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The knowledge of crop response to water stress is crucial to predict transpiration reductions under limited
soil water conditions and for a rational scheduling of irrigation.
In order to assess whatever water stress model, it is necessary to estimate critical thresholds of soil

Keywords: ) water status, below which plant transpiration starts to decrease.
‘SNatte]f stress functions The main objective of the work is to identify the shape and to determine the parameters of table olive
ap flow

orchards (Olea europaea, var. Nocellara del Belice) water stress function, assessed according to relative
transpiration or leaf/stem water potential.

In order to assess different water stress functions describing the eco-physiological field response to
soil water status, an experimental campaign was carried out in a farm located in South-West coast of
Sicily. Meteorological data and soil and crop water status were monitored during irrigation seasons 2008
and 2009.

A value of soil matric potential of about —40 m was identified as the threshold below which actual
transpiration decreases with decreasing soil water content. For values of soil matric potential higher
than the critical threshold, actual transpiration resulted almost constant. A similar behavior was observed
when the xylematic leaf/stem water potentials were used to quantify the crop water stress. Investigation
also showed that the non-linear models better reproduced the initial phase of the transpiration reduction
process; for the examined crop, in fact, convex shape models, typical of xerophytes, better reproduce the

Leaf/stem water potentials

reductions of actual transpiration under the soil water deficit conditions recognized in the field.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Table Olive varieties play an important role in the agricultural
and processing sectors of the Mediterranean countries. In the past,
olive orchards were mostly rain fed, due to their resilience to water
scarcity. The practice of irrigation is relatively new; it has been
introduced in order to increase significantly the crop productions
and to improve the yield quality (Patumi et al., 2002; D’Andria et al.,
2004).

Several researches have been focusing on the optimization of
irrigation for olive trees (Rousseaux et al., 2009; Fernandez et al.,
2006; Tognetti et al., 2004) and it has been recognized how, main-
taining olive trees under slight or moderate water stress at specific
phenological stages, can contribute to optimize the crop productiv-
ity and water use efficiency (Patumi et al., 1999; Berenguer et al.,
2006; Caruso et al., 2011).

Impact of water stress as well as its feasible duration and inten-
sity, in fact, depends on crop phenological stages in which the
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stress occurs. Defining irrigation doses and timing under slight or
moderate water stress levels, requires to monitor the water status
in the soil-crop system and to identify affordable indicators, able
to provide suggestions for irrigation scheduling aimed to achieve
desired outcomes.

Soil-plant-atmosphere (SPA) water exchanges can be assessed
by direct measurements of soil water content, plant water status
and environmental variables that, linked to mathematical mod-
els, can allow to identify the complex interactions across the SPA
continuum (Minacapilli et al., 2008; Cammalleri et al., 2010a).

Estimation of actual evapotranspiration can be obtained using
soil water balance and/or energy balance approaches (Minacapilli
et al., 2009; Cammalleri et al., 2010b; Rallo et al., 2012). With these
approaches it is possible to consider the existence of plant water
stress through the reductions of root water uptake and/or flux tran-
spiration, both representing the natural response of plant to soil
water deficit. Such reductions are usually schematized by means of
a linear function.

Two approaches have been proposed to evaluate the crop
transpiration: the “microscopic approach” considering the water
movement toward and into individual roots (Personne et al., 2003)
and the “macroscopic approach” in which a sink-term represents
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the water extraction by plant roots (Skaggs et al., 2006). Because the
first approach requires a detailed knowledge of the root character-
istics, quite difficult to determine, the latter is generally preferred
for practical applications.

The macroscopic approach considers global stress indicators
(relative transpiration, xylematic water potential, etc.), without
regarding the flow patterns toward individual roots, and avoid-
ing the need of analyzing the potential gradients distribution in
the soil-roots interface. Using this approach it is possible to assess
empirical functions able to describe the plant response to water
stress, on the basis of parameters dependent on the soil or crop
water status.

Actual transpiration fluxes can be therefore determined mul-
tiplying the maximum crop transpiration for a water stress
coefficient, depending on the soil/plant water status and on envi-
ronmental variables.

Several models have been proposed to quantify the water stress
coefficient as linear or nonlinear functions of the soil water status,
expressed in terms of matric potential (Feddes et al., 1978; van
Genuchten, 1987; Dirksen et al., 1993; Homaee, 1999) or soil water
depletion (Steduto et al., 2009).

For a certain crop the water stress function can be defined once it
is known its shape and the thresholds values of soil water content or
matric potential representing, from one side, the soil water status
beyond which crop water stress occurs and, from the other, the
condition of maximum stress.

