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Abstract
When considering deficit irrigation, the most resistant period to water stress in olive crops is during the pit hardening. 
However, the determination of this period and the impact that water stress has on its onset or duration have not been clearly 
established. The aim of this work is to describe the impact of water stress on three processes that determine fruit development: 
fruit growth, endocarp hardening, and oil accumulation. This experiment was conducted between 2021 and 2022, in a plot 
with olive trees that were 3 years old at the beginning of the experiment. The young trees were of cv Manzanilla de Sevilla 
and were planted in a 4 × 1.5 m frame. The treatments were: Control, irrigated close to what is considered the optimum level 
in which the water status of the crop ensures the absence of water stress; RDI, with a moderate stress during the pit hardening 
stage; Rainfed and Traditional Rainfed. This latter was included only in 2022 using a 7 × 5 m frame. Traditional Rainfed was 
included to compare with Rainfed, these were similar in the maximum level of water stress but not in the duration. The fruit 
growth, oil accumulation, and endocarp hardness were measured for a period of 2 years. The hardness curves fit accurately 
established Period II which was the one with the fast hardness increases. The water potential was measured periodically on 
leaves at midday, whereby the minimum and average potential and the stress integral were obtained for each of the periods 
indicated before using pit hardness measurements. The results suggest that endocarp hardening was the process most resistant 
to water stress, as it showed very little variation from the seasonal pattern, despite the high levels of stress achieved. The fruit 
growth process was the most sensitive to water stress, but the recovery was fast in conditions of moderate water stress level. 
The oil accumulation started slowly during Period II, but its rate increased at the end of the period. This later process was 
moderately resistant to water stress. However, although the accumulation rate was faster during Period III, it was influenced 
by the water status during Period II. Cumulative water stress was related with fruit growth and oil accumulation processes. 
Endocarp development could be useful for determining a/the deficit irrigation period because of its almost constant pat-
tern. These periods would permit water management optimization according to final use of the fruit (oil or table). However, 
continuous monitoring of water stress would be needed.
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Introduction

Water is becoming an increasingly limited resource due to 
reduced meteorological precipitation and rising tempera-
tures, which results in greater demand and a surge in non-
agricultural uses (Lorite et al. 2022). For these reasons, 
farmers are forced to use deficit irrigation scheduling. The 
aim of regulated deficit irrigation (RDI) is to impose water 
stress at times where the impact on the yield is very small 
or inconsequential (Chalmers and Wilson 1978). Irrigation 
scheduling may cause a yield reduction when implemented 
without taking into account the phenological stage (e.g., 
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peach, Girona et al. 2012) or the water stress level imposed 
(e.g., olive, Goldhamer 1999).

Olive (Olea europaea L.) trees have a high resistance 
to water stress (Díaz-Espejo et al. 2018), and their endo-
carp hardening period is considered the time where such 
stress has the lowest impact on the final yield (Goldhamer 
1999). Nevertheless, the final result of water stress on the 
yield depends on the point in time in which it is applied, as 
well as on its intensity and duration (Hsiao 1990). For olive 
trees, this is even more complex because the production may 
be intended for different uses, such as table olives, where 
the most important parameter is fruit size, or oil produc-
tion. This involves diverse irrigation strategies, since the 
sensitivity of the affected processes is also different. The 
fruit growth process is the most sensitive (Martin-Palomo 
et al. 2020), and excessively harsh water stress conditions 
(Goldhamer 1999) or insufficient rehydrations (Corell et al. 
2020) may result in a yield loss. Conversely, oil accumula-
tion is a more resistant process, and it has even been reported 
as being minimally affected by water stress (Navas-Lopez 
et al. 2019; López-Bernal et al. 2021). However, some stud-
ies indicated that there was indeed some sensitivity in oil-
producing crops (Fernández et al. 2013; Ahumada-Orellana 
et al. 2017; Corell et al. 2022).

Therefore, RDI studies with olive trees tend to use endo-
carp/pit hardening as a reference, although few actually 
made measurements to estimate this period, considering 
fixed dates to establish the water stress application instead 
(e.g., Goldhamer 1999; Moriana et al. 2003). On occasion, 
this phenological stage has been described as the time when 
it is not possible to “cut the fruit with a knife” (e.g., Garcia-
Inza et al. 2014). But this type of measurement indicates 
the end of the hardening stage, not its beginning, and this 
is a serious simplification. Rapoport et al. (2004) described 
the endocarp hardening period as the gradual appearance 
of sclereids that start at the time of pollination. Rapoport 
et al. (2013) used three different periods to describe the 
evolution of the endocarp hardening. The sclerification pro-
cess is initially very slow (Period I), but the rate increases 
once the endocarp reaches its maximum size (Period II), 
until reaching its maximum hardness (Period III) (Rapo-
port et al. 2013). Consequently, Period II of fast hardness 
growth would be the stage with the greatest resistance to 
water stress.

Recently, Sánchez-Piñero et al. (2022) monitored hard-
ness in different campaigns of different cultivars, in differ-
ent locations and in the absence of water stress and reached 
the conclusion that the beginning of Period II takes place 
49 days after full bloom. This duration was similar to that 
suggested by Rapoport et  al. (2013) for the Cornicabra 
cultivar and it could be considered a constant for the spe-
cies. However, the duration of Period II was variable and 
dependent on the temperature and the cultivar considered 

(Sánchez-Piñero et al. 2022). This period was the most 
common to suggest irrigation restrictions (i.e., Goldhamer 
1999). Therefore, if the length changed, water stress could 
be applied in the most sensitive times of fruit development 
(such as oil accumulation). In addition, the changes in the 
pattern of Period II could also be affected by water stress. If 
the duration of these periods was modified, the real impact 
of RDI strategies would be uncertain. Hammani et al. (2013) 
suggested that the beginning of Period II would be moved 
forward under water stress conditions, while Rapoport et al. 
(2004) indicate the opposite.

