of a tree clump.
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The key role in water uptake played by roots in the rocky substratum is highlighted when the seasonal con-
tributions of fd to ET is viewed in relation to the seasonal index of dryness (PE/P, e.g., Zhang et al., 2001) 
(Figure 5). For the analysis of the reliance of ET on fd, we added available seasonal data collected at the 
Orroli flux tower since 2003 (10 springs and summers, 6 falls, 2 winters; note that data were not available for 
additional seasons). fd was estimated as before as the residual term of the soil water balance (Equation 1), 
using measured P, ΔS, and ET (the latter observed at the eddy-covariance tower), and estimated Q [based 
on the Soil Conservation Service (1972; 1986) method]. In all winter and fall seasons, fd/ET values were 
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Figure 4. Over a drying cycle, (a) a comparison between soil water potential (ψs) of a probe under the canopy and 
the mean (n = 4, and standard deviations) of probes in the pasture area. The blue arrow indicates the direction of the 
force for water flow, and the horizontal gray line at the bottom indicates the days in which the two series are different 
(p < 0.05, one sample t-test). (b) The mean flow period length (in hours; proximal is toward the tree) of daytime (open 
points) and nighttime (filled points) of directional flow sensors under the canopy (n = 2) in the senesced grass-covered 
area (n = 5; mean and standard deviations). (c) The ratios of root sap flow (Jr), one measured near the stem and the 
other in the grass-covered area (3 m from a tree clump) to mean (n = 6) stem sap flow (Js). (d) Schematic representation 
of diurnal and nocturnal sap flux between trees and grass-covered area as soil drying progressed from near the tree 
clump; blue area represents moist soil and fractured rock.
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positive, and were highly variable, reflecting the variability of precipita-
tion and the early fall hydration state of the soil. The fd/ET values were 
nearly all negative in summer and spring. The seasonal fd/ET related to 
that of PE/P (fd/ET = 0.79PE/P−0.96−0.74, R2 = 0.97, p = 0.001), showing 
no flux at PE/P of ∼1.04 (Figure 5), close to, but significantly higher than 
1.0 (p < 0.001 based on one-sample t-test vs. 100 randomly generated val-
ues considering 2% uncertainty in P and 20% uncertainty in ET).

3.2. Past Seasonal Climate Changes and Land Cover Change 
Strategies

At annual time scale, the trend of SPI was negative, with a Mann Kendall 
τ of −0.20 (p  =  0.01) and a slope of −0.01/y. The frequency of severe 
annual droughts increased with time, the number doubling during the 
last 30 years of record relative to the previous 30 years. Winter P is key 
for recharging rock reservoir; a significant negative trend of winter P (ob-
served in nearby stations) was observed (τ of −0.19 with p = 0.010, β of 
−0.011 mm/d/y) with a decrease of mean daily P from 3.1 to 2.1 mm/d 
over the 95-year record (Figure 6.1). Spring is the season of grass activity, 
during which grass and trees compete for resources. Similar to summer 
and autumn P time series, analysis of P time series shows that there is no 
significant negative trend in spring (Table 1), yet dry springs, such as that 
of 2017, are becoming more common in the later decades of the 95-year 
period, with 11 spring seasons having lower P than the μ—SD after 1950, 
increasing in frequency after 1980 (Figure 6.2). In contrast, PE shows no 
significant trend in winter (Figure 6.5), but a significantly positive trend 
in spring, summer and autumn (Figure  6, Table  1). Consequently, the 

dryness index (PE/P) was positive in both winter (Figure 6, τ of 0.16 with p = 0.03, β of 0.001/y) and spring 
(Figure 6, τ of 0.16 with p = 0.03, β of 0.006/y), meaning that the both key hydrologic seasons are becoming 
drier.

