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Abstract: Mediterranean ecosystems are typically heterogeneous and savanna-like, with trees and grass competing for
water use. By measuring sap flow, we estimated high transpiration of wild olive, a common Mediterranean tree, in
Sardinia despite dry conditions. This estimate agrees with independent estimates of tree transpiration based on energy
balance, highlighting the wild olive’s strong tolerance of dry conditions. The wild olive can develop an adaptation
strategy to tolerate dry conditions. In this Sardinian case study, the wild olive grew in shallow soil, and the tree roots
expanded into the underlying fractured basalt. The trees survived in dry periods using water infiltrated during wet
seasons into fractured rocks and held in soil pockets. We estimated a high upward vertical flux through the bottom soil
layer from the underlying substrate, which reached 97% evapotranspiration in August 2011. The water taken up by tree
roots from bedrock hollows is usually neglected in ecohydrological modeling.
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INTRODUCTION

In the Mediterranean regions there is a persistent declining
trend in precipitation and decreasing runoff (Altin and Barak,
2014; Martinez-Fernandez et al., 2013; Montaldo and Sarigu,
2017; Vicente-Serrano et al., 2011), with consequences for the
sustainability of agricultural and water resources. Mediterrane-
an ecosystems are typically heterogeneous and savanna-like,
with contrasting plant functional types (e.g., trees and grass)
competing for water use (Breshears, 2006; Detto et al., 2006;
Montaldo et al., 2008; Sankaran et al., 2005; Scholes and Arch-
er 1997; Villegas et al., 2014). In these ecosystems, evapotran-
spiration (E7) is a leading loss term of the root-zone water
budget (Rana and Katerji, 2000), which may reach a yearly
magnitude roughly equal to precipitation in semi-arid condi-
tions (Baldocchi et al., 2004; Kurc and Small, 2004; Maselli et
al., 2004; Reynolds et al., 2000; Rodriguez-Iturbe, 2000). De-
spite the attention these ecosystems have received (Breshears,
2006; Holdo and Brocato, 2015; Yu and D’Odorico, 2015), a
general lack of knowledge persists about how to partition ET
into its components (Eliades et al., 2018; Williams et al., 2004;
Zhou et al., 2016), and about the relationship between ET and
plant survival strategies under water stress.

Detto et al. (2006) investigated a typical heterogenous
Mediterranean ecosystem in water-limited conditions located at
Orroli in Sardinia (Italy), a site with a patchy mixture of
Mediterranean vegetation types: trees (mainly wild olive, Olea
sylvestris) and grass on thin soil (~17 cm depth) above
fractured basalt (Montaldo et al., 2008; Montaldo et al., 2013).
Using an eddy covariance tower to estimate E7 (ETxc), Detto et
al. (2006) highlighted a strong tolerance to prolonged drought
of the wild olive, a common Mediterranean species (Lumaret
and Ouazzani, 2001; Terral et al., 2004), which still, even
during the extreme dry conditions of summer 2003, transpired
at rates close to potential.

Nowadays, ET is widely estimated using eddy covariance
towers (Detto et al., 2006; Jung et al., 2010; Williams et al.,
2012), but direct measurements are required for estimating the
tree transpiration component (7)) in heterogenous ecosystems

and dry conditions. Indeed, as soil dries, the mean ecosystem
ET becomes low and the 7; component becomes predominant,
especially with low tree cover (e.g., < 40% of the mosaic), as is
typical in these ecosystems (Baldocchi et al., 2004; Detto et al.,
2006; Kurc and Small, 2004; Montaldo et al., 2008). In this
sense, the use of sap flow sensors to estimate tree transpiration
(Oren et al., 1998) is very attractive (Bovard et al., 2005;
Cammalleri et al., 2013; Hassler et al., 2018; Liu et al., 2015;
Montaldo et al., 2020; Oishi et al., 2008; Pago et al., 2009;
Williams et al., 2004). At the same time, sap flux measurements
may themselves be affected by errors associated with calibra-
tion (Kostner et al., 1998; Steppe et al., 2015). Estimating T;
reliability is essential for identifying the likely source of water
during the dry season, and so independent verification of this
value would decrease the uncertainty. We propose to make such
verification using an approach based on energy balance (Detto
et al., 2006; Fritschen and Simpson, 1989; Garratt, 1992). We
recognize that the energy balance approach is also somewhat
uncertain (Foken, 2008), but if two very different approaches
produce a similar estimate of 7, then results from subsequent
analyses become more reliable.

Sap flow sensors are already used for estimating 7 in culti-
vated (both rainfed and irrigated) olive trees (Olea europaea)
(Chebbi et al., 2018; Karray et al., 2008; Rallo and Provenzano,
2013; Tognetti et al., 2004). As expected, 7 decreased drasti-
cally as soil dried in rainfed cultivated olive trees, reaching
very low values (Ennajeh et al., 2008; Sofo et al., 2008); this is
also commonly represented in ecohydrologic models (Karray et
al., 2008; Kutilek and Nielsen, 1994; Laio et al., 2001;
Nadezhdina et al., 2015; Rallo and Provenzano, 2013; Verhoef
and Egea, 2014). We used sap flow sensors for 7; measure-
ments of the Sardinian wild olive trees (Montaldo et al., 2020),
and investigated its relationship with soil moisture; this rela-
tionship should be almost invariant according to Detto et al.
(2006), in contrast with the observations in rainfed cultivated
olives noted above.

