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Abstract: Olive trees are one of the few alternative crops available for farmers in arid environments.
In many of these regions, surface irrigation is increasing. The aim of this study was to estimate the
pattern of water soil reserves through the season considering different climatic scenarios, limitations in
irrigation scheduling, and irrigation systems. Modeling was performed with the most common type
of soil, and a tree density of 10 × 10 m was used. Three different climatic scenarios were estimated
using eighteen agroclimatic stations along the zone (Jaén, Spain). In these climatic scenarios, different
irrigation strategies were considered. First, the percentages of maximum flow available (100%, 50%,
and 33%) were used. In each of these flows, the days available for irrigation were considered: daily
irrigation (IDD), 20 days per month (ID20), and no irrigation, during August (RDI). The results
suggest that a 33% flow strategy, the most common in the surveyed area, would produce the greatest
water-stress period in the most sensitive phenological stage. However, 100%, in all scenarios, and 50%
(only IDD and RDI) would obtain the best water status. According to the estimated water applied,
50% was the most advisable strategy. However, in a minimum rainfall scenario, water needs could be
excessive.

Keywords: climatic change; pit hardening; water stress; water availability

1. Introduction

There are around 11.5 million hectares of olive groves (Olea europaea L., Oleaceae)
around the world, which is approximately 1% of the world’s agricultural area [1], suggest-
ing that this is the most important fruit crop. From the 1990s, there has been an increase in
the coverage of olive orchards globally; most of these new surfaces are irrigated and denser
orchards. The impact of new olive orchard irrigation implies an increase in production and
changes in farming methods that will have socioeconomic and environmental repercussions
and shows that the sector will experience an increase in competitiveness at an international
level. Olive growing is present in 58 countries throughout five continents. The largest
producer is Europe (55.43%), followed by Africa (30.53%), and then Asia (12.11%), with a
very localized production [1,2]. However, traditional olive farms are still the most common
production system. Moreover, these traditional, low-density olive orchards are the most
important in arid agricultural zones, commonly associated with a low availability of water
and poor soils. Spain is the world’s leading producer of olive oil and is the country with
the largest available surface [2], which results in a great diversity in farming systems.
Andalusia, in southern Spain, has 1,500,290 ha of olive orchards, representing 69.96% of
rainfed olive groves and 30.04% of irrigated olive groves. Jaén, located in the northeast
of the autonomous community of Andalusia, is the Spanish province that dedicates the
greatest surface to this species, with 582,427 hectares, of which 249,888 hectares are irri-
gated [3]. In contrast to other parts of the world, most of the irrigated area in this zone is in
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low-density, traditional olive orchards with common planting frames of 9 to 12 m (88% of
irrigated olive orchards versus 12% of intensive systems) [4].

Water sustainability is associated with two main conditions. On the one hand, the most
traditional involves conservation of the quality and quantity of water resources in the
long term [5,6]. However, in recent years, economic considerations have also been sug-
gested. The undesirable effects of irrigation on climate change can be reduced by reduc-
ing its impacts on the environment, caused by poorly managed irrigation, which leads
to drainage problems, excessive salinity, and the unsustainable overexploitation of re-
sources [5]. The sustainability of an agricultural system supposes that people are fixed in
rural areas. In this way, sustainable agricultural managements will apply when sufficient
farm economic revenues are obtained [7]. Climate change forecasts anticipate an increase in
temperature and lower rainfall and greater variability, which may affect the most sensitive
physiological phases of crops, such as flowering and ripening [8]. Then, irrigation water
needs would increase and traditional rainfed olives orchards, which nowadays have an
acceptable yield, could strongly reduce their profits and would be given up. Irrigation of
traditional orchards is a very good example. Expected increases in yield could enhance
sustainable management in traditional rainfed olive orchards, which is commonly limited
because of the low profits. Positive aspects of the transformation from rainfed to irrigated
land are perceptions by society of the sustainability of the agricultural systems, as well as
increasing the income for farmers.