The impact of water stress on yield has multi-year com-
ponents (shoot growth) as well as others within the same 
year (fruit size, oil amount). These latter processes would 
be affected at the time when water stress is applied. Because 
endocarp development was not commonly described, the real 
effect of water stress on these yield components is unknown. 
The aim of this work was to determine the impact of water 
stress on the different processes taking place in the fruit 
(endocarp formation, fruit growth, and oil accumulation), 
and accurately measured the pit hardening changes to estab-
lish three development periods. In addition, the water stress 
impact was assessed considering point thresholds (maximum 
stress values) or cumulative thresholds (water stress dura-
tion and intensity). The description of these responses will 
permit the identification of possible limitations in the use 
of pit hardening as a reference in deficit irrigations and the 
response of this yield component to water stress.

Materials and methods

Site description and experiment design

The experiment was conducted during the years 2021 and 
2022 in an experimental plot at the farm “La Hampa”, in 
Coria del Río (Seville, Spain, 37º 17’N, 6º 3’W, 30 m). The 
cultivar used was “Manzanilla de Sevilla,” and the trees were 
3 years old at the beginning of the experiment, planted at a 
distance of 4 × 1.5 m. The first harvest took place during 
the 2020 campaign and the yield was 800 kg ha−1. The soil 
depth was variable but always deeper than 1 m and had a 
sandy-loam composition. The irrigation water came from a 
well located on the farm, and it was pumped to a dam before 
it entered the irrigation system. The mineral composition of 
the water was adequate for olive irrigation (pH 8.3; 2.37 dS 
m−1; 73 mg l−1 Ca; 101 mg l−1 Mg; 225 mg l−1 Na).

Climate data were collected from the weather station at 
“La Puebla del Rio” (SIAR 2023). This station belongs to 
the Andalusian network and is located 6 km away from the 
site. Figure 1 shows the reference evapotranspiration (ETo) 
and rainfall during the experiment. The seasonal patterns 
for both variables are typical for a Mediterranean climate in 
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which rains fall mainly in winter and spring and summer is 
very dry (Fig. 1).

ETo values reached their peak from the end of spring to 
the beginning of autumn, standing above 5 mm day−1 on 
some days. During the period of the experiment, the average 
measured ETo was above this value. The amount of sea-
sonal rainfall during both years was below the average for 
the area in the last decade (534 mm (AEMET 2023)), and it 
was approximately 355 mm, 65% of the long-term average. 
There was an almost complete absence of rainfall during 
the experiment period in both years, which is frequent in 
the area. The below-average rainfall meant that the period 
immediately before flowering was drier than usual, particu-
larly in 2021 (Fig. 1).

The experiment design consisted of randomized plots 
with three repetitions per treatment. Each experimental plot 
included 5 rows of 13 trees each, and the 3 central rows were 
used for the measurements. The irrigation system consisted 
of a simple line of drips of 2.2 l h−1 at a distance of 0.5 m. 
Irrigation treatments started in 2020 and were based on the 
combination of the water stress application time point and 
intensity. The irrigated season was divided in three different 
phenological stages in which pit hardening was the main ref-
erence. Before and after pit hardening periods were consid-
ered as sensitive to water stress in relation to yield respond. 
The former included the main period of vegetative growth, 
full bloom, and fruit set. The latter occurred in a few weeks 
before harvest in this table cultivar green style preparation 
and included the rehydration period in deficit irrigation man-
agement. The start of pit hardening was estimated, according 
to Rapoport et al. (2013), when the rate of olive longitudinal 
growth started decreasing. The end of this period, in both 

years, was a fixed date on the third week of August. The 
irrigation treatments were:

•	 Control. Irrigation scheduling based on the midday stem 
water potential (SWP) measurements and the estimated 
evapotranspiration of the crop (ETc). ETc was calculated 
using the FAO methodology, with a crop coefficient (Kc) 
of 0.55 and a reduction coefficient (Kr) of 0.7 in 2021 and 
1 in 2022. In 2021, the intention was to optimize vegeta-
tive growth to achieve maximum yield in the shortest 
time possible. To that end, the applied water was 100% 
ETc, except when SWP measurements were more nega-
tive than −1.0 MPa, when they were increased to 175%. 
In 2021, the yield obtained from irrigated treatments 
was similar to that from an adult plot (approximately 
10,000 kg.ha−1), so in 2022, the irrigation scheduling 
was modified to prevent an excess of vigor. During the 
second year, the increase in applied water during the pit 
hardening period was only made when SWP was 0.5 MPa 
more negative than the baseline established by Corell 
et al. (2016). This strategy meant that the total amount of 
water applied was 772 mm in 2021 and 727 mm in 2022.

•	 Regulated deficit irrigation (RDI). Irrigation schedul-
ing was also based on SWP measurements, but different 
thresholds were taken into account in both years accord-
ing to the phenological stage. In 2021, the SWP thresh-
old values were those estimated using the baseline from 
Corell et al. (2016), except during pit hardening, when 
the threshold was fixed at −2.0 MPa for the entire period. 
In 2022, the SWP threshold was obtained from the base-
line by Corell et al. (2016) minus 0.5 MPa, except during 
the hardening period, when the differential was increased 
up to 1.5 MPa. The applied water varied based on the dif-

Fig. 1   Seasonal pattern of refer-
ence evapotranspiration (ETo) 
and rain during the two seasons 
of the experiment. Source: “La 
Puebla del Rio” station (SIAR 
2023). Vertical lines limited the 
experimental period. Arrows 
marked the full bloom date
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ference between the SWP measured and the threshold at 
any given time. When the SWP was more negative than 
the threshold, irrigation started with 1 mm day−1, then 
increased to 2, 3, and 4 mm day−1 when the differential 
was higher than 10, 20, or 30%, respectively. This sched-
uling meant that the total amount of water applied was 
334 mm in 2021 and 200 mm in 2022.

•	 Rainfed. The treatment was not irrigated in June 2020 
and received 45 mm of complementary irrigation in Sep-
tember of that year. In 2021 and 2022, no irrigation was 
provided at all.

•	 Traditional Rainfed. In 2022, a Traditional Rainfed 
plot with the same cultivar in a 7 × 5 m plantation and 
24 years of age at the beginning of the trial was assessed. 
The water stress in this treatment was shorter but similar 
in water stress level than the previous one. This permitted 
a comparison in the effect of the duration.

The fruits yield in both years showed a very marked 
alternate bearing pattern. In 2021, the irrigation treatments 
produced an average yield close to 10,000 kg ha−1, while 
in 2022, the yield was between 500 and 1000 kg ha−1 in 
all treatments, except for Traditional Rainfed, which was 
approximately 2500 kg ha−1.