According to field experiments in the Mediterranean region
for other tree species, such as holm oaks in Portugal (Balugani
et al., 2017; David et al., 2007; Pago et al., 2009), Spain (Perez-
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Priego et al., 2017), and southern France (Limousin et al.,
2009), trees also transpired at relatively high rates during dry
summers. However, these sites were characterized by deep soils
or shallow groundwater (Balugani et al., 2017), while the Sar-
dinian trees that Detto et al. (2006) investigated grew in shal-
low soil. Generally, the behavior of ET components during
periods of water stress depends on soil depth. In deep soils,
transpiration and evaporation are theoretically expected to draw
from distinct water sources, with evaporation decreasing as
surface water decreases; tree transpiration remains high because
roots uptake water from deep soil layers. In thin soils with
shallow-rooted plants, evaporation and tree transpiration are
theoretically expected to utilize the same surface water source,
both becoming negligible when the soil dries entirely (Berkel-
hammer et al., 2016). Although the Sardinian field site should
be an example of the second case, the thin soil in Sardinia sits
above fractured bedrock (Detto et al., 2006), which is quite
common in semi-arid and arid climates (Schwinning, 2010).
For instance, in Mediterranean regions, upstream watersheds
are often characterized by trees growing on such shallow soils
above fractured bedrock or cemented horizons (Witty et al.,
2003). In these conditions, roots may penetrate below the thin
soil through cracks, fractures, and dissolution features, and
trees can survive dry seasons using water infiltrated during
previous wet seasons into fractured rocks and held in soil pock-
ets (Cannon, 1911; Eliades et al., 2018; Estrada-Medina et al.,
2013). This water becomes a sort of “rock moisture” (Rempe
and Dietrich, 2018). Water uptake by roots in the rocks may be
predominant for E7, up to 70-90% in semi-arid and arid cli-
mates (Breshears et al., 2009; Eliades et al., 2018; McCole and
Stern, 2007; Schwinning, 2010). This is a significant water
source of ET that ecohydrologists usually neglect (Schwinning,
2010). The water uptake of roots in the rocks may be the actual
source of the wild olive’s transpiration under dry conditions in
the Sardinian field.

We thus had the following objectives: 1) to quantify wild ol-
ive transpiration and its relationship with soil moisture, evaluat-
ing tree resistance to dry conditions; and 2) to quantify the
eventual water uptake of the tree roots from the rocks and its
role in sustaining the survival of wild olive during dry periods.

METHODS
The Orroli site

The Orroli field site is located in east-central Sardinia
(39°41'12.57" N, 9°16'30.34" E, 500 m a.s.l.; see details in
Detto et al., 2006; Detto et al., 2008; Montaldo et al., 2008;
Montaldo et al., 2013). The landscape is a patchy mixture of
tree clumps forming canopy cover over ~33% of the footprint
area, ~1.5 km? on a gently sloping (~3° from northwest to
southeast) plateau, and inter-clump zones are covered by herba-
ceous and grass species during periods of high moisture. The
dominant tree species is wild olive, in patches ranging in height
from 3.5-4.5 m, and C3 herbaceous (grass) species (Asphodelus
microcarpus, Ferula comunis, Bellium bellidioides, Scolymus
hispanicum, Sonchus arvensis, Vicia sativa, Euphorbia chara-
cias, Daucus carota, Bellis perennis; monocotyledons: Avena
fatua, Hordeum murinum) grow only during wet seasons,
reaching approximate heights of 0.5 m (Montaldo et al., 2008;
Montaldo et al., 2013).

The climate at the flux site is maritime Mediterranean, with
a mean annual precipitation (1922-2007) of 643 mm; mean
monthly precipitation varies from 93 mm in December to 11
mm in July. The mean annual air temperature is 14.6°C, with
mean monthly values ranging between 23.7°C in July and

7.1°C in January. The soil ranges in depth from 0-50 cm,
averaging 17 cm + 6 cm (standard deviation, SD) above
fractured basalt; quickly plunging into water-limited conditions
during the rainless summer (Detto et al., 2006; Montaldo et al.,
2008). The soil is silt loam (19% sand, 76% silt, 5% clay) with
a bulk density of 1.38 g/cm® and porosity of 53%. In May 2017
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 23.5 m long images (unit electrode
spacing of 0.50 m) were collected along three transects at 2 m,
5 m and 8 m from a tree clump. Rocks, cracks, soil pockets and
water content were qualitatively estimated from the observed
electrical resistivity map of each transect. Tree roots
penetrating vertically into the fractured basalt were also noted
when digging root trenches and other excavations for a separate
study.