Olive trees are a traditional rainfed fruit crop, one of the most resistant to water-stress
conditions. Fruits and oil features in these conditions are very variable between cultivars [9]
and ripening stages [10]. In general, water-stress conditions enhance total phenol levels in
oil; however, recently, some authors have suggested a parabolic response [11]. All these
suppose greater variations in the final food products in rainfed olives as opposed to those
from irrigated orchards. Moreover, rainfed conditions are associated with less-productive
farms with limited profitability because of the small crown growth and alternate bearing;
these farming systems are strongly dependent on rainfall [12]. Production functions suggest
a high productivity of irrigation, resulting in a large increase in yield with a small increase
in crop evapotranspiration [13]. However, studies in low-density olive orchards have not
presented this clear response [14]. Traditional low-density olive orchards are located in
zones with a low availability of water resources. Thus, increasing the irrigated surface of
an agricultural system may not be a sustainable strategy. In addition to water scarcity, these
zones commonly have problems of water availability throughout the season (with a short
irrigation season or short window of irrigation). This is an additional problem in irrigation
scheduling and the design of irrigation systems. Although olive trees are a drought-resistant
species, not all phenological stages are equally resistant, and combinations of the duration
and level of water stress are important [15]. The flowering, fruit set, and oil accumulation
periods are the most sensitive to water-stress conditions [16]. On the other hand, relatively
severe levels of water stress during the pit hardening phase did not appear to reduce the
final yield [13]. Therefore, reduced irrigation could be considered here; although, at least,
the moment when these water-stress conditions will transpire should be estimated. On the
other hand, traditional olive orchards, even accounting for the potential increase in yield,
generally have a narrow capacity for irrigation investment. Thus, irrigation systems are
commonly very limited in terms of the pumping capacity and flows of the water applied.
These could be an important constraint in the irrigation scheduling of olive orchards.

The aim of this study was to estimate the water soil reserves over the season in a
traditional low-density olive orchard, considering several limitations at farm level and
possible scenarios in rainfall behavior. It is, therefore, a question of providing a technician
at the preliminary project or preliminary study level with a methodology that would enable
determination of the best irrigation strategy with criteria of efficiency and consideration
of the phenology of the crop to establish the application flows and irrigation calendar
for irrigating the entire surface at the same time or selection among the most common
types of sectorization carried out (due to the impossibility of instantaneous irrigation of
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the entire surface simultaneously). Therefore, the results will provide a holistic view of the
sustainability of irrigation in this agricultural system. Climatic conditions of the province
of Jaén (Spain) have been considered, because this is the most important traditional olive
growing zone in the world. In order to include the most common limitation for irrigation
scheduling, out of the amount of water, considerations about the time of irrigation available
throughout the season and organization of the irritation system have also been included.

2. Materials and Methods
2.1. Study Area

The study area (Figure 1) included the province of Jaén (Spain), which covers an area
of 13,489 km2, in which olives are the most important fruit crop on the agricultural surface
(582,427 hectares), of which 249,888 hectares are irrigated (around 43%). This zone is the
world’s largest producer of olives and oil, with more than 60 million olive trees; the average
annual production in the last decade was 2,214,021 tons of olives and 480,025 tons of olive
oil [3–17], which means that this crop is the main socioeconomic engine in the province.
The irrigation period in the province of Jaén is from March to September.
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2.2. Characteristics of the Irrigation Installation