Measurement description

The endocarp development was monitored using weekly 
measurements of pit hardness. Two weeks after full bloom, 
random samples were taken from ten fruits per repetition 
of each treatment. The breaking pressure was determined 
using a device similar to that described in Rapoport et al. 
(2013). In short, this equipment allows using manual pres-
sure to convert it into the vertical movement of a probe with 
a 2 mm diameter tip. This tip is connected to a load cell that 
allows for measuring the force applied. The load cell elec-
trical signal was sent to a data receiver (Model KUSB 318, 
Keithley Instruments Inc., Cleveland, OH, USA) connected 
to a computer where data were stored. Data collected during 
treatment were adjusted to a sigmoid equation:

where PBP is the pit-breaking pressure, a is the range from 
the minimum to the maximum PBD, b is the slope of the 
inflection point, c is the date when the inflection point 
occurs, d is the minimum PBD and DAFB are the days after 
full bloom.

Adjusting this equation allowed for the definition of the 
three development periods described by Rapoport et al. 
(2013): Period I, slow hardness increase; Period II, fast 
growth; and Period III, maximum hardness values. To 
determine the beginning of these periods for each of the 

(1)PBP =
a

1 + e−b(DAFB−c)
+ d

samples obtained, Eq. 1 was adjusted for each repetition, 
so the starting and end dates of Period II were established 
when the equation estimated that 10% and 95% of hardness 
were reached, respectively.

Determining the amount of oil in the fruit was done by 
randomly sampling ten olives per repetition on the same 
date of endocarp development sampling. Fresh and dry 
weights were determined after reaching constant weight 
in an oven at 65 ºC. The determination of the oil con-
tent was done using a sample from ten dried fruits and 
a nuclear magnetic resonance spectroscopy (NMR, Min-
ispec, Bruker, Massachusetts, USA). The amount of oil per 
fruit was determined by multiplying the dry weight by the 
percentage of oil obtained.

The olive size was determined weekly using ten fruits 
per treatment, selected randomly. These fruits were meas-
ured while still on the trees by taking the length and width 
in the middle area to calculate the volume.

The water status of the trees was estimated through a 
SWP measurement per repetition. The SWP was measured 
on fully expanded leaves that were covered at least 2 h 
before taking the measurement using a pressure chamber 
(Model 1000, PMS, USA). SWP data were analyzed to 
obtain three indicators in different phenological stages: 
minimum SWP, average SWP, and stress integral (SI). 
The SI was estimated using the modified Myers formula 
(1988), where the maximum value was different on each 
date using the one estimated with the baseline from Corell 
et al. (2016):

where SI is the stress integral, SWP is the midday stem water 
potential, BL is the value estimated on the baseline, and n is 
the number of days.

The periods where these indicators were calculated 
included pre-flowering, Period I, II, and III of endocarp 
development, according to the estimations based on the 
hardness measurements.

Statistical analysis

The statistical analysis was conducted with ANOVA and a 
separation of means (Tukey test) using the Statistic (SX, v 
8.0) program. Significant differences with a p level <0.05 
were considered in both tests. The assessment of the water 
stress effect on some parameters was done by obtaining 
the linear regression between them and the indicators 
calculated for each period. Multivariate analyses were 
conducted, and different indicators and/or periods were 
included; however, they did not improve simple fits. Sig-
moid parameters were estimated with nonlinear regression 

(2)SI = |Σ(SWP − (BL)) ∗ n|
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tools with the package “nls2” in R environment (R Core 
team 2013).

Results

Endocarp development and water status

Pit hardening followed a sigmoid pattern in all treatments, 
both in the 2021 season (Fig. 2a) and in the 2022 season 

Fig. 2   Seasonal pattern of 
pit-breaking pressure curve dur-
ing the 2021 (a) and 2022 (b) 
seasons. Blue circle: Control; 
green triangle: RDI; red square: 
Rainfed; yellow diamond: Tra-
ditional Rainfed (colour figure 
online)
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(Fig. 2b), due to a variation of the pit hardening rate, which 
remained constant during an initial period (Period I), then 
started a fast increase (Period II), and ended when the maxi-
mum value was reached (Period III).

Afterward, it remained constant for the rest of the fruit’s 
growth and ripening. The pattern change was the same for 
all treatments, except the Rainfed one in 2022 (Fig. 2b). 
This treatment showed maximum seasonal values that were 
almost constant from day of year (DOY) 190 and clearly 
below the others. Table 1 shows the parameters for the indi-
vidual fits of the sigmoid equation for these pit hardening 
curves.

In 2021, there were no significant differences in any of 
these parameters for the different treatments. The num-
ber of days until half the maximum hardness is achieved 
(Table 1, parameter c) was very similar, approximately 
71 days from full bloom. The hardening rate during Period 
II (Table 1, parameter b) was also similar at approximately 
0.13 MPa day−1, with maximum hardness (Table 1, a + d) 
at around 165 MPa. Conversely, the Rainfed treatment dis-
played a maximum hardness, which was significantly lower 
(108.4 MPa) than the rest in 2022. Even if the rest of the 
parameters did not show any important variations, the pit 
hardening rate (b) tended to have higher values than the rest, 
and the date when 50% of the hardening value was reached 
(c) tended to have lower values in the Rainfed treatment. The 
RDI treatment in 2022 also tended to have values suggesting 
a faster hardening curve (steeper slope (b), fewer days (c)) 
and lower hardness (a + d) than the rest, although the dif-
ferences were much smaller than those seen in the Rainfed 
treatment (Table 1).

The curve fits in Fig. 2 and Table 1, together with the 
bloom date, allowed for estimating the duration of endocarp 
development Periods I and II (Table 2).

In 2021, full bloom occurred on DOY 107 in all treat-
ments, whereas in 2022, this took place on DOY 111 in the 

Rainfed and Traditional Rainfed treatments, and on DOY 
118 in Control and RDI treatments. The duration of Periods 
I and II in the 2021 season was similar for all treatments, 
and the differences were not significant, as they were never 
longer than 2 days. Conversely, the duration of Period I in 
2022 for the Rainfed treatment was considerably shorter than 
the rest, and the difference was more than 10 days. However, 
in the Traditional Rainfed treatment, this Period was of a 
similar duration than in RDI and Control and ended signifi-
cantly earlier than Rainfed. Even though there were no dif-
ferences in the duration of Period II this year, RDI tended to 
have lower values than the rest, with 6–8 days of difference 
vs. Control and the two Rainfed treatments.