Using the simplified model (Equations 2 and 3), we estimated the main soil water balance terms, ET, fd, 
and Dr and their 95-year trends (Figure 6). Beforehand, the model was calibrated and evaluated against 
fluxes measured in the current ecosystem using data of the 2003–2017 observation period (θlim,g = 0.17, 
θlim,s = 0.18, θlim,r = 0.3, ksat = 5 × 10−7 m/s; t  = 0.80 if θs ≥ 0.22, otherwise 0.20), with reasonable agreement 
with estimates of ET, Et,fp, and fd (root mean square error of 0.51 mm/d, 0.47 mm/d, 0.09 mm/d, and R2 of 
0.57, 0.91, and 0.87, respectively). While ET was almost constant in all seasons over the 95-year period, fd 
increased significantly in spring and summer, and the drainage decreased significantly in winter and spring 
due to increasingly dry conditions (Figure 6 and Table 1).

Using the NDVI time series, we observed that maximum NDVI of trees was almost constant over the recent 
35 years (0.6 ± 0.04 mean and SD), slightly higher than the maximum NDVI of grass (0.5 ± 0.41). The spring 
peak activity of grass shifted to progressively earlier date over the recent 35 years, at a rate of ∼0.4 day/year, 
estimated using a linear interpolation between the yearly peak day of grass NDVI, DNDVI, and the yn, the 
number of years beginning 1984 (DNDVI = −0.77yn + 125.84; R2 = 0.22, p = 0.02). The trend was unrelated 
to that of increasing early spring temperature (p = 0.70). The seasonal peak activity date of trees, also falling 
in spring, did not change over the 35 years (p = 0.11).

Analyzing the potential impact of land cover change strategies, we evaluated the role of rock water supply 
and its hydraulic redistribution for ET of two extreme land-cover scenarios (Figure 7). Using the seasonal 
soil water balance approach (as in Figures 2d and 2e), we compared the ET of the actual ecosystem with 
a hypothetical ecosystem made of 100% pasture cover, modeled without access to rock moisture through 
hydraulic lift by tree roots (HR; Figure 7a). We used the available seasonal data collected at the Orroli site 
since 2003, and compared ET for a large range of the dryness index (=PE/P). In general, for increasing PE/P, 
ET first increased, reaching a maximum value of ∼2.5 mm/d for PE/P ∼1.2, then decreased for increasing 

MONTALDO ET AL.

10.1029/2020EF001870

12 of 23

Figure 5. The contribution of the vertical flux through the bottom of the 
soil layer (fd) to evapotranspiration (ET) versus the index of dryness (PE/P, 
potential evaporation/precipitation). Negative values indicate water taken 
up by wild olive roots from the underlying rocky substrate; positive values 
indicate drainage. Filled circles are for 2014–2016 time series, the filled 
triangle is for the spring 2017.
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drought. However, a grass-only landscape without access to tree-induced HR is predicted to have ET clearly 
dropping below that of the actual landscape as PE/P increased to >1. For the higher range of PE/P, ET of 
100% pasture decrease to ∼29% of the current ecosystem (Figure 7a).