Several different systems are present in contemporary olive zones. From the 1990s,
the density of olive orchards has been increasing, and sections of the traditional, dry, and low-
density systems have been substituted for irrigated super-high-density orchards [18]. How-
ever, low-density olive orchards are still the most important in traditional surface olive groves,
with planting frames of 9 to 12 m and densities between 80 and 120 plants/ha [19,20]. The au-
tonomous legal government has established that the average plantation density in the province
of Jaén is 117 plants/ha [21]. Most commonly (around 62.82%), olive plantations in this zone
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have an average planting frame greater than 10 × 10 m. Some of these traditional orchards
have changed from nonirrigated to irrigated conditions. The most common irrigation system
uses two drips per tree, allowing a flow of 16 L h−1 per plant [22,23]. On the other hand, water
availability is very limiting and there are often serious restrictions in the amount and times of
irrigation [24]. To maximize the irrigated surface area, the maximum daily irrigation is divided
by between two and three [25]. Regarding the type of sectorization used, the researchers
in [26] carried out a survey in the irrigation communities of the province, showing that more
than 90% of the facilities had divisions in three sectors. Then, the amount of available water
was divided between one, two, or three sections in order to irrigate the whole orchard to
different degrees (hereafter, 100%, 50%, or 33%, respectively).

The typical agricultural plots comprise mature olive groves (≥30 years old) of the
cultivar known locally as “Picual” (Olea europaea L. var. Rostrata Clem), with strong resilience
and open bearing, a high and fruitful productive capacity, with one to four trunks per
tree, good floral induction and little alternate bearing; they are self-fertile and medium
flowering. The standard cultivation practice is in traditional tillage systems which allows
mechanization depending on the slope and orography of the land, and in which soil man-
agement operations can be carried out, such as the distribution of fertilizer and application
of phytosanitary products, and the elimination of pruning and weeding, with the aim
of making the maximum amount of water available for the desired crop. The common
distance between trees is 10 × 10 m, which results in a density of 100 olive trees per hectare,
with a drip irrigation system which basically consists of elevation from a water catchment
to a water tank, subsequently pumping it back to the olive farm, with the installation of a
network of primary, secondary, and tertiary drip pipes that end in two self-compensating
drippers per tree, supplying 8 L/hour of instantaneous water flow (0.44 l/s/ha). With the
irrigation system proposed as a case study, irrigation scheduling was limited based on the
maximum number of hours available for irrigation (i.e., 20 h per day). Thus, the maximum
flow to be applied depended on the realization of sectorization into one, two, or three
sectors, allowing the use of the available water 100%, 50%, or 33% of the time, respectively.
This means limiting the irrigation capacity of the olive orchards to 3.2 mm day−1 (100%),
1.6 mm day−1 (50%), or 1.1 mm day−1 (33%). For each of these strategies, the available
reserves in the soil were characterized on a monthly basis. In the irrigation schedules, it was
considered that at the beginning of the agricultural year (October), a reserve of 10 mm (an
amount very close to the reality under natural conditions in the area studied) was used.
The application efficiency of the irrigation system used, corresponding to a localized drip
irrigation system, was considered to be 95%.

2.3. Climatic Variables

Climatological data were obtained from the Agroclimatic Information Network of
Andalusia, [27], collated from strategically located automatic meteorological stations. Based
on them, the average season for the agricultural year (October–September) during the
period 2001–2020 was calculated. In total, 18 active agroclimatic stations distributed across
7 agricultural regions were considered. The reference evapotranspiration (ETo) results used
were those calculated by the Andalusian Agroclimatic Information Network (RIAA), which
determines them by using the standard climate data collected in the Penman–Monteith
mathematical model, as established by the FAO [28]. Effective precipitation was estimated
as that which produced 75% of the infiltration of rainwater into the soil [29].

The analysis of the climatic variables corresponding to precipitation and evapotran-
spiration consisted of carrying out a variability study of extreme values (maximum and
minimum) and average values [30], determining the average monthly values and the
annual total for each of the agroclimatic stations considered (Figure 2). This procedure
enabled classification of the agroclimatic stations, considering only those that presented
similar values, above or below the results obtained. In order to more closely represent
reality, the median value was also calculated to eliminate the bias of extreme values.
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Figure 2. Maximum and minimum precipitation.