Micrometeorogical and soil measurements

Three-dimensional time series data for wind velocity, air
temperature, and CO:z and water vapor gas concentration at 10
Hz, were averaged over 30-minute intervals (Montaldo et al.,
2008; Montaldo et al., 2013; Montaldo and Oren, 2016). This
data was used to estimate £7 and sensible heat flux based on
the standard eddy covariance method (Baldocchi, 2003). The
measurements were made with a Campbell Scientific CSAT-3
tri-axial sonic anemometer (Campbell Scientific Inc., Logan,
Utah, USA) and a Licor-7500 CO2/H:O infrared gas analyzer
(Licor Inc., Lincoln, NE, USA) positioned adjacent to each
other at the top of a 10 m tall tower, operating from April 2003
at the Orroli site (Detto et al., 2006). The effect of the gentle
slope of the plateau was removed by utilizing the conventional
planar fit method, and the Webb-Pearman-Leuning adjustment
was applied (Detto et al., 2006; Detto et al., 2008).

A Vaisala HMP45 (Vaisala, Helsinki, Finland) sensor was
used to measure air temperature (&) and relative humidity
(RH). Vapor pressure deficit, VPD, was calculated as VPD =
e*(&) (1-RH), where the saturation vapor pressure e* is related
to & through the Clausius-Clayperon equation (Stull, 1988).

Three infrared transducers, IRTS-P (Apogee Instrument Inc.,
Logan, Utah, USA) (accuracy of 0.3°C), were used to measure
the surface temperature (&) of the different land cover compo-
nents. One IRTS-P was positioned to monitor the leaf surface
temperature of a wild olive canopy clump at 3.5 m height above
the ground with a canopy view zenith angle of ~70°, a second
sensor was positioned to monitor either bare soil or grass (de-
pending on the season) at 1.6 m above the ground with a view
zenith angle of ~50°, and a third sensor was placed at a greater
height (10 m above the ground, view zenith angle of ~40°) to
observe a mixture of trees and bare soil or grass. To derive net
radiation, the incoming and outgoing shortwave and longwave
radiation components were measured with a CNR-1 (Kipp and
Zonen, Delft, The Netherlands) integral radiometer positioned
at 10 m with a hemispherical field of view. Photosynthetically
active radiation (PAR) was measured with a LI-190 Quantum
Sensor (Licor Inc., Lincoln, NE, USA). Soil heat flux was
measured at two locations close to the tower with thermopile
plates, HFT3 (REBS), placed 8 cm below the surface, and two
thermocouples (per plate) were placed at 2 and 6 cm to estimate
soil temperature.

Seven frequency domain reflectometer probes (FDR, Model
CS-616, Campbell Scientific Inc., Logan, Utah, USA) were
inserted in the soil close to the tower (3.3-5.5 m away) to
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estimate mean soil moisture () within the soil layer. FDR
calibration (8=2.456-7.1357+6.7017>-1.88473, where 7 is
the output period in milliseconds) was made using 15 periodic
gravimetric water content samples taken over a wide range of @
(0.08-0.52) near the probes.

Precipitation was measured using a PMB2 rain gauge (CAE,
San Lazzaro di Savena, Italy). To estimate the fraction of land
cover components at the site, a multispectral, high-spatial-
resolution (2.8 m) Quickbird satellite image (DigitalGlobe Inc.)
was acquired (3 August 2003) (Detto et al.,, 2006), and we
applied a supervised classification scheme based on the paral-
lelepiped algorithm (Montaldo et al., 2008). This classification
was verified using more recent Google Earth images (12 De-
cember 2010 and 17 March 2017).

Sap flow measurements

We used four sap flow sensors of the SFS2 M type (UP
GmbH, Ibbenbiiren, Germany), which comprise two needles
with copper-constantan thermocouples and a heating wire. The
top needle was heated using a constant power source of 120
mA. Both thermocouples were interconnected and provided a
signal that corresponds directly with the temperature difference
of both sensor elements. The temperature difference was influ-
enced by the sap flow density (Granier, 1987), and the mean
value of xylem water flux (js) along the radius is expressed as
(Granier, 1985):

js = 0‘714[(Atnight/Atactual)—l]1'231 (1)

where Atuign: 1s the temperature difference at night (i.e., when sap
flow is zero), and Atacua is the actual temperature difference.

The sensors (length of 2 cm) were inserted into the trunks of
four wild olive trees at a height of 40 cm. The diameters of the
wild olive trees ranged from 6.8 cm to 8.3 cm, and the moni-
tored trees were in a clump (at 3 m from the tower) that was
also monitored by one infrared transducer. Measurements were
taken from the sensors at 1 s intervals, averaged over 30 min,
and stored on a CR3000 datalogger (Campbell Scientific, Lo-
gan, UT, USA). Sap flux was measured from August 30, 2011,
to December 30, 2011, hereinafter called the “SF-period”
(DOY =243-364, 2011). We also used the recent (from August
22,2014 to July 9, 2017) sap flux measurements of Montaldo et
al. (2020) to increase the data extension.