With reference to the critical thresholds of soil water sta-
tus on olive orchards, Fernandez and Moreno (1999) observed
the absence of crop water stress in the range of the avail-
able water between 1 and 0.4. This condition was recognized
according to values of pre-dawn xylematic and stems water poten-
tial around —0.46 MPa and —1.3 MPa respectively. In the same
experiments, the maximum water stress condition was deter-
mined as corresponding to soil matric potentials lower than
—1.5MPa, usually considered as wilting point for other fruit tree
species.

Even if various linear and nonlinear water stress functions have
been proposed for different crops (Ahuja et al., 2008), there is
a lack of knowledge on the shape of the water stress function
valid for olive orchards, so that field specific investigations are
required.

In this context, the main objective of the work is to assess the
shape of the water stress function for table olive orchards. Such
function has been expressed as a relationship between the rela-
tive transpiration and the soil water status identified according to
soil matric potential or, alternatively, between the leaf/stem water
potential and the relative depletion.

Finally, critical thresholds of soil water status, identified accord-
ing to measured soil matric potentials and leaf/stem xylematic
potentials, were used to determine the water stress functions
parameters.

1.1. Modelling plant water stress response

Under water stress conditions, olive plants develop differ-
ent adaptive strategies: (i) reducing the water content/xylematic
potential of its tissues, in order to increase the gradient of poten-
tial between soil and leaves; (ii) limiting the plant grow without
stopping its photosynthetic activity; (iii) adjusting the osmotic
potential, so that the cellular turgor and the leaf activities are main-
tained (Xiloyannis et al., 1999).

Despite the complexity of the olive response to soil water deficit,
the spatial distributions of roots and soil water content play an
important role on stomatal conductance and air leaf water status.
These circumstances suggest the use of the macroscopic approach

to assess the water stress function as a reduction term, ¢, of poten-
tial transpiration, defined as:

Ta
o= — 1

T,, (1)
where T, and T, are actual and potential transpiration. Once the
potential transpiration is determined, the knowledge of « allows
the estimation of actual transpiration T.

Potential transpiration, Ty, can be estimated by following the
procedure suggested by Jarvis and Mc Naughton (1986):
AR+ pCpVPD/1q

Tp, = 2
P [A +y(ra+ rc,min/ra)} @)

where A [kPaC~1] is the slope of the saturation vapor pressure
curve, R [Wm~2] is the net radiation, p [kg m~3] is the air density,
Cp [J kg~ K~1] the air specific heat at constant pressure, y [kPaK~!]
is the psychometric constant, VPD [kPa] is the air vapor pressure
deficit, A [Jkg~'] is the latent heat of vaporization, rq and r¢p;, are
the aerodynamic and the minimum canopy resistance, respectively.

All the variables in Eq. (2) can be obtained from recorded
meteorological data, except ry and r¢, requiring more complicated
computations.

Assuming a logarithmic wind profile, the aerodynamic resis-
tance, rq [sm~'], for neutral conditions, can be evaluated with an
expression derived from turbulent transfer, (Perrier, 1975):

In [(z - d)/Zom | In [(z — d)/(hc — d)]
k2u,

Iq= (3)
where z [m] is the reference level at which the wind speed u,
[ms~1]is measured and zom, =0.123h [m] is the roughness length
for momentum, h [m] is crop height, k (=0.41) is the von Karman'’s
constant equal to 0.41, d=0.667h. [m] is the zero plane displace-
ment height.

On the other hand, values of r. can be obtained by means of a
physically-based approach, as (Berni et al., 2009):

*
e — ra(€f — eq) 1 (4)
14 [TaR/PCp —(Tc - Ta)]

where e is the saturated vapor pressure at the canopy tempera-
ture, T¢, and e, is the actual vapor pressure.

Arather simple approach to evaluate « as a function of soil water
pressure head, has been proposed by Feddes et al. (1978):

_ h—hy
_I’l*—h4

o(h) (5)
where h’ is a threshold value of the matric potential depending on
the transpirative atmospheric demand and hy4 is the matric poten-
tial corresponding to the wilting point. This model describes the
water stress through a linear function, so that the actual transpira-
tion linearly decreases with ¢, in the range hy <h<h'.

The shape of transpiration reduction function depends on sev-
eral factors and in particular on the eco-physiological processes,
like plant resistance/tolerance/avoidance to water stress (Larcher,
1995), as well as on soil water availability and spatial distribution
in the root zone (Guswa et al., 2004).

