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Abstract: The Mediterranean basin is characterized by hot and dry summers, which are aggravated by
climate change, leading to water shortages for irrigation purposes. Olive trees (Olea europea L.) which
are the most common cultivation in the area, while tolerant to drought conditions, are often irrigated
due to the fact that they suffer from water deficits with negative impacts on yield. The knowledge of
the onset and water stress intensity, essentially determines the accuracy of an irrigation schedule
that avoids yield reduction and waste of water. Water stress can be quantified by stress coefficient
Ks, as suggested by Food and Agriculture Organization (FAO). Combinations and adjustments of
the FAO method with field measured data have been used to calculate Ks more precisely and apply
it on single experimental fields. The FAO method and a validation method were compared and
evaluated with in situ measurements in two different olive orchards in terms of tree age and irrigation
system. The results indicate that the FAO method fails to distinguish the differences between cultivars,
attributed mainly to the tree age and irrigation system, rendering almost a similar slope of Ks and
calculating a nearly simultaneous onset of stress, which was not confirmed by pre-dawn water
potential (ΨPD) measurements.
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1. Introduction

Olive tree (Olea europaea L.) is one of the most widespread cultivated native species in the
Mediterranean region [1]. Worldwide, more than 90% of olive trees are cultivated for oil production
and the rest of them for table olives, with Greece being the third producer after Spain and Italy [2].
In these areas the Mediterranean climate is characterized by hot and dry summers, with high evaporative
demand. Due to these conditions plants usually suffer from water deficits affecting plant production [3].

The olive tree is a drought-tolerant species. Its adaptability to such conditions is based on the
synergy of two tactics; the avoidance of water stress onset and the capability to tolerate drought [4,5].
The mechanisms that contribute to the abovementioned concern leaf morphological characteristics [6],
the efficient function of the water transport via xylem [7] and the regulation of transpiration through
the effective control of stomata apparatus [8,9]. Furthermore, the ability to sustain metabolism through
the antioxidant mechanisms [7–10] and the osmotic adjustment [11–15] contribute to the capacity to
extract sufficient amount of soil water, even under severe drought conditions [12,13].

Despite their drought tolerance, olive trees are nowadays irrigated [1] as they seem to respond
well to irrigation [14–16]. Due to the fact that water is already known to be a limiting factor [17]
in agriculture, strategies that promote a more efficient manner of irrigation management are well
established [18,19]. Moreover, irrigation scheduling in olive cultivars, meets a number of difficulties
due to great crop variability in terms of biennial bearing, various tree ages (olive trees over 70 years
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old) and plant distances, making the consumption of water hard to monitor. In this way trees are
usually exposed to prolonged water stress.

The quantification of crop water losses in the continuum soil-plant-air, is usually expressed via the
estimation of evapotranspiration (ET), the calculation of which is based on microclimatic data derived
from meteorological stations [20]. In order to plan an optimized irrigation schedule in commercial
orchards, answering in this way to the questions of “how much” and “when” to irrigate, it is necessary
to take into account the growth stage and the period of highest water consumption to achieve high
yields and annual bearing.

When there is insufficient soil water content, trees cannot meet evaporation demand and are
usually exposed to water stress conditions. Water consumption limitation is defined by the stress
coefficient Ks (when Ks >1 no soil water deficits subsist, while when Ks <1 water stress is on). A simple
and broadly used method is the one proposed by Food and Agricultural Organization—FAO [20].
In this method, the Ks coefficient is a dimensionless transpiration reduction factor, that depends on
available soil water content. ET data along with water content that can be retained depending on soil
texture are included in Ks. In numerous studies, Ks is not only estimated with FAO’s original formula
but it is also coupled with hydrodynamic parameters such as predawn or midday water potential in
order to confirm the water status of plants. Specifically, in peach orchards, Afonso do PaÇo et al. [21]
estimated stress coefficients from transpiration data measured with sap flow sensors and correlated it
with ΨPD measurements, similarly to Conceição et al. [22] in olive orchards and Ferreira et al. [23] in
rainfed and drip irrigated vineyards. In citrus orchards Rallo et al. [24] calculated Ks values based on
soil water content and water status (midday stem water potential) measurements, while Rallo et al. [25]
calculated Ks using measured soil water content data combined with midday stem water potential,
in correlation with actual transpiration fluxes in a 17 year-old table olive grove orchard. However,
most of research has been conducted on single experimental fields and there is a significant lack of
studies that compare Ks calculated with the two abovementioned methods in multiple experimental
olive orchards that differ from each other.