Transpiration estimate at tree scale

Tree transpiration was first estimated using the sap flow sen-
sors. The mean value of tree sap flows, J, , was scaled to tree
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transpiration, 7", using Asw/Ag (Asw is the tree sapwood area,
and A, is the ground area of the clump canopy projection) as
(Oren et al., 1998):
— A4
R @)
g

Asw was estimated at an average 41.3 c¢cm? from sapwood
depth measurements made in the cores of three trees in the
clump, and Asw/Ag averaged 0.0031.

For the energy balance—based tree transpiration estimate,
TF2, we followed the approach of Detto et al. (2006), using their
Equations (7)—(14), which use tree canopy &, wind velocity, air
temperature, and radiometer measurements.

We also estimated the tree S-function (Detto et al., 2006;
Verhoef and Egea, 2014):

_ T
ﬂ_PE

3
where T, is the tree transpiration, and PE is the potential evapo-
ration which was estimated using the Priestley-Taylor equation
[e.g., Brutsaert (1992), Equation (10.23)], with the ¢ Priestley-
Taylor coefficient assumed to be equal to 1.26.

Evapotranspiration estimate at the scale of the eddy
covariance footprint

Evapotranspiration was estimated using the eddy-covariance
method (ETEkc), which provides an ET estimate related to the
flux footprint of the micrometeorological tower.

Upscaling the sap-flux measurements to the eddy covariance
footprint was accomplished by multiplying 7> by the fraction
of tree cover in the footprint, Fy,., thereby assuming that the
monitored wild olives and their transpiration were representative
of the trees in the eddy covariance footprint. Fj,, was estimated
using the high-resolution satellite image and applying the two-
dimensional footprint model of Detto et al. (2006) (Equation (4)).

A total evapotranspiration at the eddy-covariance footprint
scale (ETj) was also estimated as:

ETp = Fppt TrtFipg TetFipbs Enst Ev 4)

where Eus is the soil evaporation, T is the grass transpiration,
and Fj.g, and Fpps are the fractions of grass cover and bare soil
in the flux footprintrespectively, estimated using Equation (4)
of Detto et al. (2006), with Fj: + Fpg + Fjpos = 1. We estimated
T, and E»s using the energy balance method, Equations (7)—(14)
of Detto et al. (2006), which takes surface temperatures (&),
wind velocity, air temperature, and radiometer measurements.
The ETj, estimate can be compared with the eddy covariance—
based estimate of ET (ETEkc).

Soil water balance to estimate the water uptake of the tree
roots in the rock

The soil water balance at the scale of the eddy covariance
footprint can be estimated as:

P-Q-ETfi=AS 5)

where P is the precipitation, AS is the variation of water in the
soil layer, fs is the vertical flux through the bottom of the soil
layer from the underlying rocky substrate, and Q is runoff. Q is
typically a large loss term during wet periods (Corona et al.,
2018; Montaldo and Sarigu, 2017), and decreases in the dry
season. During wet periods dominated by drainage, fs is com-
monly downward (positive), but it may become upward (nega-
tive) during dry periods, when root water uptake may sustain
wild olive transpiration. Soil water budget terms were comput-
ed on a monthly time scale, which is appropriate for deep soil
water dynamics (e.g., Miller et al., 2010; Orellana et al., 2012).

In order to estimate fs from the soil water balance Equation
(5), fa was evaluated as:

fi=P-Q-ET-AS (6)

Rain gauge observations were used for P, eddy covariance
observations were used for ET, and soil moisture observations
were used for the variation of water in the soil layer
[AS = AB (1-rc) ds, with soil depth ds equal to 0.17 m and rock
content rc equal to 10%]. Surface runoff Q was estimated using
the widely known Soil Conservation Service (SCS) method
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(Chow et al., 1988; Ponce, 1989; Soil Conservation Service,
1972, 1986). We estimated the key parameter for the SCS meth-
od, the CN curve number, using the results of the rainfall simula-
tor experiments by Wilson et al. (2014), which were carried out
at the same Orroli field site. To simulate the runoff coefficient of
0.8 observed in the rainfall simulator experiments of Wilson et al.
(2014) (with rainfall intensity of 61.6 mm/h and wet antecedent
moisture conditions [AMC]), a CN value of 89 (for AMC II;
Ponce, 1989) was calibrated and used here to estimate Q. Run-
off O was first estimated on a daily time scale, which is appro-
priate for the SCS method, and then aggregated to the monthly
time scale to compute soil water balance. Hence, knowing P, Q,
ET, and AS, fi can be estimated from Equation (6).