Convex «a(h) curves are typical of xerophytes, for which the
reductions of actual transpiration becomes severe only for extreme
water stress. On the other hand, concave shapes of the «(h) rela-
tionship, denote strong reductions of actual transpiration, even for
slight stress levels.

The shape of the stress function can be taken into account by
introducing an exponent, g, to the right side member of Eq. (5):

an= (A

(6)
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Values of 0 <a<1 define convex shapes, whereas values of a>1
reproduce concave shapes.

Another non-linear «(h) model was proposed by van Genuchten
(1987):

a(h) !

" 1+ (h/hso)

where hsg is the soil matric potential for which «=0.5 and p is
a dimensionless parameter depending on crop, soil, and climate
(Homaee, 1999).

Dirksen et al. (1993) modified Eq. (7), in order to assume that
root water uptake decreases when soil matric potentials is lower
than a threshold value h':

1
(h)=
1+ [(h* = h)/(h* — hsp)]”

Homaee (1999) replaced, in Eq. (8), h5g, with hmax, to take into
account the soil matric potential beyond which the changes of
h no longer significantly influence the relative transpiration and
introduced a second parameter, o, representing the relative tran-
spiration at hpay, so that:

(7)

(8)

1
(h)= P
1+(1 — ao)/ao [(h* = h)/(h* — hmay)]

Recently, Steduto et al. (2009) proposed a new model, describing
the stress coefficient, «, as a function of the relative depletion (Dyj),
defined in the domain of soil water contents determining stress
conditions for the crop (8" <0 <6Omin):

9)

eDrelfS -1
efs — 1
where f; is a parameter defining the shape of the stress function.
This function is linear for f; tending to 0, concave for f; <0, and

convex for f; > 0.
The relative depletion can be evaluated as:

0* -0
0% — emin

(Dre)) =1 - (10)

Drel = (1 1 )
where 6" is the threshold value of the soil water content below
which water stress occurs and 6,,;, corresponds to the soil water
content for which the stress is at its full strength.

According to Eq. (11), water stress starts when D >0 (@ <1); at
the lowest water content (6,,,;, ), the effect of water stress is extreme
(Dre1=1; @=0).

For each value of the relative depletion, the stress coefficient «
can be evaluated in terms of leaf/steam water potentials or stomatal
conductance (Raes, 2008). Whatever eco-physiological variable is
used, it is necessary to normalize its measured value to a fractional
scale variable in the range 0-1.

Considering that all the described stress functions are empirical,
the upper and lower thresholds of soil/crop water status must be
locally determined, in order to take into account the crop, the cli-
mate and the soil properties. Moreover, for each soil-crop system
the parameters of the stress functions must be determined.

2. Materials and methods
2.1. Site descriptions and experimental layout

Experiments were carried out during irrigation seasons 2008
and 2009 (from June to September), in the farm “Tenuta Rocchetta”
located near Castelvetrano (TP), in SW of Sicily (Lat. 37° 38’ 36.8",
Long. 12° 50’ 49.8").

The farm, having an extension of about 13 ha, is mostly culti-
vated with table olive grove (Olea europaea L., var. Nocellara del

Belice), representing the main crop in the surrounding area. The
experimental plot is characterized by 15 years old olive trees,
planted on a regular grid of 8 x5m (250 plants/ha); the mean
canopy height is about 3.7 m and the average fraction of vegeta-
tion cover is about 0.35. Irrigation is practiced by means of a drip
irrigation system, with four 8 1/h emitters per plant. Soil texture was
measured using the hydrometer method on the same soil samples
used for the water retention curves. Soil textural class, according
USDA classification, is silty clay loam.

Standard meteorological data (incoming short-wave solar radi-
ation, air temperature, air humidity, wind speed and rainfall)
were hourly collected by SIAS (Servizio Informativo Agromete-
orologico Siciliano), with standard equipments installed about
500m apart from the experimental field. Net radiation R and its
components were measured with a 4-component net radiatiome-
ter (NRO1, Hukeseflux). According to ASCE-ESRI, the standardized
Penman-Monteith method (Allen et al., 2005) was used to calculate
atmospheric water demand.

A preliminary investigation on the root spatial distribution was
carried out in order to identify the soil volume with the highest root
density, where the water uptake processes are concentrated. Ver-
tical and horizontal root length density (RDL) were determined on
sixteen vertical profiles opened according to a regular grid, where
96 soil carrots (5cm diameter and 15cm high) were collected at
depths of 30, 45, 60, 75, 90 and 100 cm. Root extraction procedure
followed the protocol proposed by Newman (1966). Fig. 1 shows,
per each investigated layer, a 2D map of the normalized RDL val-
ues. As can be observed at each depth the highest root density is
localized in the soil volume wetted with irrigation.