The objective of this study is therefore to: (1) compare the two methods on the basis of water stress
detection and its intensity and (2) validate FAO’s methodology by utilizing pre-dawn water potential
(ΨPD) measurements, in two olive orchards with different tree ages and irrigation systems, combining
in situ measurements of soil water content and plant water status coupled with microclimatic data
from meteorological station and compare it with the FAO method [20].

2. Materials and Methods

2.1. Site Description and Cultivation Details

The area studied is located in Stamna (Aitoloakarnania prefecture, Western Greece, 38◦29′N;
21◦17′E), a region with a large production of table olives “Olea europaea cv. Kalamon”. The climate is
Mediterranean, with mild-wet winter, and usually wet spring and autumn seasons. Summer is hot
and dry, usually without rainfall events from May till late September. This study was conducted on
two different commercial olive orchards (hereafter identified as M5 and M1), during the consecutive
year 2019–2020, with the following characteristics:

M5 olive orchard: 25 years-old Olea europaea cv. Kalamon covering a total area of 0.25 ha.
Tree spacing is 6 m within row and 8 m apart. In total 55 trees were irrigated with sprinklers (60 L/h)
using one (1) sprinkler per tree, with a wetting radius of 1.5 m. Soil classification is deep sandy clay
(SC) with typical drainage. The amount of water applied via irrigation is about 15 mm and in total 6–7
irrigation events take place from fruit set to the end of fruit development.

M1 olive orchard: 12 years-old Olea europaea cv. Kalamon covering a total area of 0.20 ha.
The planting distances were the same as above and it contained 45 trees. In this orchard the irrigation
is applied with drippers (2 L/h). Soil texture is clayey (C) and 2 m deep. The amount of irrigation
applied was about 10 mm per irrigation event and in total 6–7 irrigations take place from fruit set to
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the end of fruit development. Due to the fact that the orchards are irrigated, crop load within years is
observed to be more or less stable [2].

2.2. Methodological Approaches of the Estimation of Water Stress Coefficient (Ks)

Water stress coefficients (Ks) were estimated using two different methodological approaches in
both experimental sites, the FAO method and a “validation method”. In the first case, data from
micrometeorological stations located within each experimental orchard were used to calculate reference
evapotranspiration (ETo) according to Allen et al. [20]. The Ks coefficient was calculated using the
following equation:

Ks =
TAW −Dr

TAW −RAW
(1)

where TAW is the total available water in the root zone (mm), RAW is the readily available water (mm)
and Dr is the root zone depletion (mm). TAW was calculated by using soil water retaining capacity as
determined by the USDA classification method by inputting soil texture data and root length. Then,
RAW was calculated as a fraction of available depletion of TAW and the depletion of soil water was
determined by the volume of water lost via ET, as suggested by FAO [20].

In the validation method TAW and RAW were estimated using the soil water content data collected
from the installed multi-depth capacitance probes. In particular, the Ks coefficient was calculated using
the following equation:

Ks =
TAW − (RAW + Dri)

TAW −RAW
(2)

where Dri is the root zone depletion (mm) below the threshold value (θ*) in which water stress occurs.
TAW and RAW were calculated using Equations (3) and (4), respectively:

TAW = (θFC− θmin)Zr 1000 (3)

RAW = (θFC− θ∗)Zr 1000 (4)

where θFC is the soil water content in root zone at field capacity; θmin is the seasonally minimum
value of soil water content observed in field [25,26]; Zr is the rooting depth and θ* is the threshold
value of the soil water content below which water stress occurs [27]. Soil water capacity values (θFC)
corresponds to the maximum value of volumetric water content in the rooting zone obtained from
the soil moisture sensors after an irrigation or heavy rain, immediately after free drainage had ceased.
The lack of significant differences of mean volumetric water content values at the root zone during the
night was used for the determination of the cessation of free drainage. In the same way, the minimum
soil water content (θmin) and the threshold (θ*) value estimations were based on the average values of
soil water content at root zone which correspond to predawn leaf water potential values under severe
drought stress and the onset of stress, respectively.