2.3.1. Precipitation

The averages of all the stations presented very similar annual rainfall patterns, with a
wet period between September and May, maximums in November and March, and a very
dry period during late spring and early summer. The extreme precipitation values and
their trends were also obtained, in which we can observe that, generally, the range between
extreme precipitation values was greater in wet years than in dry years; Figure 2 shows the
variability of the data throughout the average years (a) and the maximum and minimum
values found.

Figure 2 shows that most years’ maximum rainfall was below 600 mm, whereas for
minimum rainfall, most years were below 300 mm, although this shows a trend signifi-
cantly increasing from 2016 onwards. Data for these 18 agroclimatic station were used for
obtaining the scenarios of maximum, average, and minimum rainfall.

2.3.2. Evapotranspiration

Regarding the reference evapotranspiration (ETo), there was interannual variation
in the values collected, with a greater range during the spring–summer months and less
during the autumn–winter period.

In the case study, because it concerned a single crop and was calculated with meteoro-
logical data for each of the agroclimatic seasons, normal values were adopted. This hypoth-
esis was confirmed by determining the probability distribution of the monthly evapotran-
spiration values, which had a lower standard deviation in the results (Figure 3). Average
ETo data were used in the estimation of water soil reserve.
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In this way, agroclimatic stations were classified in relation to the rainfall variable
according to the results, and three scenarios based on real rainfall data across the whole
historical series were considered:

• Scenario 1: When the mean monthly rainfall is above the average, the median of the
maximum rainfall is chosen as data, and considering years with the highest rainfall as
those exceeding 581 mm.

• Scenario 2: Average monthly rainfall.
• Scenario 3: When the average monthly rainfall is below the average, the median of

the minimum rainfall is chosen as the data, and considering the years with the lowest
rainfall to be those below 292 mm.

2.4. Reference Constants: Soil Type, Root Depth, Canopy Cover, and Degree of Crop Development

The determination of the irrigation needs, and the instigation of water stress, were es-
tablished following the water balance method, so that the consumed water was considered
to be the sum of the irrigation water and rainfall [31]. In this balance, the useful or available
water in the soil for the plant was between the upper and lower limits.

In the case study, the type of soil chosen was loam–clay (being the most common in the
area), with the following characteristics: wilting point (θWP) (cm3/cm3) 0.17; field capacity
(θFC) (cm3/cm3) 0.36; soil bulk density (γb) (cm3/cm3) 1.33 [32]. The humidity available for
the plant was estimated using a 75% allowable depletion level (ADL), which is the standard
recommended level [33]. A useful root depth of 1.0 m was established according to various
previous studies [13–15]. Crop evapotranspiration (ETc.) was estimated according to the
methodology proposed by Allen et al. [34]:

ETc. = ETo × Kc × Kr. (1)

where ETo is the reference crop evapotranspiration, Kc is the dimensionless crop coefficient,
and Kr is a dimensionless evaporation reduction coefficient.

The Kc values used (Table 1) are those suggested by Pastor et al. [23]. In the case study,
it was considered that the value of the reduction coefficient Kr took a value of 1, because
the crop shades more than 50–60% of the soil surface, according to Castel and Fereres [35].
Regarding the phenology of the crop in the zone, the average date for full bloom took place
in May [36], and pit hardening was dated as beginning in July.
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Table 1. Monthly variation of the Kc coefficient.

Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sept. Oct. Nov. Dec.

Kc 0.5 0.5 0.65 0.65 0.65 0.6 0.6 0.6 0.6 0.65 0.65 0.5

2.5. Calculation Program

For the calculation of the irrigation schedule and flow, the water balance method-
ology was used, as stated in the FAO guideline No. 56 [34]. The program used is an
adaptation of IFAPA’s “Water Needs for Olive Groves” calculation and determination
program [37], which is open access, requires prior registration, and has been published
online since 2015 (https://www.juntadeandalucia.es/agriculturaypesca/ifapa/servifapa/
recomendador-olivar), accessed (8 February 2021), in which the aforementioned variables
were introduced, with the average data for the rainiest and driest seasons of the 18 agrocli-
matic stations.