The comparison between the fluxes from the actual landscape and the hypothetical 100% tree cover scenario 
focused on a dry year, using 2017 as example of a year characterized by a severe drought in spring and an 
extreme drought in summer (mean daily precipitation of 0.42 and 0.24 mm/d, SPI of −1.48 and −3.01 for 
spring and summer, respectively; Figure 7b). In this analysis, we are interested in how well trees will fare 
in the hypothetical ecosystem relative to current conditions, thus express tree transpiration per unit of leaf 
area, which relates to leaf conductance and photosynthetic rate if vapor pressure deficit is not responsive 
to the land-cover change. A landscape completely covered by trees only, leads to a decrease of tree transpi-
ration per unit of leaf area (Et,fp/LAI) in summer, with decreasing mean values of Et,fp/LAI down to 0.64 of 
the mean values of Et,fp/LAI for the actual case, and further to 0.54 at the end of the summer (Figure 7b). 
The increase of tree cover produced a faster depletion of water availability during the summer, leading to a 
persistently lower Et,fp/LAI. Considering the whole 2003–2017 observation period, the mean summertime 
Et,fp/LAI of 100% tree cover case is predicted to be 0.8 of the actual case.
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Figure 6. Historical seasonal, mean precipitation (P), potential evaporation (PE), index of dryness (PE/P) from two stations near Orroli in the area of 
Sarcidano, Sardinia, and predicted evapotranspiration (ET), vertical flux through the bottom of the soil layer (fd), and drainage (Dr), represented by a white 
horizontal bar (mean) bracketed by gray bars (1 standard deviation). The trends using the Mann-Kendall approach are estimated with slopes from the Theil-Sen 
method (significant trends at p < 0.01, are continuous black lines, while not significant are dashed black lines).
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We evaluated the effect of the model uncertainties in our analysis, using a global multivariate approach 
based on a Monte Carlo simulation framework, generating 400 simulations through a simultane-
ous and independent variation of 4 parameters of the soil water model over a range of realistic values 
(ksat = 3 × 10−7−8 × 10−7 m/s, θlim,g = 0.19 – 0.41, θlim,s = 0.15 – 0.21, θlim,r = 0.25 – 0.35). The 5th and 95th 
percentiles of the ensemble of the Et,fp/LAI predictions are plotted in Figure 7b, confirming that the uncer-
tainty of the Et,fp/LAI predictions is too small to affect the interpretation of the results – indeed, an increase 
of tree cover will likely lead to a persistently lower Et,fp/LAI during the summer.

Evaluating additional effects of the long-term trend of increasing dry conditions in spring (Figure 6), we 
compared the surface temperatures of trees and grass, Dz and ET during dry springs (p < 0.8 mm/d, and 
SPI < −1) and those observed during typical springs at the Orroli site during 2003–2017 (Figure 7c). While 
Ts was not significantly different for the tree clumps, it was significantly higher for grass in the dryer than 
typical springs (t-test, p = 0.001), showing a 7°C higher Ts, associated with higher Dz (32% on average), and 
lower ET (33%).

Finally, we evaluated the potential impact of land cover change strategies on historical soil water balance 
components (Figure 8), extending the soil water balance model estimation to the historical 1922–2017 pe-
riod over the complete range of possible Ffp,t (from 0 to 1). The long-term simulated trend of summer tree 
transpiration, which was not significant for the actual Ffp,t case (=0.33), is significantly negative for increas-
ing tree cover (Ffp,t ≥ 0.80; Mann Kendall τ = −0.14 for Ffp,t = 1), meaning that tree transpiration require-
ments could not have been met in such ecosystem as the climate progressively dried. Under the 100% tree 
cover scenario and increasingly dry climate, simulated ET trend become more negative in summer and 
autumn; this response to climate is significant only at Ffp,t > 0.90 (Figure 8c). In contrast, ET trend was pos-
itive in spring, significantly so at Ffp,t > 0.80 (Figure 8c). This trend was mostly impelled by the simulated 
positive trends of grass transpiration in spring, becoming significant at Ffp,t > 0.50 (Figure 8b). As expected, 
no trends of ET are simulated for grass dominated ecosystems where HR is limited (Figure 8c). In contrast, 
trends of drainage are negative for all seasons, but significantly so only in spring and winter and for all Ffp,t 
scenarios (Figure 8e). The long-term trend of water uptake by tree roots from the rocky substratum was 
significantly positive for both spring and summer seasons under all land-cover scenarios (Figure 8d), driven 
by the progressively drying conditions in both seasons over the 1922–2017 period.

4. Discussion and Conclusion
In areas in which the vegetation remains active during a pronounced dry season, it must rely on water 
stored in the soil to sustain physiological activity and assure survival. However, the legacy of millennia 
of land-use over much of the mountainous terrain in the Mediterranean region, is shallow soils over-
laying rocky strata. Yet some tree species remain active during the dry season, suggesting a substantial 
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τ p of τ β [mm/d]