In both methodologies, Ks values range between 0 and 1 (0 ≤ Ks ≤ 1); when Ks values were
greater than 1 no water stress occurred, and when values were less than 1, olive trees suffered from soil
water limitations.

2.3. Environmental Variables—Measurements of Soil Water Status

Microclimatic variables (temperature, rainfall, air humidity, wind spread and solar radiation)
were continuously recorded by a microclimatic weather station placed in each experimental site in
order to estimate reference evapotranspiration (ETo) according to the Penman-Monteith equation [20].
Soil water content was measured by EnviroSCAN capacitance sensors (Sentek Sensor Technologies,
Stepney, South Australia, Australia). Taking into account the importance of field capacity (FC)
and permanent wilting point (PWP)—here indicated as θmin—as two thresholds that determine
available soil water content [28] as well as the limitations of interpreting soil moisture data in woody
crops [29], the installation of the probes was performed in order to correspond to the most root
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absorption area [25,30]. The volumetric soil water content was continuously measured at intervals
of 60 min, using sensors every 10 cm from soil surface to a depth of 1 m, calibrated according to the
manufacturer’s instructions.

2.4. Measurements of Plants Water Status

Predawn leaf water potential (ΨPD) was selected as an indicator to assess the water status of
plants due to its reliability, as an indicator [31,32] that integrates short term changes in water status [29].
Measurements were conducted in nine fully expanded mature leaves using a Scholander pressure
chamber (SKPM 1400/80, Skye Instruments, Powys, UK). These measurements were carried out every
2 to 4 days within stress cycle, during fruit development. Each presented value is the average of
three measurements that were conducted at the same time and the deviation among them was within
a bar [33].

3. Results and Discussion

The values of variables that were used are presented in Table 1.

Table 1. Values of variables used in each methodology.

Original FAO Method “Validation“ Method

Variables M1 M5 M1 M5

Soil water at FC (m3/m3) 0.42 0.35 0.45 0.31
Soil water at PWP (m3/m3) 0.29 0.24 0.23 0.17

Threshold value (θ*) (m3/m3) - - 0.30 0.22
Depletion factor, p 0.65 0.61 - -

Total available water (TAW) 63.0 67.8 110 84.0
Readily available water (RAW) 40.9 41.7 75.0 54.0
Maximum rooting depth (m) 0.50 0.60 0.50 0.60

3.1. Comparing Methodologies

The comparative assessment of the two methodologies regarding their ability to accurately
predict plant water status revealed significant differences in the two plots examined. In particular,
in M5, both methodologies seem to be capable of indicating the onset of drought stress almost
simultaneously. Indeed, FAO methodology and the “validation” method determined drought stress
induction in plants at about 7 DAI and 10 DAI, respectively. These results are consistent with the
concomitant measurements of predawn water potential which ranged from −0.52 MPa to −0.88 MPa.
The abovementioned values of predawn water potential are considered as “critical” for the onset of
drought stress in olive trees [2], suggesting that both methods could detect water stress occurrence
accurately. As far as the prediction “wilting point” is concerned, a considerable discrepancy between
the two methodologies was observed (Figure 1).
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Figure 1. Comparison of stress coefficient Ks calculated with both methodologies in the M5 olive orchard.

According to the FAO method the wilting point occurred 27 DAI while in the “validation” method
it happened 44 DAI. Taking into consideration that ΨPD values which correspond to moderate stress
condition range from −1.18 MPa to −1.62 MPa [2,27], it is obvious that the FAO method seems to be
unable to accurately predict the development of severe stress in plants. On the contrary, the relationship
between Ks and ΨPD revealed a greater efficacy of “validation” method to coincide with plant water
status (Figure 1). As could probably be expected, similar differences between the two methodologies
were evident when the amount of water lost as cumulative ET from last irrigation is considered
(Figure 2) [34,35]. In fact, there is a gap of 17 mm regarding the onset of water stress between the two
methodologies as well as a 45% difference in cumulative ET at “wilting point” (Figure 2).
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Figure 2. Comparison of Ks in the M5 orchard correlated with the amount of water lost via
evapotranspiration in the stress cycle.