Investigation allowed to identify two soil volume explored by
roots (Xiloyannis et al., 2012): the first where most of the root
absorption takes place, corresponds to the soil volume wetted dur-
ing irrigation, whereas the second volume, also explored by roots, is
not wetted during irrigation. According to the experimental results
the soil volume where 80% of roots are localized, can be assumed
as a parallelepiped with a length equal to the tree spacing (5.0 m),
a width of 1.5m and a depth of 0.75 m.

Soil water retention curves were determined on eight undis-
turbed soil samples, 0.08 m diameter and 0.05 m height, collected
at depth of 0, 30, 60 and 100 cm, inside the soil volume where
80% of roots are localized. Hanging water column apparatus (Burke
etal., 1986) was used to evaluate soil water contents corresponding
to h values ranging from —0.05 to —1.5m; pressure plate appa-
ratus (Dane and Hopman, 2002), with sieved soil samples 0.05 m
diameter and 0.01 m height, was used to determine soil water
contents corresponding to h values of —3.37m, —10.2m, —30.6 m,
and —153.0m. For each undisturbed sample dry bulk density, pp,
[Mgm~3] was also determined.

The van Genuchten model (van Genuchten, 1980) was used to
fit experimental data; the water retention curve parameters were
obtained by means of the retention code, RETC (van Genuchten
etal,, 1992).

Fig. 2 shows the soil water retention curves obtained for the
investigated layers, whose van Genuchten parameters are shown in
Table 1. Considered the low differences between soil water contents
measured at the different layers, for each fixed matric potential,
an averaged soil water retention curve was used for the following
analysis.

Irrigation scheduling followed the ordinary management prac-
tised in the surrounding area. The total irrigation depth provided by
the farmer was equal to 122 mm, divided in four waterings, in 2008
and 127 mm, divided in five waterings, in 2009. Table 2 shows the
irrigation calendar and the rainfall depths during the investigation
periods, from July, 1, 2008 to August, 31 of 2008 and 2009.

In order to evaluate the water stress thresholds and to esti-
mate the model fitting parameters at the scale of a single plant,
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Fig. 1. 2D maps of the root length density distribution at different soil layers from 0 to 100 cm.

Table 1

van Genuchten parameters (6;, 6, o, n, m) and bulk density (o) for the 4 investigated soil layers. Parameters of the average water retention curves, determined at 10-100
and 45-65 cm, are also showed. 6, =rresidual soil water content; 6, = saturated soil water content; «, n, m: fitting parameters.

Depth (cm) fs (cm3 cm3) 6, (cm® cm~—3) a(cm™1) n(-) m(-) pp (Mgm~—3)
0 0.39 0.05 0.008 1.32 0.24 1.36
30 0.56 0.05 0.015 1.19 0.16 1.31
60 0.39 0.06 0.014 1.23 0.18 1.38
100 0.36 0.06 0.022 1.18 0.15 1.61
Average 10-100cm 0.42 0.05 0.015 1.23 0.18 141
Average 45-65 cm 047 0.05 0.014 1.21 0.17 1.34
100000 :
\ Table 2
Irrigation scheduling and rainfall depth in the period from July 1 to August 31, 2008
10000 - z=60 and 2009.
z=100 — -
_ average Data Irrigation depth (mm) Rainfall depth (mm)
| 12-July-2008 30.6
..5. 1000 30-July-2008 0.6
,.g 12-August-2008 30.6
13-August-2008 30.6
100+ 14-August-2008 30.6
26-August-2008 12.6
Total 2008 1224 12.6
10 : : : S 13-July-2009 5.1
5-August-2009 30.6
0 0.1 0.2 0.3 04 0.5 0.6 6-August-2009 306
3 -3 7-August-2009 30.6
6 [em” cm™] 19-August-2009 178
20-August-2009 12.7
Fig. 2. Soil water retention curves for the four investigated layers and average 21-August-2009 52
curve for the entire soil profile. Soil water retention curves were determined on 26-August-2009 52
eight undisturbed soil samples, collected into soil volume where most of the root
Total 2009 127.4 104

absorption takes place.
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experiments were carried out by monitoring, during a dry period,
the evolution of the considered water stress coefficients, a(h) or
o(Dye1), and the corresponding soil water status, described in terms
of h or Dyg|.