2.6. Irrigation Strategies

All scenarios of water needs (100%, 50%, and 33%) in three different climatic scenarios
(maximum, average, and minimum rainfall) considered three irrigation strategies (Figure 4),
selected from the most common in the study area:

• Strategy 1 (IDD): Irrigation every day of the month [22]. This simulation is intended
to reflect irrigation installations with no time or water availability constraints during
the irrigation period (March–September), where water use is always operating at
maximum efficiency.

• Strategy 2 (ID20): Irrigation 20 days per month. These are installations with temporal
or water availability limitations (approximately 30%). This strategy is similar to IDD,
but leaving weekends free, similar to a conventional working calendar [38]. Given the
organization of irrigation systems, it may be interesting to evaluate irrigation sched-
ules with time constraints on irrigation due to working conditions (e.g., excluding
weekends) or energy conditions (e.g., different electricity prices depending on the
day of the week). From this perspective, irrigation schedules with the limitation of a
maximum system use of 20 days per month are analyzed.

• Strategy 3 (RDI): Regulated deficit irrigation. These installations do not have water
available for a specific period of time, which coincides with the summer shutdown
period of olive groves. There are different studies of deficit irrigation strategies
in different crops [39], as well as for olives, in which important irrigation cuts are
proposed, both in traditional olive groves [40] and in intensive or superintensive olive
groves [13–41]. In the study area, in practice, these cuts are established in the period
between July and August. The application of irrigation under moderate water-stress
conditions produces an increase in both olive oil quality and accumulation rate [42,43].
In this particular case study, the month of August was established as without irrigation.

https://www.juntadeandalucia.es/agriculturaypesca/ifapa/servifapa/recomendador-olivar
https://www.juntadeandalucia.es/agriculturaypesca/ifapa/servifapa/recomendador-olivar
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3. Results

The results obtained are presented in Figure 5.
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Figure 5. Patterns of the soil water reserves in three strategies: daily irrigation (a1,b1,c1), irrigation
20 days per month (a2,b2,c2), and no irrigation in August (a3,b3,c3), under maximum (a1-a2-a3),
average (b1-b2-b3), and minimum rainfall conditions (c1-c2-c3). Solid line, 1-sector strategy; long
dashed line, 2-sector strategy; dashed line, 3-sector strategy. Bars with a square pattern represent
effective rainfall; solid bars represent irrigation in the 1-sector strategy; clear bars represent irrigation
in the 2-sector strategy; white bars represent irrigation in the 3-sector strategy. The horizontal x-axis
(or abscissa axis) represents variations in the soil water reserves during the period of the irrigation
campaign. The vertical y-axis (or ordinate axis) represents rainfall and irrigation.

3.1. Strategy 1: Deficit Irrigation Schedule from March to September, Irrigation Every Day of the
Month (IDD)

Figure 5(a1–c1) show the pattern of soil water reserve considering three different
scenarios of rainfall and three flows. In rainy seasons (Figure 5(a1)), water reserves were
depleted from July to August in the 50% strategy, and from July to September in the 33%
strategy. No water stress was estimated in the 100% strategy. The amount of applied water
also varied between these strategies (Table 2): 33% used 161.2 mm, whereas 100% consumed
305.09 mm. The 50% strategy presented an intermediate amount: 212 mm. The time of
irrigation also changed, but in a contrasting manner: from 3182 h per year (33%) to 2013 h
per year in 100%, with an intermediate value of 2790 irrigation hours in the 50% regime.
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Table 2. Summary of applied water (AW, mm), seasonal time of irrigation (TI, hours), and water
reserves (WR, mm) in the three rainfall conditions (rainy, average, and dry season), with the three
irrigation schedules (daily, 20 days per month, and no irrigation in August (RDI)) in the three flow
strategies.