The analysis of soil water dynamics in M1 site, indicate that the FAO methodology failed to
indicate water status in plants not only during severe drought but also at the beginning of drought
stress. According to predawn water potential measurements the onset of drought stress occurred
15 DAI. This is consistent with the results of the “validation” method while at that time the FAO
method indicated that plants were under severe stress (Figure 3).
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Figure 3. Comparison of stress coefficient Ks calculated with both methodologies in the M1 olive orchard.

Additionally, significant differences between the two methodologies were observed regarding
the cumulative ET from last irrigation (Figure 4). In particular, ΣET values which correspond to the
onset of water stress and to the “wilting point” were 37.5 mm and 50.06 mm lower, respectively, in the
FAO methodology. This discrepancy could be attributed to the differences observed between the two
methods concerning the water availability values (RAW and TAW—Table 1). These differences—which
are signficantly higher in M1 compared to M5—depicts the different approach used for their estimation.
TAW and RAW values used in FAO methodology are derived from an equation and consequently
are considerd rather “descriptive”. Thus, they are expected to be less accurate compared to those
estimated from validation methdology which incorporates “in situ” realistic continuous data of soil
water dynamics.
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Figure 4. Comparison of Ks in M1 orchard correlated with the amount of water lost via
evapotranspiration in the stress cycle.

3.2. Comparison between Two Experimental Sites Based on the Methodological Approach

The performance of the two methodologies gives interesting results when the two sites are
compared. According to the FAO methodology, the onset of drought stress as well as the exposure
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of plants to severe stress occurred almost simultaneously in all plants, irrespective of the area in
which they are cultivated (M1 or M5, Figure 5). Taking into consideration the significant differences
in plant age, root zone distribution pattern and irrigation systems between the two areas studied,
the abovementioned lack of differences in derived parameters raises additional questions regarding
the accuracy of the FAO methodology.
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Figure 5. Comparison of stress coefficient Ks in the two orchards calculated with the FAO method
correlated with days after irrigation.

On the contrary, the “validation” methodology, depicts a more realistic situation. In particular,
drought stress induction in M5 plants occurred with water losses of 60 mm compared to 80 mm in M1
(Figure 6). This difference can be attributed mainly to differences in the tree age which is well known
to affect crop response to water deficits, with younger trees being better able to withstand drought
conditions [36]. Additionally, the slope of Ks reduction in relation to ΣET was sharper in M1 plants
(Figure 7), resulting in lower ΣET values at “wilting point”. Sharper decline in Ks values in response to
ΣET in M1 plants indicate lower ability to adapt to drought conditions. A possible explanation of the
different adaptation ability could be based on the plants’ root architecture. Indeed, the root absorption
dynamics revealed significant differences in root distribution pattern between the two treatments.
In particular, M1 plants appeared to have a greater proportion of active root system concentrated near
soil surface despite the fact that these plants are drip irrigated (Figure 8). In contrast, M5 plant’s root
system appeared to have a deeper orientation (Figure 9). This root zone pattern might enable plants to
extract more easily soil water from the deeper soil layers thus better withstanding drought conditions.
This ability of deep-rooted plants to extract more soil water from deeper layers could also explain
the significant higher values of TAW observed in M5 plant compared to those predicted for the same
plants in Table 1. This is in agreement with Moriana et al., [12] who clearly demonstrated that olive
trees are capable to extract a significant amount of soil water even under the “conventional permanent
wilting point”.
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Figure 6. Comparison of stress coefficient in the two orchards calculated with the “validation” method
during stress cycle.
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Figure 7. Comparison of stress coefficient in the two orchards calculated with the “validation” method
from the onset of water stress (Ks < 1).
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Figure 8. Root absorption dynamics at the M1 experimental site.
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4. Conclusions

The knowledge of the onset and the evolution of water stress is essential in order to design
an optimal irrigation scheduling oriented to maximize water use efficiency. When the water stress
coefficient Ks is combined with in situ measurements it can be a useful tool for irrigation management.
Our data confirm that by using the validation methodology, the calculation of Ks seems to have a more
realistic tendency compared to the FAO method, which is inefficient when used to calculate fairly
smaller amounts of plant-available water. Significant differences between the two methodologies were
also observed when Ks values were correlated with cumulative ET since last irrigation, mainly due
to the different amount of TAW. The reliability of the “validation” method is ensured by the in-situ
measurement of plant water status.
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