The data in Fig. 2 and Table 2 allowed for the establish-
ment of four different periods according to the endocarp 

Table 1   Parameters 
(average ± standard error) of the 
fit adjusted in the individual pit-
breaking pressure curves

Sigmoid equations for modeling the pit-breaking pressure (PBP) according to the equation PBP. Each data 
is the average of three plots. Different letters in the same column indicate significant differences (Tukey 
test, p < 0.05)
* a, maximum pit breaking; b, rate of increase of pit breaking; c, days after full bloom for 50% hardening; d, 
minimum pit-breaking pressure

a* (MPa) b (MPa days−1) c (days) d (MPa) a + d (MPa)

2021
 Control 156.1 ± 2.6 0.13 ± 0.01 70.7 ± 0.4 9.8 ± 0.4 165.9 ± 2.3
 RDI 159.7 ± 0.3 0.12 ± 0.00 71.4 ± 1.0 9.4 ± 0.5 169.1 ± 0.3
 Rainfed 150.4 ± 6.3 0.12 ± 0.01 71.6 ± 0.4 9.9 ± 0.9 160.3 ± 5.4

2022
 Control 172.7 ± 3.6 a 0.11 ± 0.00 67.9 ± 0.7 1.6 ± 0.4 a 174.3 ± 3.4 a
 RDI 158.6 ± 4.9 a 0.13 ± 0.01 67.2 ± 1.2 3.9 ± 1.2 a 162.5 ± 4.1 a
 Rainfed 99.8 ± 3.0 b 0.14 ± 0.02 66.4 ± 3.2 8.6 ± 0.8 b 108.4 ± 3.6 b
 Tr Rainfed 170.4 ± 4. 7 a 0.10 ± 0.00 68.6 ± 0.6 1.1 ± 0.6 a 171.5 ± 4.3 a

Table 2   Characterization of Period I and II of endocarp development 
in the different treatments (average ± standard error, n = 3)

Different letters in the same column mean significant differences 
(Turkey test; p < 0.05)
* Flower, DOY of full bloom; start P2, DOY of the beginning of 
Period II of endocarp development; end P2, DOY of the end of 
Period II

Flower* Start P2 End P2 Length 
P1

Length P2

2021
 Control 107 153 ± 1.6 201 ± 2.0 46 ± 1.5 48 ± 3.3
 RDI 107 153 ± 0.9 203 ± 1.3 46 ± 0.9 50 ± 0.6
 Rainfed 107 153 ± 0.2 202 ± 2.2 46 ± 0.3 49 ± 2.4

2022
 Control 118 165 ± 0.5 a 213 ± 1.4 47 ± 0.6a 48 ± 0.6
 RDI 118 166 ± 1.7 a 208 ± 1.8 48 ± 1.7a 42 ± 1.7
 Rainfed 111 149 ± 1.4 c 199 ± 6.7 38 ± 1.5b 50 ± 1.5
 Tr Rain-

fed
111 158 ± 0.2 b 208 ± 1.6 47 ± 0.3a 50 ± 0.3
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development. The water stress indicators for these periods 
changed throughout the season (Table 3). Measurements 
during the 2021 pre-flowering period were scarce, and only 
one was completed due to rainfall (Fig. 1). During Period 
I, meaningful differences were found between Rainfed and 
Control only in the SI, although the most negative values 
for the other indicators were also found in this treatment. 
On the other hand, the minimum potential (Min-SWP) in 
Period II was considerably lower in the Rainfed treatment 
than in the rest. Despite the lack of important differences in 
the rest of the indicators during this period, the values sug-
gest a very severe stress level in Rainfed vs. Control. For 
both periods, RDI was an intermediate treatment, without 
major differences, although with a clear trend toward higher 
water stress values than Control. Conversely, all indicators 
showed important differences during Period III. The Rainfed 
treatment was markedly more stressed than the other two, 
with values suggesting very severe water stress. Neverthe-
less, only the SI values could be used to differentiate the 
three treatment levels during this period. The RDI treatment 

values were similar during Periods II and III, with the differ-
ential increasing in all indicators vs. Control during Period 
III. The way RDI irrigation scheduling was managed, taking 
into account a fixed date for rehydration, resulted in the most 
severe stress conditions for this treatment occurring at the 
beginning of Period III.

The data for water stress indicators in 2022, on the other 
hand, showed meaningful differences during all endocarp 
development periods, but not during pre-flowering (Table 3). 
During pre-flowering, both RDI and Rainfed showed a trend 
toward worse indicators, particularly the SI, that was almost 
double, and in Min-SWP, that clearly dropped in Rainfed. 
Traditional Rainfed was similar to Control due to the lower 
density of trees. Period I showed important differences in 
the SI and Av-SWP, with the RDI treatment being more 
stressed than Control. Values for both Rainfed treatments 
were statistically in the middle, although they were closer to 
RDI and showed values twofold those of Control. This trend 
was also noticed in Min-SWP, but with no significant differ-
ences. The stress level during this Period I was higher than 

Table 3   Water status indicators during periods pre-flowering, I, II and III of endocarp development (average ± standard error, n = 3) in 2021 and 
2022 seasons

Different letters in the same row mean significant differences (Turkey test; p < 0.05)
* Av-SWP, average midday stem water potential; Min-SWP, minimum midday stem water potential

2021 Control RDI Rainfed

Stress integral pre 6.2 ± 2.4 13.6 ± 4.3 5.8 ± 2.0
Av-SWP pre*
Min-SWP pre −1.12 ± 0.27 −1.27 ± 0.07 −1.10 ± 0.09
Stress integral PI 2.9 ± 1.6 a 6.8 ± 1.8 ab 16.3 ± 3.2 b
Av-SWP PI −0.96 ± 0.06 −1.11 ± 0.06 −1.22 ± 0.05
Min-SWP PI −1.25 ± 0.12 −1.6 ± 0.10 −1.72 ± 0.16
Stress integral PII 15.8 ± 0.6 36.5 ± 2.8 104.2 ± 21.8
Av-SWP PII −1.55 ± 0.00 −1.90 ± 0.06 −3.18 ± 0.38
Min-SWP PII −1.97 ± 0.02 a −2.58 ± 0.16 a −4.8 ± 0.31 b
Stress integral PIII 7.7 ± 1.5 c 40.7 ± 7.1 b 209.8 ± 7.0 a
Av-SWP PIII −1.27 ± 0.03 a −1.93 ± 0.11 a −5.05 ± 0.13 b
Min-SWP PIII −1.73 ± 0.13 a −2.83 ± 0.14 a −5.75 ± 0.03 b