RESULTS

Meteorological forcing variables are shown in Figure 1,
where PAR, VPD, &, and precipitation daily time series are
reported. The observation period covered part of summer (from
August 31 to September 23), all of fall, and part of winter,
which involved a wide range of meteorological conditions.
Indeed, PAR reached 10 mmol m2d™" in summer and decreased
to 34 mmol m2d ™! in winter (Figure 1a), and VPD, which was
close to 3 KPa during the summer, decreased to values lower
than 0.5 KPa during fall and winter (Figure 1b). A similar nega-
tive trend was observed for &, which decreased from ~27 °C in
summer to ~5 °C in winter (Figure 1c). In contrast, soil mois-
ture started drying out in summer and, after several rain events,
increased to reach saturated conditions in late fall (Figure 1d).

Transpiration at tree scale

A general decrease in tree transpiration as estimated using
sap flux sensors was observed from the end of summer to win-
ter (Figure 2a) due to energy and atmospheric constraints, as
was clearly shown in the decrease of PAR, VPD, and &, (Figure
1). T°F was high in the summer (up to 2.5 mm/d), slightly low-
er in the fall (average 1.8 mm/d), and reached its lowest values
(< 1 mm/d) at the end of the year. 7, ISF was then compared with
the energy balance estimate of transpiration (77?) (Figure 2a).
The two independent daily estimates of tree transpiration close-
ly agreed (root mean square difference of 0.45 mm/d, 7" =
0.74 TF® + 0.33, R = 0.68, p < 0.001, forcing the relationship
through zero resulted in a slope of 0.89 with similar statistics),
with similar means and standard deviations (mean 7> of 1.50
mmv/d [SD = 0.7 mm/d] and mean 77® of 1.64 mm/d [SD = 0.8
mm/d]). Hence, considering the reasonable agreement between
the two estimates, we can conclude that tree transpiration was
accurately estimated.

Soil moisture content was very low at the beginning of the
observation period, but two intense storms on DOY = 247 and
268 of 2011 led to an increase of & up to 0.35 (Figure 1d).
Rainfall events in November 2011 (from 18 to 22 November)
then brought the soil close to saturation. However, 7" of the
wild olive tree was almost insensitive to the low soil moisture
in the first half of the observation period (Figures 2). Indeed,
high rates of transpiration were still observed during a long dry
period (from 10 October to 4 November; Figure 1d), with a
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Fig. 1. Environmental conditions at the Orroli site: daily data for (a) photosynthetically active radiation (PAR); (b) vapor pressure deficit
(VPD); (c) air temperature (2); (d) soil moisture (6) and precipitation (P).
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mean value of transpiration equal to ~1.5 mm/d and a mean
value of @ equal to ~0.15. The effect of low soil moisture on
tree transpiration is well depicted in Figure 3, which shows the
Sfunction computed across a wide range of fduring a dry
period (from 26 September to 25 October), with VPD and PAR
not limiting (Figure 1 and Figure 2a). The values of S were
almost insensitive to changes in surface soil moisture, and the
Sfunction never fell below 0.6, with the lowest point reached
when the soil moisture content also reached its lowest value
(Figure 3). We compared these results with observations in
cultivated rainfed olive trees in Tunisia (Ennajeh et al., 2008)
and Italy (Sofo et al., 2008), where instead, as expected,
S proportionally decreased with soil moisture below a limiting
soil moisture (&) reaching almost zero values (Figure 3). We
then further compared /3 estimates with the recent observations
of Montaldo et al. (2020) at the same site in a dry period during
2015 (from 18 June to 19 July). S values were similar to those
observed in 2011 (the minimum value of £ was a little lower,
equal to 0.52, although soil reached drier conditions), confirm-
ing the low sensitivity of fto @ (Figure 3).

Although wild olives are tolerant to water stress (Lo Gullo
and Salleo, 1988), they cannot transpire at rates close to poten-
tial without a water source, so that in our field, an additional
water resource supported the wild olive survival. This resource
may be the water in the underlying fractured basalt, taken up by
the wild olive roots in the rock. We will estimate this water
flux, computing fs using Equation (6).

Evapotranspiration at the eddy-covariance footprint scale

To compute f; from Equation (6), we needed to estimate ET.
First, we estimated ET using the eddy-covariance method. ETy
decreased from 2-2.5 mm/d at the end of summer (due to a few
rain events, Figure 1d) to less than 1 mm/d in late fall and win-

ter (Figure 2b). Sap flux measurements were scaled to the eddy-
covariance footprint (Fy,,T, tSF ), exhibiting lower values than
ETkc. Neither soil evaporation nor grass transpiration were
included in (Fﬁ,ytT}SF ), so large differences were observed be-
tween Ffpv,T,SF, and ETkc in general (mean Ffp_,TtSF: 0.54 mm/d
[SD = 0.35 mm/d], mean ETgc = 1.13 mm/d [SD = 0.64 mm/d],
root mean square difference of 0.2 mm/d, and R? = 0.6 with p <
0.001; Figure 2b). Using Equation (4), we added E»s and 7 and
estimated ETp; the estimate of ETy agreed well with the esti-
mated ETec (mean ETp = 1.1 mm/d [SD = 0.6 mm/d]; root
mean square difference of 0.38 mm/d, ETyp = 0.8 ETxc + 0.14,
R? = 0.64 with p < 0.0001). The intercept of the relationship
between ETj, and ETrc was not significantly different from zero
(p = 0.155); forcing the relationship through zero resulted in a
slope of 0.90 with similar statistics, confirming the reliability of
the ETkc estimate. Large differences between F ﬁ,y,T}SF and ETkc
were observed during periods with higher & (e.g., in September
and from 9 November to 30 December of 2011), when soil
evaporation was high, and during late fall and winter, when T,
also increased.