wi sp su au wi sp su au wi sp su au

P −0.191 −0.111 −0.046 −0.078 0.010 0.137 0.537 0.296 −0.011 −0.005 −0.001 −0.005

PE −0.025 0.303 0.385 0.209 0.737 0.000 0.000 0.005 0.000 0.004 0.008 0.002

PE/P 0.157 0.158 0.074 0.105 0.035 0.034 0.322 0.105 0.001 0.006 0.026 0.003

ET −0.076 0.079 0.037 −0.050 0.306 0.288 0.620 0.509 0.000 0.001 0.001 −0.001

fd 0.077 0.151 0.171 0.059 0.302 0.043 0.022 0.432 0.000 0.000 0.001 0.000

Dr −0.183 −0.184 −0.115 −0.094 0.014 0.013 0.123 0.208 −0.007 −0.004 0.000 0.000

Note. The 95-year long time series (1922–2017) is from the ecosystem at the Orroli site.
Abbreviation: wi, Winter; sp, Spring; su, Summer; au, Autumn.

Table 1 
Seasonal Mann Kendall τ Values (With p Value) and the Theil Sen Slopes (β) of the Trend Lines of Figure 6 of: Tree 
Transpiration at the Footprint Scale (Et,fp); Grass Transpiration at the Footprint Scale (Eg,fp); Evapotranspiration (ET); 
Vertical Flux Through the Bottom of the Soil Layer (fd); and Drainage (Dr)
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supply of water from below the soil (Breshears et al., 2009; Schwinning, 2010). Here, we quantified the 
uptake of deep water by roots of wild olive trees penetrating into the fractured basalt below tree clumps, 
with canopy covering a third of the landscape, and into the surrounding, landscape-dominating seasonal 
vegetation.

Soil water budget, using precipitation (P), ET, and changes of soil moisture (ΔS; ∼17 cm soil layer), suggests 
that deep water uptake by roots of wild olive trees, penetrating into the fractured basalt below tree clumps 
and the surrounding pasture, subsidizes grass transpiration in spring, likely through hydraulic redistribu-
tion. In summer, however, trees utilize all the deep water absorbed. Qualitative analysis of horizontal root 
distribution, soil moisture distribution, and water flow in roots over a summer drying cycle, supported 
hydraulic redistribution (HR) from the dry grass area and deeper below the tree clumps toward the shallow 
soil near the clumps. A 15-year data set shows that, as the seasonal drought-severity increases, the vertical 
water flux through the bottom of the thin soil layer transitions from drainage to uptake in support of ET. A 
95-year precipitation and temperature data set shows that the dryness index of winter and spring, the two 
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Figure 7. Comparison between the actual ecosystem and land cover change scenarios: (a) evapotranspiration (ET) 
versus dryness index (potential evaporation/precipitation, PE/P) for the actual ecosystem (67% pasture and 33% tree 
clumps), and for a hypothetical scenario of 100% pasture without the contribution of tree roots-induced hydraulic 
redistribution (HR). (b) Predicted tree transpiration at the footprint scale per unit of leaf area index (Et,fp/LAI) for 
the actual ecosystem, and for a 100% tree cover scenario. Values in color represent the means for the season for each 
scenario, and the ratio represent the impact of eliminating HR from the prediction. The shaded areas around the 
mean bound the 5th and 95th percentiles of the ensemble of predictions generated with the Monte Carlo simulation 
framework. (c) Observed mean surface temperature (Ts) of tree and grass canopies, daytime, day-length normalized 
vapor pressure deficit (Dz), and evapotranspiration (ET) for typical (n = 7, filled bar) and dry (n = 2, unfilled bar) spring 
seasons (error bars are 1 standard deviations. Note: six incomplete spring time series and an unusually wet spring were 
excluded). Due to small sample size of dry springs, one sample t-test was used to assess the difference between the 
mean of the two dry years and the population of typical years.
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key seasons for tree-grass ecosystems in water-limited Mediterranean ecosystems, is increasing, potentially 
affecting the equilibrium of this vegetation mosaic. We conclude with analyses of hypothetical scenarios 
in which the effect on ET is assessed for a landscape ranging in cover from only wild olive to only seasonal 
grass.
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Figure 8. Seasonal Mann Kendall τ trends of tree transpiration at the footprint scale (Et,fp), grass transpiration at the 
footprint scale (Eg,fp), evapotranspiration (ET), vertical flux through the bottom of the soil layer (fd), and drainage (Dr) 
for the 1922–2017 period over the range of possible fraction of tree canopy cover (Ffp,t), The vertical black line shows 
the simulated results for the actual tree canopy cover at Orroli (Ffp,t = 0.33). The shaded areas represent the p value for 
the Mann Kendall τ trends (p > 0.1 for the white area, p ≤ 0.1 and >0.05 for the light gray area, and p ≤ 0.05 and ≥0.01).
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4.1. Water Balance and the Source of Evapotranspiration