2022 Control RDI Rainfed Tr Rainfed

Stress integral pre 7.1 ± 2.1 14.3 ± 2.2 14.4 ± 4.9 5.2 ± 1.4
Av-SWP pre −0.84 ± 0.04 −0.92 ± 0.01 −1.00 ± 0.15 −0.83 ± 0.02
Min-SWP pre −1.11 ± 0.11 −1.20 ± 0.09 −1.53 ± 0.48 −1.10 ± 0.00
Stress integral PI 1.4 ± 0.7 b 15 ± 3 3.2 a 9.2 ± 1.7 ab 10.3 ± 3.2 ab
Av-SWP PI −1.22 ± 0.01 a −1.60 ± 0.10 b −1.33 ± 0.03 ab −1.33 ± 0.07 ab
Min-SWP PI −1.67 ± 0.17 −2.55 ± 0.34 −1.88 0.09 −1.83 ± 0.03
Stress integral PII 5.6 ± 0.5 b 23.0 ± 3.9 b 142.2 ± 18.1 a 131.7 ± 12.9 a
Av-SWP PII −1.43 ± 0.01 a −1.75 ± 0.12 a −3.65 ± 0.05 b −3.51 ± 0.01 b
Min-SWP PII −1.80 ± 0.06 a −2.32 ± 0.30 a −5.72 ± 0.01 b −5.27 ± 0.17 b
Stress integral PIII 0.2 ± 0.1 c 39.0 ± 2.1 bc 188.9 ± 21.6 a 120.6 ± 5.9 ab
Av-SWP PIII −1.13 ± 0.03 a −2.14 ± 0.04 b −6.16 ± 0.06 d −5.46 ± 0.11 c
Min-SWP PIII −1.23 ± 0.03 a −4.35 ± 0.36 b −6.5 ± 0.00 c −5.72 ± 0.04 bc
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that obtained during the same period in the previous year. 
Period II showed considerable differences in all indicators, 
and there were two clearly defined groups: Control and RDI 
with less stressed values, and Rainfed and Traditional Rain-
fed, with severe levels. Although there were no significant 
differences between RDI and Control, the latter tended to 
have lower stress values than the former. During Period II, 
indicators for the two Rainfed treatments suggested higher 
water stress levels than those obtained the previous year, 
as opposed to the irrigation treatments. Lastly, the differ-
ences in Period III changed according to the indicator con-
sidered. Only Av-SWP displayed differences for the four 
treatments, while the rest showed statistical differences in 
the treatments with the most different values. In all cases, 
there were meaningful differences between the Control and 
the Rainfed treatments. The RDI and the Traditional Rainfed 
treatments were statistically in the middle. The RDI treat-
ment was closer to Control, but with very negative Min-SWP 
values (−4.35 MPa), while Traditional Rainfed was closer to 
Rainfed. In this Period III, the SI values were slightly lower 
than those for 2021, while SWP values were more negative 
than the previous year, suggesting more severe individual 
stress values that did not last as long.

Water stress impact on fruit volume growth

The seasonal pattern of fruit volume was similar in the two 
experimental years (Fig. 3). The seasonal pattern could be 
likened to a sigmoid, like that of endocarp development, as 
there are two slowing-down periods, at the beginning and 
at the end. The latter was clearly noticeable in both Rain-
fed treatments, but not so much in the irrigation treatments 
due to the earlier harvest. Nevertheless, there was a gentler 
upward slope in the last 4 data points of the Control treat-
ment in the discharge year (2022, Fig. 3b), suggesting the 
beginning of this period. In both seasons, Rainfed and Tra-
ditional Rainfed presented clear differences with Control and 
RDI. For the RDI treatment, the growth slope was gentler 
than Control from the middle of Period II in both years. 
However, there were only meaningful differences in fruit 
growth between Control and RDI in August 2022 (Fig. 3b), 
although there was a clear trend toward size reduction from 
the middle of Period II in both seasons. At the beginning of 
Period III in both years, the RDI treatment data showed a 
volume drop and a later stop, which resulted in the greatest 
differences in 2021 (Fig. 3a) and important differences in 
2022 (Fig. 3b). This drop was followed by a rehydration that 
caused the final RDI values to be very similar to those of 
Control. Conversely, in the Rainfed and Traditional Rainfed 
treatments, the fruit growth stopped much earlier than RDI, 
on DOY 176 in 2021 (Fig. 3a) and between DOY 160 and 

DOY 167 in 2022 (Fig. 3b), and they did not show a fruit 
volume loss as clearly as in the RDI treatment.

Oil accumulation

The trend of oil accumulation was similar to a sigmoid, 
although, due to the harvest date for table olives, it did not 
reach maximum values in the irrigated treatments (Fig. 4). 
The increase in fruit oil content started to be significant in 
all treatments toward the middle of Period II, massive pit 
hardening, in the 2 years considered (Fig. 4). After this pro-
cess started, the increase in oil content increase was continu-
ous, but the rate was different for the different treatments. 
In 2021, there were important differences in the fruit oil 
content between Rainfed and the other two treatments from 
the end of Period II until the end of the experiment (Fig. 4a). 
However, there were no meaningful differences between 
the Control and RDI treatments. During 2022 (Fig. 4b), the 
final amount of oil in the fruit was similar to that in 2021 
for all treatments. The beginning of oil accumulation took 
place at the same time for all treatments, around the middle 
of Period II, and at a similar rate on the first days. During 
this period, Rainfed treatment had considerably less fruit 
oil than the rest, although it continued to increase. From 
the beginning of Period III, the differences were important 
between Rainfed and Traditional Rainfed, and Control and 
RDI, but not between each individual treatment among the 
two groups. The oil accumulation seasonal pattern showed 
different rates in the 2 years studied. During Period II, the 
rate (R2) was lower, and only at the beginning of Period III, 
when the endocarp reached its maximum hardness, did the 
accumulation rate (R3) increase considerably.