2.2. Measurements of soil and plant water status

Spatial and temporal variability of soil water contents was mon-
itored, from the soil surface to a depth of 100 cm, using a Diviner
2000 Sentek FDR (Frequency Domain Reflectometry) probe. The
access tubes have been placed in the soil volume where 80% of
roots were localized. The probe was initially calibrated in order to
determine a site specific relationship between the measured Scaled
Frequency, SF, and the volumetric soil water content, 6.

Five access tubes were installed along the direction of the
irrigation pipeline, between two consecutive trees and where the
highest change of soil water content occurred. In this way it was
possible to take into account the spatial variability of soil water con-
tent after irrigation. Soil water contents measurement were carried
out every five days, as well as before and after each watering.

In 2009 season, additional measurements of soil water contents
were carried out using TDR (Time Domain Reflectometry) probes
connected to a multiplexer. Six probes, 20 cm length, were installed
between two consecutive trees along the direction of the irrigation
pipeline, at distances of 50, 100 and 250 cm from the tree, in the
layer 5-25 cm and 40-60 cm.

Values of soil water contents measured with FDR and TDR sys-
tems were then averaged proportionally to the spatial root density
experimentally measured, in order to determine, for each measure-
ment day, a single value of 6, representative of the soil layer where
most of the root absorption takes place.

For each soil water content, 6, the relative depletion can be
determined with Eq. (11), once the threshold values of the soil
water content, 6" and 0p;,, are known.

Sap fluxes were measured hourly, on three olive trees, by
thermal-based sensors, using two standard Thermal Dissipation
Probes, TDPs (Granier, 1987) per each tree. As suggested by the
manufacturer, the probes were implanted 22 cm deep, in order to
sample only the conductive area. After installing the probes, the
trunk was wrapped in reflective insulation. Each hour the tempera-
ture difference between the heated upper needle and the un-heated
lower needle, combined with the temperature difference at night
allowed to estimate the sap velocity, that was then multiplied to
the sapwood area in order to obtained hourly sap fluxes.

At the end of the experiments, the sapwood area was deter-
mined by a colorimetric method, on a total of six wood carrots
extracted on the same three trees, in between each couple of the
sap flow probes, with a Pressler gimlet. The conductive section
was identified by adding methyl-orange to the carrot, in order to
enhance the difference between the sapwood and the heartwood.
Eachimage of colored wood carrot was then analyzed with software
Image-Pro Plus 6.0 to recognize the sapwood depth. The fluxes were
then integrated on a daily scale in order to evaluate the volume of
water consumed by each plant.

The actual daily stand transpiration, T, (mmd-'), was then
obtained by scaling up the sap fluxes taking into account the per-
tinence area of a single plant (40 m2), under the hypotheses of
neglecting, at a daily scale, the tree capacitance.

In order to estimate T, by means Eq. (2), values of net radiation R
were continuously monitored with a 4-component net-radiometer
(NR-01, Hukseflux™ Thermal Sensors), installed 6 m apart from the
investigated trees. The minimum value of the canopy resistance,
Temin» Nas been calculated applying Eq. (4) through measurement
of canopy temperature at midday, with a hand held infrared ther-
mometer, carried out on 3 additional fully irrigated olive plants.
In order to reduce the possible direct soil thermal effect, for each

tree, 6 values of canopy temperature were randomly acquired by
the side of the cardinal directions.

A number of two replicates of predawn leaf water potential,
(PLWP), midday leaf water potential (MLWP) and midday stem
water potential (MSWP) were measured by using a pressure cham-
ber (Scholander et al., 1965) with the protocol proposed by Turner
and Jarvis (1982), in the same three trees, where soil water sta-
tus and sap fluxes were monitored. In particular, PLWP measures
the plant water status at theoretical (or nominal) zero plant water
flux and provides information on soil water potential in the root
zone as a consequence of the equilibrium between soil and atmo-
sphere. MLWP, measured on a single leaf, reflects the combination
oflocal factors like leaf water demand, vapor pressure deficit (VPD),
leaf intercepted radiation, soil water availability, internal plant
hydraulic conductivity and stomatal regulation, whereas MSWP,
measured on a non-transpiring steam (Begg and Turner, 1970)
mainly depends on the soil water status.

For each tree, the values of leaf water potentials were measured
on one-year-old shoots, whereas MSWPs were measured on leaves
that were covered with foil faced bags, after at least 30 min prior to
measurements to allow equilibration. Measurements were carried
out every five days, as well as during the days immediately before
and after irrigation.

3. Results and discussions

Apreliminarily investigation was carried out in order to proceed
to the site-specific calibration of the FDR sensor and the following
function was in particular obtained for the investigated soil site
(R%2=0.92; RMSE=0.03 cm3 cm—3):

0 = 38.225SF>4918 (12)

In order to give a general overview about the environmental
variables, Fig. 3a-f shows, for 2008 and 2009, the daily dynamic of
standard meteorological variables as well as the reference evapo-
transpiration.