The rock moisture uptake of tree species of semi-arid and arid environments has been recognized over a 
century ago (Cannon, 1911), yet we have found only few studies on the topic since Schwinning's (2010) proc-
lamation (Barbeta et al., 2015; Estrada-Medina et al., 2013; Hasenmueller et al., 2017; Kukowski et al., 2013; 
Rempe & Dietrich, 2018). None of these studies assessed the importance of rock water uptake from under 
patches of adjacent, different cover-type vegetation in heterogeneous landscapes, and the importance of 
rock water to the function of these patches.

As do other tree species in the Mediterranean region, wild olive trees continue physiological activity and 
maintain transpiration during prolonged droughts when the moisture of the thin soil layer is at a stable 
minimum (Figure 1). This suggests that the trees function during the dry season by taking up water infil-
trating during wet seasons into fractured rocks, perhaps stored in soil pockets (Estrada-Medina et al., 2013). 
Indeed, our soil water budget (Figures 2a and 2b) demonstrated that rock moisture uptake is essential for 
tree function in both spring and summer (consistent with H1a). Furthermore, our analysis also suggests 
that not only tree transpiration, but also transpiration and evaporation from grass-covered areas (and thus 
the energy and carbon balances) depend on deep water extraction by tree roots, especially during spring 
when the grass is active (contradicting H2; Figure 2d).

The water budget suggests that, in summer, trees use all the water their roots absorb below the soil 
(∼0.8 mm/d), accounting for 100% of their transpiration. Although this may be achieved if trees could ac-
cess ample rock moisture directly below the clumps, we later show otherwise. In contrast to summer, of the 
water taken up by tree roots from the fractured rock in spring (0.8–0.9 mm/d), the amount used by the trees 
was ∼0.6 mm/d, with the rest (0.25 and 0.29 mm/d) contributing an average of 20% and 38% of the com-
bined grass transpiration and bare-soil evaporation (in the wet and dry springs, respectively), likely through 
nightly hydraulic redistribution from the fractured rock to the soil (Domec et al., 2010; Neumann & Car-
don, 2012; Yu & D'Odorico, 2015). This suggests that the grass, having its roots constrained to the shallow 
soil volume, must rely on rock moisture taken up and hydraulically redistributed into the overlaying soil by 
tree roots extending horizontally from clumps into the surrounding grass area (Figure 3).

Analysis of 15-year data suggests that, in this system, as the seasonal dryness index (potential evaporation/
precipitation) increase over 1.04 (i.e., PE uses all of P, Figure 5), the vertical water flux through the bottom 
of the thin soil layer transitions from drainage, recharging deeper reservoirs and producing outflow, to 
uptake, supporting evapotranspiration. Based on the fit, the contribution of water taken up by tree roots 
from the rocky layer below the soil reaches a stable maximum of ∼80% of ET, although the data suggests 
that during the most intense drought on record, >90% of summer ET is supported by this source. These 
estimates are consistent with another, where 91% of ET was met through uptake from rocky substrate in an 
area with annual precipitation of 550 mm (Schwinning, 2010). The analysis shows that the contribution to 
evapotranspiration of root water uptake from the rocky layer changes depending on seasonal precipitation 
and soil water storage. Generalizing our finding will require accounting for soil depth and characteristic, 
influencing water storage, and different types of vegetation and vegetation mosaic, affecting the rate and 
timing of water use.