The individual values of these accumulation rates (R2 and 
R3) were compared to the water stress indicators during each 
of the periods defined in Table 2. There was no significant 
relationship between the rates and the indicators obtained 
in Period I of endocarp development or they were too weak 
(data not shown). Table 4 and Fig. 5 show the optimum rela-
tionships obtained.

R2 values were a lot lower than R3 for both years (Fig. 5). 
Oil accumulation during Period II (R2) showed a significant 
relationship with the Min-SWP for the same period, though 
more so in 2021 than in 2022 (Table 4). There was a slight 
variation of R2 data from 2022, despite the wide range of 
changes in the water status (Fig. 5a), resulting in worse fits 
(Table 4). The oil accumulation rate value during Period 
III (R3) showed similar values in 2021 and 2022 (Fig. 5b) 
with important relationships with the water status indica-
tors (Table 4). The best fits were obtained with the Min-
SWP from Period II (Table 4; Fig. 5). Although the best 
fit was linear (Table 4), the data suggest a constant value 
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up to approximately −3.0 MPa for Min-SWP (Fig. 5b) or 
−2.0 MPa for Av-SWP (Fig. 5c). The R3 rate was also sig-
nificantly related to the SI and the Av-SWP during Period 
III (Table 4). There were no fits that could link in one equa-
tion the indicators for Periods II and III with R3 (data not 
shown).

Discussion

Endocarp development

The endocarp development took place simultaneously with 
fruit volume increase and oil accumulation, but this did 

Fig. 3   Seasonal pattern of fruit 
volume during 2021 (a) and 
2022 (b) seasons. Each point is 
the average of three data. Verti-
cal bars represent the standard 
error. Control, blue circle; RDI, 
green triangle; Rainfed, red 
square; Traditional Rainfed, 
yellow diamond (only 2022). 
Asterisks indicate significant 
differences in the dates (Turkey 
test; p < 0.05). Vertical dashed 
lines limit the period of mas-
sive pit hardening (Period II) 
as average of all treatments. 
b Adapted from de Sosa et al. 
(2023) (colour figure online)
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not match the growth rate when it was at its peak for the 
three processes considered (Figs. 2, 3, 4). The seasonal pat-
tern of endocarp development was hardly affected by the 
fruit load conditions and water status of the trees (Fig. 2; 
Tables 1, 2, 3). The duration of Period I in this work was 
similar to that described by several authors for varieties and 
locations when there is no water stress (Sánchez-Piñero 

et al. (2022), 49 days, and Rapoport et al. (2013), 50 days). 
Only under very severe water stress conditions, i.e., Rain-
fed treatment in 2022, a change in endocarp hardening was 
noticed, with lower maximum values than the rest and a 
significantly shorter Period I duration (Fig. 2; Tables 1, 
2). Data suggest that this could be related to water stress 
in pre-flowering stage (Table 3). Although there were no 

Fig. 4   Seasonal pattern of oil 
accumulation during 2021 (a) 
and 2022 (b). Vertical bars rep-
resent standard error. Asterisks 
indicate significant differences 
in the dates shown (Turkey test; 
p < 0.05). Vertical dashed lines 
limit the period II of endocarp 
development. Blue circle: 
Control; green triangle: RDI; 
red square: Rainfed; yellow 
diamond: Traditional Rainfed 
(colour figure online)
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significant differences in this period for the years studied, 
the Min-SWP was more negative in the Rainfed treatment in 
2022 vs. the rest of the treatments and years. Only one of the 
three Rainfed plots showed values much lower than the rest 
(−2.50 MPa Min-SWP), and the differential with the next 
more negative value (a RDI plot) was 1.14 MPa, indicating 
the values that could have caused the endocarp development 
alterations. Hammani et al. (2013), working with cv Picual, 
presented similar results, with a shortening of Period I and 
a smaller sclerified area in Rainfed trees under severe water 
stress (higher than −3.0 MPa during pre-flowering) but not 
under moderate stress conditions (the water status of this 
data is shown in Moriana et al. 2003). On the other hand, 
Rapoport et al. (2004) describe that, for cv Leccino, a severe 
water stress (more negative than −3.0 MPa of potential at 
dawn) at this stage caused the extension of Period I. How-
ever, the trees studied by Rapoport et al. (2004) received a 
rehydration period immediately after this, which was not 
the case in the current experiment, nor in the one by Ham-
mani et al. (2013). This suggests that, under severe stress 
conditions, the endocarp retains its ability to grow, even at 
the beginning of the fast hardening period (Rapoport et al. 
2004), and a lower pit hardness would be required to indicate 
incomplete sclerification (Hammani et al. 2013; this work).

Fruit growth

Period I of endocarp development has a definite impact on 
the final fruit size (Rapoport et al. 2004; Sánchez-Piñero 
et al. 2022) because water stress at this phenological stage 
may affect the number of cells (Costagli et al. 2003) and 
their size (Rapoport et al. 2004) in a permanent way. The 
response of fruit growth to water stress during Period I 
changed according to the fruit load level. During Period I, 
in 2021, which was a high yield year, there were significant 
differences in volume and a trend toward worse indicator 
values in the Rainfed treatment. However, there were no 
fruit volume differences in 2022, despite the higher water 
stress levels in RDI and Rainfed vs. Control during Period I 
(Fig. 3; Table 3). This suggests that fruit growth was more 
sensitive to water stress than SWP, as previously indicated 
in other works (Costagli et al. 2003; Gucci et al. 2019; Mar-
tin-Palomo et al. 2020). The olive tree physiology changed 
according to the fruit load level, with less negative water 
potential values and lower leaf conductance in years with a 
very low fruit load (Martin-Vertedor et al. 2011; Corell et al. 
2016). Nevertheless, such differences in water relations were 
identified in Period II, when massive hardening began (Mar-
tin-Vertedor et al. 2011), but not in Period I. This absence 
of difference would be related to a lower sensitivity of water 
relations at leaf level vs. fruit development because it would 
then be possible to predict size changes during a loading or 
unloading year with the data from this Period I (Sánchez-
Piñero et al. 2022). The sclerification process means a high 
sink of water and nutrients (Rallo and Suarez 1989; Girón 
et al. 2015; Trentacoste et al. 2022). So, although at a lower 
rate, it starts with fertilization (Rapoport et al. 2004). The 
presence of a lower number of fruits in the low fruit load 
season could ensure adequate fruit development under 
severe water stress at leaf level since the fruit would be a 
preferred sink. Trentacoste et al. (2022) also concluded that, 
even if the initial fruit growth is a weak sink, severe shad-
owing during Period I had a bigger impact on the high fruit 
load than on the low fruit load season and increased abortion 
due to competence. The water stress levels under high fruit 
load conditions that could impact volume in Period I would 
be between RDI and Rainfed values for 2021 (Table 3). Av-
SWP data were similar to those suggested by Hueso et al. 
(2021), at −1.5 MPa. However, for Av and Min-SWP, there 
was a very narrow range—only 0.1 MPa difference between 
RDI and Rainfed values. This narrow difference in both 
indicators could suggest that this was actually a cumulative 
effect of the water stress, represented by a higher SI with a 
threshold between 6.8 and 16.3 MPa day. Such thresholds 
have to be checked in future works and with other cultivars.