The thermal measurements performed over well watered plants
allowed to estimate the minimum value of the canopy resistance,
Temin [S™! mm], necessary to compute the potential transpiration,
T,. For the considered periods, the average minimum value of
canopy resistance, r.min, €valuated with Eq. (4), resulted equal to
76+5sm™1.

For the constantly irrigated plants, Table 3 shows the minimum
and maximum values of the meteorological variables, as well as of
soil water content, predawn leaf water potential and canopy tem-
perature, recorded during the investigated periods. According to
the PLWP threshold values suggested by Fernandez and Moreno
(1999), the monitored plants were practically maintained under
conditions of absence or moderate water stress (PLWP < 0.5 MPa).

Table 3
Maximum and minimum hourly values of collected environmental variables for well
watered trees, used to estimate the minimum canopy resistance.

Variable Value
Max Min

Air temperature (°C) 39.7 25.4
Air relative humidity (%) 69.0 16.0
Vapor pressure deficit (kPa) 54 1.2
Wind velocity at 10m (ms~) 5.4 1.1
Wind velocity at 2m (ms~1) 3.3 0.7
Solar radiation (W m~2) 949.5 533.8
Net solar radiation (W m~2) 720.7 408.5
Soil water content (vol.%) 44.0 38.0
Predawn leaf water potential (MPa) -0.36 -0.50
Canopy temperature (°C) 38.2 23.5
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Fig. 3. Daily values measured in 2008 and 2009 of (a) global solar radiation, (b) minimum and maximum relative humidity, (c) minimum and maximum temperature, (d)

wind speed, (e) precipitation and (f) reference evapotranspiration.

3.1. Plant-soil-water relationships and definition of critical
thresholds

Fig. 4 illustrates the actual transpiration, Tz, and the correspond-
ing absolute values of PLWP, MLWP and MSWP. As can be observed
actual transpiration is strongly correlated with all the considered
independent variables. Moreover a decreasing trend of actual tran-
spiration is evident at increasing absolute values of leaf or stem
water potential.

Considering the high correlations observed between T, and
plant water status identified through the leaf water potentials,
an analysis was carried out in order to find the critical soil water

status conditions identifying the begin and the maximum crop
water stress.

Soil water status was expressed in terms of volumetric soil water
content, 6, and soil matric potential, h. While the first variable gives
site-specific indications, the second is associated to the capacity of
soil to hold water and therefore it can be considered as a status
variable for the investigated system.

Fig. 5 shows the values of actual transpiration as a function of
the average soil water content measured in 2008 and 2009 with the
FDR technique, in the layer 10-100 cm. The figure also represents
the average water retention curve. Despite the limited number of
T, measurements corresponding to high water contents, values
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Fig. 4. Actual transpiration as a function of absolute values of predawn leaf water
potential, PLWP, midday leaf water potential MLWP and midday stem water poten-
tial MSWP. Regression lines are also showed.
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Fig. 5. Actual transpiration as a function of average soil water content in the layer
10-100 cm. The average water retention curve, for the same layer, is also repre-
sented. Shaded area indicates the range of variation of the observed critical soil
water status.
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of actual transpiration can be considered practically constant for
soil water contents higher than a threshold value and drastically
decreases for lower values. According to the experimental data, the
critical average soil water content below which is recognizable a
strong reduction of actual transpiration is approximately equal to
16+ 2%. The variability of this threshold certainly depends on the
atmospheric water demand.

The corresponding value of critical soil matric potential is
around 40 m, with values in the range 20-90 m. This recognized
large range is obviously consequent to the high change of soil matric
potential corresponding to limited variations of soil water con-
tent. For soil water content higher than the critical value, actual
transpiration is more or less constant and equal approximately to
2mmd-!, whereas for lower water contents, actual transpiration
drop off to a minimum value of about 0.7 mmd-1.

A similar trend is obtained when considering both FDR and
TDR data in the layer 45-65, where the highest root density is
concentrated. Fig. 6 illustrates the values of actual transpiration
as a function of the average soil water contents in the soil layer
45-65 cm, measured with both FDR and TDR techniques, the aver-
age water retention curve in the considered soil layer, as well as the
range of variation of the observed critical thresholds of soil water
content/matric potential.

Fig. 7a-c shows the experimental values of PLWP, MLWP, MSWP
and the corresponding soil water contents, averaged for the root
density, in the layer 10-100 cm. As can be observed in Fig. 7a, the
values of PLWP follow the same trend recognized for Tj.