4.2. Qualitative Assessment of Tree Water Uptake from the Surrounding Pasture

The water balance cannot be used to demonstrate the role horizontal tree roots play in hydraulic redistribu-
tion at the site. We acquired qualitative information that is, consistent with horizontal exchange of water be-
tween tree clumps and the surrounding grass-covered area, during a period in which the grass was inactive, 
and trees utilize most of the water they can obtain from the soil-rock system. In the very dry spring and sum-
mer of 2017, a period of summer rains increased soil moisture to a similar extent under the canopies near 
tree clumps and in the surrounding senesced grass area (Figure 4a). The directional sensors show that near 
the canopy flow was into trees (proximal) during daytime, and away from trees (distal) during nighttime, 
while the flow was proximal from the bare soil area both day and night (Figure 4b). Utilizing soil water near 
the clumps during the day requires recharge at night, with water obtained by deep roots in the rocky strata 
under the trees and the areas surrounding the clumps. After several days of incomplete recharge, the soil 
water potential near the canopy declined faster than in open areas. Later, as soil moisture reached similarly 
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low values under the canopy and in the open, hydraulic redistribution was constrained, obvious only in the 
small diurnal fluctuations of water potential, potentially reflecting decreased root-soil contact. Over the 
drying cycle, the contribution of moisture delivered by a root near the tree clump remained nearly constant 
relative to tree water use, but that of a root in the open declined as the soil dried, yet remain high even as the 
water potential gradient in the soil vanished (Figure 4c). This demonstrate that gradients in soil moisture 
has only limited influence on the horizontal flow of water in tree roots; this flow is likely influenced more 
by access to rock moisture under the canopy and under the surrounding grass-bare soil areas (consistent 
with hypothesis H1b).

4.3. Hypothetical Management and Climate Scenarios and Potential Consequences

The land cover management options require further assessment on the background of the long-term in-
creasingly dry conditions in winter and spring (Figure 6).

4.3.1. Seasonal Grass Cover Only

A hypothetical landscape covered by pasture vegetation only, with no wild olive and access to deep water, 
would require 0.68–0.85 mm/d more than is available from precipitation and soil water storage (Figure 2), 
meaning it must have lower leaf area, or would have to complete its seasonal cycle earlier in spring. In 
such a landscape, carbon assimilation would be lower. Montaldo et al. (2013) estimated the spring (2005) 
water-use efficiency of a nearby grassland site (4 km from this study site) at 5 g C/kg H20. A shortfall of  
∼ 0.8 mm/d would thus amount to a reduced grass carbon assimilation of ∼ 4 g C m−2 d−1, or ∼30% of its as-
similation during the average spring day. In summer, such landscape would be in balance with the available 
water, but absent HR, ET would be 60% that of the existing wild olive-pasture mosaic. Based on Montaldo 
et al. (2013) this would increase surface temperature by 3°C and sensible heat flux by 10%. Higher surface 
temperature will likely decrease water-use efficiency further, especially during periods of Saharan Sirocco 
wind periods (Montaldo & Oren, 2016). Water taken up by tree roots from the rocky substratum was key to 
maintaining stomata open, allowing photosynthesis and, thus, survival and development of not only trees, 
but also of the seasonal vegetation in the pasture, likely through hydraulic redistribution. Having a third of 
the landscape surface covered by tree canopy, nearly doubled ET relative to the hypothetical treeless pas-
ture, thus reducing skin temperature (Brutsaert, 1982; Seguin et al., 1994; Sun et al., 2016), especially during 
summer when PE/P > 3.0 (Figure 7a). The cost of lower skin temperature, however, is smaller water yield 
relative to landscapes covered with seasonal vegetation.