We compared the differences between F,, T, SFand ETec in
the wet September 2011 with those of the dry September 2014
reported in Montaldo et al. (2020). The potential evaporation
was similar (mean PE = 3.75 mm/d in September 2011, and
mean PE = 3.78 mm/d in September 2014), while the differ-
ences in precipitation (P = 79 mm in September 2011 and P =8
mm in September 2014) impacted ETxc, which was almost five
times greater in the wet September 2011 (mean E7rc = 1.8
mm/d) than in the dry September 2014 (mean ET7zc = 0.4
mm/d) (Figure 4). Instead tree transpiration was almost insensi-
tive to the monthly precipitation, with similar values (mean
Fﬁ,,,T,SF = 0.5 mm/d in September 2011 and mean Fﬁ,’tT,SF= 0.4
mm/d in September 2014) in the two contrasting
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September (Figure 4). This suggested that an additional water
resource supported wild olive survival in the dry September
2014, and, again, this water resource may be in the underlying
fractured basalt (i.e., fa).

Soil water balance

We estimated the soil water budget terms of Equation (6) on
a monthly scale. We derived the vertical flux through the bot-
tom of the soil layer from the underlying substrate (f2) using the
eddy covariance estimate of ET, the observed water content
variation in the soil layer (AS), the observed P from the rain
gauge, and the estimates of Q (Figure 5). Across the SF-period,
fa was downward (i.e., positive) in November and December
2011, meaning that drainage was recharging the reservoirs in

the fractured rocky layer, while fi was negative during the
previous dry months of September and October 2011. In the
two dry months, the trees absorbed water (a total of 37 mm)
from the rocky substratum to sustain their transpiration
(34% of ET in September 2011 and 42% of ET in October
2011).

Because the SF-period started just before September, which
was a dry month, and is also the start of the Sardinian
hydrologic year, we extended the estimate of soil water balance
to the previous hydrologic year (September 2010-August
2011). This verified that the water recharge of the fractured
rock reservoir during the wet seasons of the previous 2010/11
hydrologic year was sufficient to sustain the root water uptake
from the rocky substratum in September—October 2011 (Figure
6). In October 2010, rain increased soil water content (positive
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Fig. 5. Monthly soil water bal-
ance components (in mm/month)
for the sap flux observation
period (“SF-period”, August-
December 2011) and the previous
hydrologic year (2010/11) at the
Orroli site: (a) precipitation (P);
(b) runoff (Q), (c) evapotranspira-
tion (ET); (d) variation in soil
water content (AS); and (e) verti-
cal flux through the bottom of the
soil layer (f) (the 5% and 95%
percentiles of the 2000 runs of the
fa sensitivity analysis are also
reported).

Fig. 6. Monthly soil water bal-
ance components (in mm/month)
for the 2014/2015, 2015/2016 and
2016/2017 hydrologic years at the
Orroli site: (a) precipitation (P);
(b) runoff (Q); (c) evapotranspira-
tion (ET); (d) variation in soil
water content (AS); and (e) verti-
cal flux through the bottom of the
soil layer (f2) (the 5% and 95%
percentiles of the 2000 runs of the
fa sensitivity analysis are also
reported).
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AS of 19 mm), so from November 2010, P produced drainage
(positive fa of 90 mm). ET was low during fall 2010 (~30
mm/month) before rising in spring 2011, reaching its highest
value in May (= 74 mm, Figure 5b). The variation in soil water
content (AS) was positive in the first months of fall, negative at
the end of spring, and mostly negligible in winter and summer
(Figure 5c). In summer 2011, large negative values of fa were
evaluated (a total of —110 mm), and fs reached a maximum
value of 97% of ET in August 2011. When computing the
annual water budget of the 2010/11 hydrologic year (P = 767.4
mm, Q = 164 mm, ET = 520 mm, and AS ~ 0 mm), we
estimated a positive total fz of 85 mm (that is, by summing all
the monthly values of fi), which was greater than 37 mm (the
negative total fs of September—October 2011). The water uptake
of the roots in the rocks during the dry months (September and
October 2011) of the SF-period was thus made possible by the
large recharge from the rocky reservoir during the fall and
winter of the previous 2010/11 hydrologic year.