The fruit growth process stopped suddenly with the 
beginning of the massive hardening (Period II) in the Rain-
fed treatment, but not for RDI (Figs. 2, 3; Tables 1, 2). RDI 

Table 4   Best fits in the relationship between oil accumulation rate at 
Period II (R2) or Period III (R3) vs. water status indicators

* P2 or P3, indicates the period when water status indicator was meas-
ured; Min-SWP, minimum midday stem water potential; Av-SWP, 
average stem water potential; SI, stress integral; N, number of data; 
R2, signification coefficient; SD, standard deviation; MSE, mean 
square error

Equation N R2 SD MSE

2021
 P2* R2 = 0.8 + 0.125 Min-SWP 9 0.93*** 0.051 2.55*10–5

 P2 R2 = 0.6 + (−3.0*10–3)SI 9 0.74*** 0.100 9.71*10–5

 P2 R3 = 1.6 + 0.247 Min-SWP 9 0.91*** 0.117 0.0137
 P3 R3 = 1.1 + (−3.4*10–3) SI 9 0.82*** 0.162 0.0265
 P3 R3 = 1.2 + 0.143 Av-SWP 9 0.79*** 0.138 1.91*10–4

2022
 P2 R2 = 0.409 + 0.075 Av-

SWP2 + (−0.032) Min-SWP2
12 0.76*** 0.043 1.84*10–5

 P2 R2 = 0.5 + 0.020 Min-SWP 12 0.21*** 0.073 5.39*10–5

 P2 R3 = 1.6 + 0.256 Min-SWP 12 0.86*** 0.203 4.14*10–4

 P3 R3 = 1.2 + (−0.030) Av-SWP2 12 0.93*** 0.140 2.00*10–4

 P3 R3 = 1.4 + 0.217 Av-SWP 12 0.89*** 0.178 3.15*10–4
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Fig. 5   Relationship between a 
Min-SWP in Period II vs. oil 
accumulation in Period II (R2), 
b Min-SWP in Period II vs. oil 
accumulation in Period III (R3), 
c Av-SWP in Period III vs. 
oil accumulation in Period III 
(R3). Each point is a plot data. 
Blue circle: 2021 season. Green 
triangle: 2022 season (colour 
figure online)
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trees did not even reduce their growth rate at the beginning 
of this Period II, although the water potential values during 
Period I were very similar for both treatments and clearly 
worse than those for Control (Fig. 3; Table 3). These results 
suggest a cumulative effect of water stress, together with an 
increase in the sclerification process sink effect. The aver-
age values when the growth stopped in Rainfed and the rate 
changed in RDI were around 30 MPa day, with higher SI 
values for fruit volume decreased in RDI (data not shown). 
The different responses between Rainfed (stopped) and RDI 
(growth rate reduction) suggest a differential effect of water 
stress based on the time point when it occurred—for the 
first case, just at the beginning of Period II, and for RDI, 
during the second half of this period. Several studies sug-
gested that SI values higher than 30 MPa day resulted in a 
fruit growth stop (Girón et al. 2015; Martín-Palomo et al. 
2019). Other works also suggested a cumulative impact of 
water stress on fruit size when such conditions are applied at 
the end or during Period I and Period II (Gomez del Campo 
et al. 2014). Although the cell division process in the fruit 
has been described as not exclusive to Period I (Hammami 
et al. 2011; Gomez del Campo et al. 2014), the differential 
response between Rainfed and RDI could be considered 
related to the main impact of this process instead of cell 
expansion.

The volume reduction process was completely reversible 
in the RDI treatment, as different authors described using 
stress time points similar to those in this work from Period 
II (Moriana et al. 2003; Girón et al. 2015; Corell et al. 2020). 
However, under conditions of highly severe water stress in 
Period I or at the beginning of Period II, the size was clearly 
reduced despite rehydration (Moriana et al. 2003), or there 
were no significant differences but a clear trend toward being 
smaller (Gomez del Campo et al. 2014; Gucci et al. 2019). 
Such responses would support the idea that different pro-
cesses in fruit development would be affected at different 
times, and this would affect the possible recovery of fruit 
size.

Oil accumulation

The oil accumulation process was more resilient to water 
stress than fruit growth. Accumulation started simultane-
ously in all treatments, with a seasonal continuous growth 
pattern in all data collected (Fig. 4), although at different 
rates (Fig. 5). This increase took place despite the com-
plete stop of fruit growth in the Rainfed or RDI treatments 
(Fig. 3), and it happened when the water stress levels were 
more severe, i.e., Periods II and III (Table 3). This response, 
together with the previous ones, suggests a strong pattern 
of assimilate distribution, acting as the main sink in the pit 
hardening process, followed by the oil accumulation, which 
starts a faster accumulation period when the previous one 

ends, and, lastly, the fruit growth (Figs. 2, 3, 4). Different 
works suggest the relevance of the hardening process vs. 
fruit growth (Rapoport et al. 2004) or vegetative growth 
(Rallo and Suarez 1989; Hernandez-Santana et al. 2018).