4.3.2. Evergreen Tree Cover Only

A hypothetical landscape covered only with wild olives of the same leaf area as in current clumps, would 
increase evapotranspiration, decreasing the average water yield by 58% in the falls of the 2003–2017 period. 
Despite using more water, trees will have to survive with ∼38% lower transpiration per unit leaf area in a dry 
summer (up to 50% at the end of the dry summer), potentially limiting survival and growth. The coupling 
between transpiration and CO2 uptake for photosynthesis means that maintaining transpiration rate (per unit 
leaf area) is essential for proper function. A complete wild olive cover at current water use per unit leaf area 
is possible only if the entire ecosystem LAI is ∼2.5, as opposed to the ∼4.0 currently within tree clump areas; 
at the end of the summer LAI would have to be as low as 2.0 to maintain current gas exchange rates. Thus, a 
complete cover by forest will reduce water yield in this water-limited region, and eliminate the buffer offered 
to tree-clumps by the rock moisture under the current pasture area, a buffer that might decrease with winter 
precipitation. This may potentially force the ecosystem to undergo leaf area reduction in response to dry sum-
mers, mediated through partial tree mortality, thus increasing fuel and the likelihood of fires.

4.3.3. Seasonal-Evergreen Mosaic and Likely Future Changes

Long-term decreasing winter P and increasing spring PE, induce greater frequency of drought conditions 
during these seasons, reflected in a 60% increase of PE/P in 95 years and a doubling of severe droughts using 
SPI classification (Figure 6; Caloiero et al., 2019; Kannenberg et al., 2019; Montaldo & Sarigu, 2017; Philan-
dras et al., 2011). The increasingly dry winter-spring conditions may have already enhanced the reliance of 
the grass on tree-root facilitated, hydraulically lifted rock moisture. This is reflected in the greater reliance 
on fd in the spring of 2017 relative to a normal spring (Figure 2). It stands to reason that, with scenarios 
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predicting progressive decrease of winter precipitation and warmer springs over the next 70 years (Flato 
et al., 2013; Montaldo & Oren, 2018), the reliance of the grass patches on tree roots will increase, perhaps 
exceeding the capacity of tree clamps to provide sufficient water to maintain the current grass cover frac-
tion. Indeed, in dry springs, ET decreased relative to typical springs, but only the grass surface temperature 
increased substantially (Figure 7c), suggesting increasing moisture stress. Thus, policies aimed at increasing 
water yield through tree removal may hasten the demise of the grass.

Even without intervention, the grass fraction likely become less active with increasing seasonal droughts. 
Will lower grass activity be a result of a shrinking grass cover and expansion of tree cover, or a shift to her-
baceous species more adaptable to a shorter growing season? That wild olive has not produced shoots in 
the enclosure area (∼120 m2) surrounding the eddy-covariance tower since 2003, suggests that the propor-
tional tree-grass cover represents an ecosystem in spatial equilibrium despite the increasing drought. This 
inference is strengthened by historical information on the spatial coverage of tree canopy at the site. For 
example, a 1954 aerial photography, despite its moderate resolution, showed wild-olive cover distribution 
at the Orroli site (Ffp,t ∼ 0.31) remarkably similar to the most recent cover obtained 52 years later (∼0.33; 
Figure S1). Thus, increasing drought conditions (Figures 6.9–6.12), accompanied with greater water uptake 
by trees in summer (Figure 6.19) and lesser recharge of rock water during winter (Figure 6.21), seem to have 
little effect on tree cover (Figure S1). One way in which the ecosystem may have acclimated to increasing 
drought (Figure 6), is through increased water consumption by trees in spring, increasing the water stress of 
seasonal vegetation, perhaps forcing changes in composition to dominance of species capable of completing 
their annual cycle earlier in spring, rather than a decrease in grass cover and increase in tree cover.