IDD ID20 RDI

100% 50% 33% 100% 50% 33% 100% 50% 33%

AW 305.9 212.0 161.2 262.2 157.7 107.4 284.1 182.6 129.7
Rain TI 2013 2790 3182 1725 2075 2119 1869 2403 2560

WR 899.1 863.7 850.6 902.7 848.3 818.1 1051.8 899.1 850.6

AW 397.3 316.7 217.5 370.5 210.9 142.3 377.7 266.8 186.0
Aver TI 2614 4168 4293 2438 2775 2809 2485 3510 3671

WR 900.1 727.0 587.6 800.1 580.5 511.1 908.2 718.4 587.6

AW 497.5 325.3 217.5 412.3 212.8 142.3 472.9 278.2 186.0
Dry TI 3273 4280 4293 2713 2800 2809 3111 3660 3671

WR 674.6 279.0 191.9 403.9 189.6 159.4 715.6 279.0 191.9

AW: Applied Water, TI: Irrigation Time, WR: Soil Water Reserve.

For the average rainfall situation (Figure 5(b1)), there was no water-stress period
when 100% was used. In 50% and 33% irrigations, the depletion of the soil water reserves
occurred at the same time (July), although in the first case, it lasted two months, and in the
second case, it extended until the end of the irrigation season. As for the amount of water
applied, the results were 397.3 mm for 100%, 316.7 mm for 50%, and 217.5 mm for 33%.
Regarding the irrigation time, the results were higher as the flows increased; thus, for 100%
it was 2614 h, for 50% it was 4168 h, and for 33% it was 4293 h.

Finally, in the most limiting season (Figure 5(c1)), i.e., the minimum rainfall scenario,
no water-stress period was estimated for 100%, but in the other scenarios, these periods
increased. The 50% strategy would present a period of water stress from June to September,
whereas the 33% strategy would present even greater stress, with soil water depleted
from May to September. Water consumption would clearly increase (Table 2): in the 100%,
it would be 497.5 mm; in the 50% strategy, it would be 325.3 mm; and in the 33% strategy,
it would be 217.5 mm. Seasonal irrigation time would also increase in all strategies: 3273 h
in 100%, and even more time in the 50% (4280 h) and 33% (4293 h) regimes.

3.2. Strategy 2: Deficit Irrigation Schedule from March to September Irrigation in 20 Days of the
Month (ID20)

Figure 5(a2–c2) show results for this scheduling strategy considering three rainfall
scenarios. The maximum rainfall scenario (Figure 5(a2)) presented a water-stress period in
all strategies and flows. In the 100% strategy, water stress was estimated only in August.
However, in the 50% and 33% strategies, these periods were longer in both, i.e., from July
to September. The amount of applied water changed from 262.2 mm in the 100% scheme
to 107.4 mm in the 33% scheme, which represents a considerable reduction of more than
50%. (Table 2). The 50% strategy was intermediate, with an estimated amount of applied
water of 157.7 mm. The irrigation time was maximized in the 33% strategy, at 2119 h per
season, and minimized in the 100% strategy (1725 h). The 50% strategy was intermediate,
but closer to the maximum value, requiring 2075 h.

The average rainfall season presented the same results as the rainy season regarding
the period of water stress (Figure 5(b2)). However, the reduction in rainfall of an aver-
age season in comparison to a rainy season increased the applied water by around 40%
(370.5 mm in the 100% flow strategy, to 210.9 mm in the 50% strategy, and to 142.3 mm in
the 33% strategy (Table 2)). The increase in the irrigation time was smaller between the
rainy and average rainfall seasons (around 30%), with a maximum (2809 h) in the 33%
strategy and minimum (2438 h) in the 100% strategy (the 50% strategy was estimated at
2775 h).
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Finally, the minimum rainfall scenario clearly changed the results in comparison with
the two presented above (Figure 5(c2)). All flow strategies presented water-stress periods;
for the 100% strategy it was only from July to August, but for the 50% and 33% strategies,
it was from May to September. This decrease in rainfall would increase water consumption
in all flow schemes, with maximum values in the 100% strategy (412.3 mm) and minimum
of 33% (142.3 mm), with an intermediate value in 50% (212.8 mm). In addition, time of irri-
gation also increased until 2809 h in 33%, very near to 50% strategy (2800 h), with minimum
values in 100% (2713 h).