The absence of a relationship between the rates of oil 
accumulation (R2 and R3) and indicators of water status in 
Period I suggests that the cell division could have an influ-
ence on the total oil accumulated, which is smaller than pre-
vious works suggested (Gomez del Campo et al. 2014). It 
also seems to indicate that a smaller final fruit size in Period 
I, and potentially at harvest, could be offset by a more effi-
cient oil production during Periods II and III. In fact, the 
fruit volume reduction seen between DOY 220 and DOY 
240 in both years (Fig. 3) did not have an impact on oil 
accumulation (Fig. 4). Different studies suggest that mod-
erate water stress would probably improve the oil percent-
age in the fruit (Moriana et al. 2003; Grattan et al. 2006; 
Gucci et al. 2019; Lavee et al. 2007; Fernández et al. 2013; 
Ben-Gal et al. 2021; Corell et al. 2022). Water stress during 
Period II of endocarp development apparently had a closer 
relationship with the oil accumulation rate, both in this 
period (R2) and in the following one (R3) (Table 4). Garcia-
Inza et al. (2014) carried out an experiment on the suscepti-
bility of olive trees to high temperatures and suggested that 
the fruit development period for the cv Araujo during Janu-
ary–February (Southern hemisphere) had the biggest impact 
on oil accumulation. Although endocarp development was 
not accurately established (cutting with a knife), the period 
of that work (Garcia-Inza et al. 2014) could approximately 
match Period II in the current work.

The linear fit between R3, the steepest oil accumula-
tion rate, and the water status indicators was good (Fig. 5; 
Table 4). But data suggested that this sensitivity would actu-
ally be linked to a threshold defined by water stress condi-
tions more negative than −3.0 MPa of Min-SWP. The fits 
in Table 4 provided good results for SI and Av-SWP too, 
which could suggest that a lack of rehydration in the Rainfed 
treatments was the most influential factor on the Min-SWP 
indicator in this work. Oil accumulation was characterized 
as a sigmoid, where the period with the greatest oil accu-
mulation rate could be simplified as a linear relationship 
(López-Bernal et al. 2021). López-Bernal concluded that the 
rate of this linear equation (R3 in the current work) would 
be less sensitive to water stress. Current data suggest that 
the reduction would be important at severe levels, proving 
the need to determine exactly the water stress to establish 
a possible oil yield reduction. Studies reporting differences 
in the oil harvest are related to water stress levels that are 
very severe and last a considerable amount of time (Moriana 
et al. 2003; Fernández et al. 2013; Ahumada-Orellana et al. 
2017; Corell et al. 2022, among others). The yield reduction 
could be linked to a loss of fruit due to water stress condi-
tions during Period I (e.g., Moriana et al. 2003). However, 
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works using water stress only during Periods II and III also 
indicated that yield reduction would be mainly associated 
to an impact on oil accumulation, seeing that the fruit drop 
seems less sensitive to water stress in these periods (Corell 
et al. 2022). Irrigation works with oil production trees that 
are usually rehydrated due to rainfall or irrigation reported 
significant yield loss only under water stress conditions with 
water potentials below −3.0 MPa before rehydration (Ahu-
mada-Orellana et al. 2017) or values close to that, but with 
a long duration (Fernández et al. 2013). Water stress condi-
tions with minimum potentials and less durations seemed to 
have a lesser impact with hardly any significance (Moriana 
et al. 2003; Ben-Gal et al. 2021; Corell et al. 2022). This 
suggests that rehydration plays a role during Period III that 
would allow recovering part of the oil production, although 
not completely. Hueso et al. (2019) suggested that water 
stress would not affect oil production until values close to 
−2.21 MPa of SWP were reached in Period III. This thresh-
old was greatly exceeded in this study (Table 3), and this 
would support the hypothesis that the current study suggests 
a cumulative rather than an ad hoc effect, in line with the 
other authors (Moriana et al. 2003; Fernández et al. 2013; 
Ahumada-Orellana et al. 2017; Ben-Gal et al. 2021). How-
ever, because, in the current work, the cultivar was for table 
use, these conclusions could be limited and not completely 
useful for oil cultivars.

Under no circumstances, did the difference in fruit load 
affect the oil accumulation period or the amounts produced 
in the fruit (Fig. 4); however, it did affect the relationship 
with the water stress indicators (Table 4). During the low 
fruit load year, Period II had a lower sensitivity to water 
stress than Period III, which, conversely, resulted in some 
similar relationships between both seasons (Fig. 5; Table 4). 
The massive pit hardening in Period II turned the fruit into 
a preferred sink for water over the leaves, resulting in the 
absence of response seen in the low fruit load year. On the 
other hand, during Period III, once Period II is over, the 
strength of the fruit as a sink could be reduced, thus making 
it more sensitive, even in low fruit load seasons.

Conclusion

The absence of changes in endocarp hardening patterns due 
to water stress conditions ensures an accurate schedule of 
RDI using this process. However, because experiments simi-
lar to the current one were scarce, this has to be checked 
in further studies with different cultivars. The optimiza-
tion of deficit irrigation would also need continuous tree 
water status monitoring because the main yield components 
(fruit size and oil amount) were related to an accumulation 
of water trees. The fruit growth stage was the most sensi-
tive process to water stress, being affected when the latter 

was around 30 MPa day. However, the fruit volume reduc-
tion could be reversed to levels equal to Control when it 
happened at Period II but not earlier. The oil accumulation 
started during Period II, and the rate was low (R2) in all 
treatments. This process was moderately resistant to water 
stress, but during the period of higher accumulation rate 
(R3), it was linked to the water status indicators of Periods 
II and III. Only in the year with a very low fruit load, was the 
fruit growth in Period I and the oil accumulation in Period 
II not related to the water stress indicators. This suggests 
that the sclerification process acted as a large water sink 
that isolated the fruit from the leaves under conditions of 
a very low load. All these conclusions show the need to 
accurately establish the process of hardening in the fruit. 
Although changes between cultivars, mainly because of their 
final use, could be expected, the value of cumulative stress 
would be demonstrated. Further work is needed to consider 
oil cultivars in similar studies and, in general, different levels 
and durations of water stress that permit the fitting threshold 
values accurately.
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