Indeed, over 35 years, the peak activity (reflected in NDVI) of the seasonal vegetation, composed mostly 
of grass species, progressively shifted two weeks earlier in spring, accelerating the completion of the an-
nual life cycle. This may have been accomplished by a combination of acclimation of existing genotypes, 
a selection favoring genotypes completing their activity earlier in spring, or a shift in composition to such 
species. In addition to a retreat from traditional agro-silvopastoral activities, activities which kept tree cover 
low, increasing woodland cover in many area of the Mediterranean region (Chauchard et al., 2007; Falcucci 
et al., 2007; Poyatos et al., 2003; Puddu et al., 2012) may be facilitated by similar acclimation by the sea-
sonal vegetation, freeing summer water to the wild olive. Alternatively, such acclimation by the seasonal 
component of these ecosystems may indicate that the entire ecosystem, including woody evergreen species 
experience water stress. If so, increased cover of the tree component may be constrained by low summer 
transpiration (and photosynthetic rate) per unit leaf area. We show (Figure 7b) that, in a landscape entirely 
covered by wild olive, gas exchange rate would be drastically curtailed, suggesting that such complete tree 
cover is unsustainable given the conditions at the site. We followed by evaluating, through simulations, how 
high the proportional tree cover at the Orroli site must be to cause a negative response of tree function to the 
historical changes in seasonal P and PE (shown in Figure 6).

We assessed the potential changes in certain components of the hydrologic budget, using the observed long-
term climatic trends, imposed over the entire range of fractional vegetation cover (Figure 8). The outcome 
of this analysis permits determination of the fractional tree cover in which each hydrological component 
shows appreciable response to changing climate. Over historical climate change, the simulation shows min-
imal response of rock water recharge to climate trends during spring and summer when recharge was low, 
and of drainage in winter and spring, when the soil was moist and ET low. However, land cover does not 
affect the sensitivity of recharge and drainage to the trends in P and PE (Figures 8d and 8e). Similarly, spring 
and autumn tree transpiration show invariable sensitivity to the historical trends in P and PE over a wide 
range of tree cover, a range including the current 33% cover. Yet summer transpiration shows progressive 
increase in sensitivity, becoming significantly so at ∼70% tree cover. This may suggest that, eliminating graz-
ing from the site would allow wild olive cover to more than double. However, it is necessary to remember 
that, a small increase in the sensitivity of transpiration with tree cover would translate to a large increase in 
the sensitivity of transpiration per unit leaf area, because a greater tree cover means a proportionally higher 
tree LAI. This may explain why, despite nearly 20 years of grazing exclusion near the tower, wild olive cover 
did not increase.

Considering climate change-induced trends of decreasing water yield (Montaldo & Sarigu, 2017), increasing 
frequency of hot Sirocco winds (Montaldo & Oren, 2016), and the evidence of increasing ecosystem  water 
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stress, a conversion to a homogeneous forest is unadvisable. The evidence for potentially large decrease in 
transpiration, and thus photosynthetic rate and tree survival, with increasing tree cover under changing 
climate, suggest that reforestation efforts may create stands with many dead individuals, increasing the risk 
of forest fire and catastrophic loss of carbon.

5. Conclusion
Vegetation growing in drier climates often display individual trees or tree clumps surrounded by sea-
sonal vegetation. Increasing climatic drought, from long-term trends of decreasing precipitation in 
winter and increasing potential evapotranspiration in spring, is common in many dry regions. Where 
the balance among vegetation types in a mosaic depends on deep water to subsidize transpiration and 
related physiological activity, increasing drought may overwhelm the capacity for this subsidy, with 
consequences to land cover and biosphere-atmosphere exchanges. Here we show that, in patchy eco-
systems, nighttime hydraulic lift of rock moisture by wild olive tree roots recharges the shallow soil, 
enough to support transpiration of grass and trees in spring, but rock moisture uptake from the entire 
area was just enough to meet the tree transpiration demand in summer. Thus, the seasonal vegetation 
relies on the evergreen tree component to maintain physiological performance in spring, while the 
evergreen trees rely on the inactivity of the seasonal component to maintain their own activity in the 
dry season. Patchy semi-arid and arid ecosystems likely represent a spatiotemporal balance of water 
supply, dynamically meeting the demand of two adjacent vegetation types of distinct seasonal phenol-
ogy. The analysis suggests that this balance is sensitive to climate change. Thus, policies aimed at en-
hancing carbon sequestration by increasing tree cover, or water yield by increasing seasonal vegetation 
cover, may destabilize this equilibrium, with additional unintended consequences of decreasing tree 
survival or increasing surface temperature.

Data Availability Statement
Data of the Orroli site are made available at a central open-access repository (zenodo.org).
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