Despite it was quite difficult to identify an unambiguous thresh-
old of soil water content, due to the visible dispersion, the critical
value of 8" ~16% (h~40m) previously obtained, was considered
acceptable. The observed uncertainty could be due to xilematic
potentials adjustment occurring when the plant is kept under soil
water deficit for long time periods, as well as to the different cli-
matic conditions recorded during the experiments.

The critical value # separates two different plant behaviors: for
0>6", the absolute values of PLWPs are constant and approximately
equal to 0.5 MPa, identifying a condition of negligible water stress
(Fernandez and Moreno, 1999). On the other hands, for <6, lower
is the soil water content, smaller is the PLWP, as consequence of the
progressively increasing water stress.

A similar threshold of soil water content can be obtained when
MSWPs are considered in place of PLWPs. According to Fig. 7b,
the detected threshold of 8" ~ 16% (h ~ 40 m) corresponds to MSWP
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Fig. 6. Actual transpiration as a function of average soil water content, in the layer 45-65 cm, measured with FDR (Frequency Domain Reflectometry) and TDR (Time Domain
Reflectometry) techniques. Soil water retention curve in the same soil layer, is also showed. Shaded area indicates the range of variation of the observed critical soil water

status.
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Fig. 7. (a-c) Experimental values of (a) predawn leaf water potential, PLWP, (b)
midday leaf water potential MLWP (c) midday stem water potential MSWP and
corresponding soil water contents in the layer 10-100 cm.

around 1.7 MPa (CV =0.2). Despite the high variability of MSWP for
fixed soil water content, the recognized threshold of MSWP is sim-
ilar to the one proposed by Moriana et al., 2010, around 1.4 MPa,
determined with measurements of Trunk Diameter Fluctuations
(TDFs).

The higher dispersion observable for 6>6°, when MLWP or
MSWP are considered in place of PLWP, can be explained by the
dependence of the midday potentials from the environmental vari-
ables. However, under water stress conditions (<6"), whatever
potential is used, the dispersion is comparable as consequence of
the minor influence of the environmental variables.

Experimental data represented in Fig. 7a-c provides also a
clear identification of the soil water status corresponding to the
maximum stress level recognized in the field. In fact, as can be
observed in Fig. 7a, the maximum measured value of the PLWP
equal to 2.1 MPa corresponds to a soil water content slightly
higher than 11% and consequently to a matric potential of about
h=200m. For the considered crop, a so high soil matric potential
is a consequence of the high gradients of potential between the
leaves and roots in drought periods, allowing the roots to extract
water held with tension well below the traditionally accepted
wilting point (150m). Similar studies carried out by Xiloyannis
et al. (1999) evidenced that the maximum stress condition corre-
spond to matric potential of about 250 m. However, for irrigation
management, differences of matric potential between 150 m and
250 m do not produce significant changes in terms of soil water
content and consequently on volumes of water to supply with
irrigation.

The value of h =200 m was assumed as the minimum thresholds
of soil water status, identifying the most extreme water stress con-
dition recognized in the field and corresponds to hg, in Egs. (5) and
(6) or hmax in Eq. (9).

3.2. Modelling olive response to soil water deficit

According to the procedure proposed by Ewers and Oren (2000),
to keep errors in Tp to less than 10%, estimated T, have to be limited
to conditions for which VPD > 0.6 kPa. For this reason, it was there-
fore necessary to proceed to a data screening, in order to neglect
all the environmental condition determining VPD > 0.6 kPa.

Considering that the water stress conditions were observed in
the range of soil matric potential absolute values between 40 m and
200 m, the estimation of model parameters (a, p, ag) was carried
out by assuming that the first value is the threshold of soil matric
potential (h") below which the plant starts to reduce transpiration
(TC,T,D*1 <1) whereas the second value was considered as the soil
matric potential (h4 or hpmax) corresponding to the absence of tran-
spiration. Moreover, considering that the minimum « observed in
the field was equal to 0.6, the threshold hsg in Egs. (7) and (8),
was assumed equal to 152 m, corresponding to o = 0.6, rather than
a=0.5.

For all examined models, Table 4 shows the critical thresholds
of soil water status as well as the relative parameters obtained by
fitting the data with a least square method, by using the package
Excelstat (Addinsoft USA, 2010) and the Pearson correlation coef-
ficient.