We further extended the analysis using Montaldo et al.’s
(2020) database for the same site, which included the hydro-
logic years 2014/2015, 2015/2016 and 2016/2017 (Figure 6).
Values of fz were generally positive in autumn and winter ex-
cept in the 2015/16 hydrologic year, because the last two
months of 2015 and January 2016 were unusually dry, and fa
was negligible due to the equilibrium between rain and ET7,
both small. The highest negative value of fz was reached in
April 2016 (fz =—60 mm). An unusually long dry period started
in March 2017, producing negative f; in spring and summer
2017 (Figure 6), balanced by the earlier large drainage in au-
tumn 2016 and winter 2017. Generally we note water uptake of
the roots in the rocks during dry months (when the surface soil
moisture was not enough for supporting evapotranspiration
needs), and a recharge of the rocky reservoir during fall and
winter (Figures 5 and 7).

From the ERT information we note fractures, cracks, solid
rocks (characterized by electrical resistivity values higher than
350 Ohm m), and low electrical resistivity (< 50 Ohm m) parts,
which suggest wet soils (Figure 7). The ERT images confirmed
qualitatively that trees can uptake water from the roots in frac-
tured rocks for transpiration, even if surface soil is dry.

Because positive fs values recharged the rocky reservoir and
balanced the negative fz of dry months, we can expect that the
sum of monthly fz will be positive for ecosystem sustainability
on a yearly time scale. Using the entire database from 2003
(Detto et al., 2006; Montaldo et al., 2008), we computed the sum
of monthly fz for the hydrologic years, which were characterized
by strong annual precipitation variability in Sardinia (Figure 8).
The sum of monthly fz was positive for all years, increasing with
annual precipitation (P,) up to 200-240 mm for P, > 750 mm. In
contrast the sum of monthly f; approached 0 for P, < 550 mm
(Figure 8), which resulted in a threshold for the water budget
that ensured the survival of the trees in the ecosystem. Instead,
as expected, annual ET was not sensitive to P,, ranging from
390-460 mm (Figure 8), in agreement with Montaldo and Oren
(2018), because evapotranspiration variability in this Sardinian
area is mainly controlled by the seasonal variability in precipi-
tation (Montaldo and Oren, 2018). Finally, we also performed a
sensitivity analysis of fs to uncertainties in the measured flux of
Equation (6). Using a Monte Carlo simulation framework, we
generated 2000 simulations varying the measured terms of
Equation (6) simultaneously and independently through the
inclusion of uncertainties in each term [2% for P (instrument
accuracy), 20% for ET (Mauder et al., 2013; Wang et al., 2015),
5% for AS (instrument accuracy), and 10% for CN, which is the
key parameter for the Q estimation]. The 5" and 95" percentiles
of the ensembles of fi predictions are plotted in the Figures 6e
and 7e. The low sensitivity of fs predictions for all the four
hydrologic years confirmed the robustness of the results.
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Fig. 7. Inverse model electrical resistivity (in Ohm m) tomography (ERT, unite electrode spacing of 0.50 m) images of 3 transects at the
distance of 2, 5 and 8 m from a tree clump (panels a, b, and ¢ respectively). Fractured rock and solid rock are associated with electrical
resistivity higher than 350 and 1000 Ohm m respectively, while low values indicate the presence of wet soils.
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p =0.7), and the dashed black line is the regression line between Xfy and Py (Ifs = 7.5+208.2/(1+e (767627255, R2 = 0,99, p < 0.0001).

DISCUSSION AND CONCLUSIONS

Although wild olive trees are common in Mediterranean re-
gions (Lumaret and Ouazzani, 2001; Terral et al., 2004), their
transpiration and their sensitivity to soil moisture have rarely
been investigated (Lo Gullo and Salleo, 1988; Fernandez et al.,
1997). Using sap flow sensor measurements, we measured a
high transpiration of wild olive trees in Sardinia at the end of a
dry summer in 2011 (Figure 2a). This agrees with independent
estimates of tree transpiration based on energy balance (Figure
2a), and with Montaldo et al.’s (2020) recent results at the
Orroli site during the dry September 2014 (Figure 4). The
values of the S-function still exceeded 0.6 when soil moisture
content was at its lowest (Figure 3), in agreement with the
results of Detto et al. (2006), who estimated the S-functions for
wild olive during another summer period at the Orroli site
(summer 2003) using a different approach, and consistent with
the S-function that we estimated using the recent Montaldo et
al. (2020) transpiration observations (Figure 3). Instead, our
results are in contrast with observations of cultivated rainfed
olives in the Mediterranean region (Ennajeh et al., 2008; Sofo
et al., 2008), and the common rule (Karray et al., 2008; Kutilek
and Nielsen, 1994; Laio et al., 2001; Larcher, 1995; Nadezhdi-
na et al., 2015; Rallo and Provenzano, 2013; Verhoef and Egea,
2014) of S decreasing with soil moisture below a limiting soil
moisture. Generally, it is not unusual that wild genotypes are
more tolerant to environmental stresses than other genotypes of
the same plant species (Liphschitz et al., 1991; Saykhul et al.,
2016). Actually, wild olive can develop an adaptation strategy
to rely on a range of avoidance and tolerance mechanisms
which maintain internal water status and metabolic activity
during dry periods (Connor et al., 2005; Fernandez et al., 1997;
Lo Gullo and Salleo, 1988; Ramos and Santos, 2009). This
strategy consists of the control of transpiration and water up-
take of roots developed in deep soil layers (Nadezhdina et al.,
2015). In the Sardinian case study, however, the wild olive
grew in shallow soil that was dry for a long period, and the only
way for the trees to survive was for their roots to expand into
the underlying fractured basalt. In this way, trees can survive
dry periods using water infiltrated into fractured rock during
previous wet seasons and held in soil pockets (Cannon, 1911;

Estrada-Medina et al., 2013). We observed tree roots penetrat-
ing vertically into the fractured basalt and, using ERT, we
detected fractures, cracks, water, and soil pockets in the under-
lying basalt (Figure 7).