3.3. Strategy 3: Deficit Irrigation Program from March to September with Controlled Irrigation in
August (RDI)

Figure 5(a3–c3) show data when the strategy of no irrigation during August is consid-
ered. During the rainy season (Figure 5(a3)), all flow strategies presented a water-stress
period. In the 100% scheme, water stress was estimated to only occur in August, but in
the other two, the period was wider: from July to September in the 33% strategy but from
July to August in the 50% strategy. In such conditions, the most water was applied in the
100% strategy with 284.1 mm, and minimum in the 33% strategy with 129.7 mm, with an
intermediate value in the 50% strategy with 182.6 mm (Table 2). The times of irrigation
were estimated to be 1869 h (100%), 2403 h (50%), and 2560 h (33%).

In the average rainy season (Figure 5(b3)), the stress period was longer in the 33%
strategy (three months) than in the 50% (2 months) and 100% strategies (1 month); however,
in the 100% regime, it occurred during the month of August, whereas in the 50% and 33%
strategies, it began in July. The overall results were decreases in flows, decreases in water
applied, and increases in irrigation time. The 100% strategy presented an applied water of
377.8 mm, and the 50% and 33% strategies were 266.8 mm and 186 mm, respectively. On the
other hand, the irrigation time varied from 2485 h (100%) to 3671 h (33%), presenting an
intermediate value of 3510 h (50%).

Finally, under minimum rainfall conditions (Figure 5(c3)), the periods of water stress
increased in all strategies. These were from June to September in the 50% strategy and from
May to September in the 33% strategy. Only in the 100% strategy did the water-stress period
not increase, and was estimated to occur only during the month of August. The amount of
applied water clearly increased: with 472.9 mm in the 100% strategy, 278.2 mm in the 50%
strategy, and 186 mm in the 33% strategy. This level of applied water produced an increase
in irrigation time of 3111 h in the 100% strategy, 3660 h in the 50% strategy, and 3671 h in
the 33% strategy.