Fig. 8a and b shows the h, T,T,~! experimental data pairs as
well as the fitting models (Egs. (5)-(9)), whose critical thresholds
and parameters are indicated in Table 4. Analysis of data evidenced
that non-linear water stress models, compared to the linear model,
better reproduce the initial phase of the transpiration reduction
process. The convex shape of the stress function evidences that
water stress is more and more severe at increasing matric poten-
tial, and therefore the reduction of actual transpiration becomes
critical only for the most extreme water stress conditions. For this
reason, Feddes «(h) linear model, defined by only the measured
critical thresholds of soil matric potential (h*, hy), gives the worst
result, because it does not allow to take into account the convex
shape of the function.

Unfortunately, the absence of Tan*1 measurements lower than
0.6, does not permit to clearly choose the best shape under more
severe water stress conditions than those observed. However under
the examined field conditions it was very difficult to reach values
of T,T,~! lower than 0.6, considering that: (i) the high capacitance
characterizing the olive plants, like those observed, allows them a
certain adaptation to water stress conditions; (ii) investigated soil is
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Table 4

Critical thresholds of soil water status and parameters of the examined models. Pearson correlation coefficient, r, and statistical significance are also showed.

Eq. Mathematical formulation hz or h* (m) hy or hipax (M) hso (m) oo a p r
1 a(h) = h’;",;*q 40 200 0.63 (n.s.)
2 a(h) = (,f;"&)“ 40 200 0.34 0.64 (0.05)
3 a(h) = = 152 4284 0.65 (0.05)
50
4 a(h) = %p 40 152 3.137 0.66 (0.05)
1+[(h*=h)/(h*~hsg)]
5 a(h) = 1 40 200 0.15 4388 0.66 (0.05)

1+(1-ag) /o[ (h*~h)/(h*~hmax)|”
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Fig. 8. (a and b) Experimental values of relative transpiration, T,T, ', as a function
of soil matric potential, h, and fitted water stress models (Egs. (5)-(9)).

characterized by high water retentivity; (iii) the distances between
the plants allow a large soil volume for root absorption.

Accounting for the similar statistical significance of the exam-
ined non linear models (Egs. (7)-(9)), the one requiring the
knowledge of a single parameter should be preferred (Eq.(7)). How-
ever, further investigations aimed to explore a more extent range of
TaTp~! values could allow a better modelling of the stress function
under higher water stress levels.

The values of the stress coefficient o in Eq. (10) were deter-
mined considering, as indicators, both the measured PLWP and
MSWP values, normalized respect of their domain limits. On the
other hand the values of D, were obtained using Eq. (11), consider-
ing " =0.16 cm3 cm—3 (Dy; =0) and Oy, =0.11 cm3 cm—3 (Dygy = 1),
as previously discussed.

Fig.9a and b shows «, D, data pairs experimentally determined,
the fitted water stress model, as well as the values of the model
parameter fs.

As can be observed in Fig. 9 the shape of the represented model
is still convex, as consequence of f; >0 for both cases. Despite the
similar RMSE values, the slightly higher dispersion visible when the
MSWPs are considered is a consequence of the sensitivity of the
measurements from the variation of the environmental variables.
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Fig.9. (a-b) Experimental values of the stress coefficient, ¢, as a function of relative
depletion, D, and fitted water stress models (Eq. (10)).

Whatever water stress model is considered therefore, for the
examined crop, the shape of the stress function is always convex.

4. Conclusions

Critical thresholds of soil water status identifying olive crop
response to water stress were determined and the performance
of existing models representing the stress function analyzed. The
experiments evidenced in particular a first critical soil water
content 8 =0.16 cm3 cm—3, corresponding to a soil matric poten-
tial of about 40 m. This critical soil water content separates two
different plant behaviors: >0, where the absence of water
stress was detected and actual transpiration resulted constant and
approximately equal to 2mmd-~'; <8, where crop water stress
increases at decreasing 6. On the other side, the most extreme crop
water stress was recognized when soil water content was about
0.11 cm3 cm—3, and soil matric potential of about 200 m. Under
this last condition predawn leaf and midday steam water potential
resulted equal to 2.2 and 3.7 MPa respectively.

With the exception of the Feddes linear model, for which it is
not possible to take into account the shape of the stress function,
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all the other investigated models showed a good agreement with
the experimental data.

Non-linear models, in fact, better reproduce the initial phase of
the transpiration reduction process, showing that for olive groves
the stress function has a convex shape, for which the reduction
of actual transpiration is significant only under extreme water
stress conditions. Unfortunately, the absence of relative transpira-
tion lower than those observed in the field, did not allow to choose
which model can adequately represent the shape of the stress func-
tion under very low soil water contents.
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