We proposed to compute tree root uptake from the fractured
rock using the monthly soil water balance, estimating the verti-
cal flux from the underlying rock substrate (fz) as the residual
term (Equation (6)), knowing ET, P, AS and Q. ET was the key
term of (6), and after demonstrating the reliability of the eddy
covariance method for ET estimates, we used these estimates of
ET in Equation (6). We estimated high positive values for fz (up
to 90 mm/month in November 2010; Figure 4) during wet
months. In wet periods, water infiltrated downward in the frac-
tured rock, producing an essential “water reservoir”. Indeed,
tree roots used the water reservoir from the rock to sustain tree
transpiration during dry periods (negative f7). We estimated the
highest negative fz in July 2011 (—45 mm/month), and we ob-
tained an fg value of —30 mm/month in August 2011 when fz
was 97% of ET. Considering the 2014-2017 period observed by
Montaldo et al. (2020), the negative value of fs was even higher
(= =59 mm/month) in April 2016, when fz almost reached the
100% of ET, consistent with previous estimates (Breshears et
al., 2009; Eliades et al., 2018; McCole and Stern, 2007,
Schwinning, 2010).

The wild olive tolerated dry conditions in the Sardinia case
study and still transpired at high rates thanks to water uptake by
roots in fractured rock. As do other tree species in Mediterrane-
an regions, wild olive trees continue physiological activity and
maintain transpiration even during drought, when the moisture
of the thin soil layer is at a minimum. Trees in arid and semiar-
id regions often grow on thin soils overlaying fractured bedrock
or cemented horizons (Allen, 2009; Barbeta et al., 2015;
Bornyasz et al., 2005; Breshears et al., 2009; Lewis and Burgy,
1964), with roots penetrating the rocky substratum through
cracks, fractures, and dissolution features (Cannon, 1911). The
water uptake of roots in rock has been observed in coast live
oak in California (Bornyasz et al., 2005), oak in Pennsylvania
(Hasenmueller et al., 2017); chaparral shrub in south California
(Graham et al., 1997; Graham et al., 2010; Sternberg et al.,
1996); holm oak in Spain (Barbeta et al., 2015); pine in New
Mexico (Breshears et al., 2009), California (Hubbert et al.,
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2001; Rose et al., 2003; Witty et al., 2003), Cyprus (Eliades et
al.,, 2018), and Oregon (with Arctostaphylos viscida, Zwie-
niecki and Newton, 1995); juniper in Texas (Kukowski et al.,
2013; McCole and Stern, 2007; Schwinning, 2008); and Gym-
nopodium floribundum in Mexico (Estrada-Medina et al.,
2013). The potentially large source of water represented by
rock fractures is usually neglected by ecohydrologists (Rempe
and Dietrich, 2018), and our findings support Schwinning’s
(2010) challenge to elucidate the “ecohydrology of roots in
rocks”. We developed a method for its computation and
demonstrated that the contribution of water uptake from roots
in fractured rock during drought can be vital in sustaining tree
transpiration under dry conditions. Such uptake must thus be
considered in the ecohydrological modeling of semi-arid and
arid basins.

The Sardinian site is characterized by a strong interannual
variability of annual precipitation, as typical of the Mediterra-
nean region (Giorgi et al., 2004; Montaldo et al., 2008; Ramos,
2001), and using all the data collected at the Sardinian site from
2003, we estimated a lower limit for annual precipitation (=500
mm/y; Figure 8) below which the recharge of rock reservoir
during wet months could no longer sustain the tree’s water
needs during the dry months, jeopardizing the tree’s survival in
the ecosystem. At present, the developed woody cover percent-
age (~33%) of the Sardinian site is sustainable with the histori-
cal mean annual precipitation (MAP) (~650 mm/y), according
to Yang et al. (2016) and Axelsson and Hanan (2017), who
estimated sustainable woody cover percentages for a large
range of MAP in Africa and Texas dry ecosystems. We demon-
strated that drier conditions, such as those predicted by future
climate change projections in the Mediterranean area (Cayan et
al., 2008; Mariotti et al., 2008; Mastrandrea and Luers, 2012;
May, 2008; Ozturk et al., 2015), with a reduction of MAP up to
~15% in Sardinia (Montaldo and Oren, 2018), could impact the
existing tree-grass ecosystem equilibrium, decreasing the
woody cover spatial distribution.
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