4. Discussion

Results of the different scenarios presented a wide range of water consumption and
water-stress periods, which could affect the profits for olive farms. Farmers in most
of the considered scenarios would manage deficit irrigation scheduling because of the
considerable limitations in the availability of water, in terms of application time and
amount (Figure 5). The selection of an irrigation strategy has to mainly consider two factors:
when this water-stress period would occur, and the amount of applied water used [44].
Expected yields would be greatly changed according to the timing of these water-stress
periods. The earliest water stress was estimated in May for the minimum rainfall scenario
in the 33% strategy in all irrigation scheduling (Figure 5), and in the 50% strategy when
ID20 scheduling was modeled (Figure 5(c2)). May is the standard date of full bloom in this
zone. Several studies have described this phenological period as being the most drought-
sensitive in olives [13–47]. These conditions are very uncommon in the Mediterranean
basin, and for this reason, olive is generally a rainfed fruit crop, although climate change
could increase the number of seasons when this occurs [48]. Therefore, the 33% strategy is
the least sustainable because water resources would be wasted in the most limiting rainfall
scenarios, and even small differences with unirrigated conditions would be expected.
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Several considered scenarios could delay the water-stress period after full bloom
and thus avoid the greatest reduction in yield. This is the case of the minimum rainfall
conditions in the 50% strategy with daily irrigation and RDI scheduling (Figure 5(c1–c3)).
The long pit hardening period is considered to be the most drought-resistant period in
olive trees [49,50]. It is common to suggest 49–56 days after full flowering as the most likely
date for the onset of this period [51], which, for the study area, could be estimated to start
around the beginning of July. Then, in June, water stress likely occurs during endocarp
growth. In this phenological stage, yield reductions have been estimated at around 20% in
moderate water-stress levels [41–52]. However, severe water-stress levels could even affect
the next season’s yield [53–55]. Therefore, such strategies could be suitable if they were to
ensure a considerable reduction in the amount of water applied, and olive farmers could
assume this significant reduction in yield. A period of water stress after pit hardening, likely
around July in this zone, would reduce the effect on yield. Severe water-stress levels in mid-
summer did not significantly affect the yield in several other irrigation studies, although
the trends were similar to a previous investigation which presented a yield reduction of
20%. However, these results were obtained in denser olive orchards; lower levels of water
stress would be expected in traditional orchards. In moderate water-stress conditions,
yield reductions would be almost null, even more if autumn rainfall is expected before
harvest [13–53]. Moreover, oil accumulation may not be affected by water stress during
this period [56]. Although other studies suggest that, before harvest, oil accumulation
could be reduced due to moderate water stress [55], such conditions could be reduced
for autumn rains. Thus, all irrigation scheduling in the 100% scenario would be suitable,
as would the 50% scenario if no minimum rainfall conditions occurred. This discussion is
focused on olives destined for the oil mill because they can recover with the autumn rains,
but not for table olives, because the size of the fruit is very sensitive to water stress and is
very important in this method of production [15]. Finally, the quality of oil would be also
affected and would permit a differential product, increasing antioxidant products [11].

Water availability changes strongly between olive orchards, and even between seasons,
because severe restrictions could be applied during drought periods. In Spain, the maxi-
mum amount of seasonal irrigation is limiting, and the common availability of water in
olive orchards is 150 mm [57]. This amount of water applied is much smaller than that esti-
mated in all 100% and 50% scenarios (Table 2). This result suggests that the sustainability of
irrigation in traditional olive farms is very limiting if additional precise irrigation schedules
are not considered. In these conditions of very low water availability, the risk of negli-
gent profit improvements in comparison to olive groves without irrigation is very likely.
In relation to this, no significant differences have been found in a traditional “Cornicabra”
olive grove at a distance of 12 × 12 m with more restrictive water quantities than in the
present study (75 mm) and reaching significantly higher water-stress levels than irrigation
with 100% ETc. during stone hardening [14]. Thus, this amount of water could be used
to secure optimum or near-optimum water status in the most limiting phenological stage
(i.e., full bloom), and not for a sustainable irrigation deficit. In such conditions, accurate
determination of the water status is vital [58].

5. Conclusions

Irrigation sustainability in traditional olive orchards has to consider several aspects to
ensure an efficient water management regime. Conservation of water resources is the most
important factor, although the use of water to improve olive farmers’ profits should also be
considered. The current study demonstrates that the most common irrigation strategy in
one of the most important traditional olive production zones around the world is not suit-
able. The 33% strategy presented the longest period of water stress and, most importantly,
it occurred in the most critical phenological stages, when there was minimum rainfall. Thus,
adapting the currently available water resources to a sustainable deficit irrigation in which
the reduced rainfall scenario could strongly reduce yield is a waste of water and a waste
of farmers’ money. This suggests that traditional olive orchards have to change to 100%



Agronomy 2022, 12, 64 13 of 15

or 50% strategies. According to the lowest water needs, 50% is likely the most interesting
strategy. In this scenario, water stress would be delayed until noncritical phenological
stages. However, these strategies suppose a great increase in applied water, which may
not be sustainable, mainly in the minimum rainfall scenario. In these conditions, the 50%
strategies could be considered an accurate, concentrated irrigation schedule which at least
ensures near-optimum conditions in the most sensitive phenological stages.
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