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Abstract

Climatic factors strongly influence the phenology of olive trees, with flowering time responding sensitively to temperature variations. This
study investigated the effects of inter-annual temperature variability on olive phenology in a mountainous Mediterranean region of Morocco.
Experiments were conducted over two contrasting seasons (2020-2021 and 2021-2022) on four cultivars (Picholine Marocaine, Haouzia,
Dahbia and Arbequina) in Khenifra. Forcing tests were performed to determine endodormancy release dates and to estimate chill and heat
requirements. Throughout the dormancy period, fresh flower bud weights were recorded before and after a 7-day forcing period at weekly
intervals and bud water content was monitored. The climatic requirements of each cultivar represent a major determinant of adaptability
under variable seasonal conditions. The results revealed clear inter-cultivar differences in endodormancy and ecodormancy durations,
thermal requirements and flowering dates. Arbequina exhibited the earliest dormancy release with relatively low chill requirements, whereas
Picholine Marocaine and Dahbia flowered later and required higher chill accumulation. In all cultivars, bud growth activity increased near the
time of dormancy release, indicated by water content exceeding 30 %, with only minor genotypic variation in the transition between
dormancy phases. Across both seasons, flowering occurred after heat accumulation ranging from 6774 to 8051 Growing Degree Hours (GDH).
These findings suggest that co-planting Picholine Marocaine and Dahbia may improve cross-pollination and enhance yield potential due to
their similar flowering responses to seasonal temperature patterns. Overall, this research provides valuable insights for cultivar selection and
orchard management under variable climatic conditions in Mediterranean environments.
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Introduction variety, Picholine Marocaine (locally called "Zeitoun" or "Zeitoun
Beldi"), which occupies approximately 95 % of the total olive

The olive (Olea europaea L.) is the predominant fruit tree cultivated in growing area in traditional olive orchards (1, 2).

Morocco, covering more than 1.2 million ha and representing more
than 55 % of countries’ current fruit tree orchards. Although olive Olive varieties are highly sensitive to climatic conditions and
trees are found across Morocco along a transect of more than cultural practices, which influence the growth and development of
700 km under diverse ecological and climatic conditions, the olive trees and therefore, fruit and olive oil yields (3). Optimal climatic
geographical distribution of olive cultivation highlights two conditions for successful flowering and fruit set are characterized by
contrasting production systems, rainfed and irrigated systems. cold and rainy winters, with temperatures rarely dropping below 0°C
These systems differ considerably in the varieties cultivated and in ~@nd warm, sunny summers that favour both flowering and fruiting.
respective growing environments. Despite the crops’ importance in Phenological stages are highly impacted by variation in climatic
Morocco, the varietal spectrum is dominated by a single major conditions, as their timing largely depends on environmental factors
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such as temperature (4). Olive varieties can be classified according to
their flowering dates into early, intermediate and late flowering
cultivars, with flowering behavior shaped by the specific climatic
environment where each variety was selected. In the Mediterranean
area, floral buds of olives enter their dormancy phase in autumn,
during which their physiological and metabolic activities decline.
After dormancy has been released, buds sprout and continue their
development until they reach advanced flowering stages in April or
May. The flowering duration may extend beyond three weeks,
depending on location and prevailing seasonal conditions.
Following successful pollination, olive fruit set occurs, followed by
fruit development until fruits reach a specific size and color during
summer. After reaching the final stage of maturation in autumn,
fruits can be harvested, completing the annual cycle.

The physiological phenomenon of floral induction initiates
flowering and depends largely on intrinsic factors of the tree, notably
its nutritional level and genetic characteristics. These genetic traits
determine the seasonal hormonal balance that influences
primordium development, flower induction and differentiation and
length of inflorescence, while external factors such as temperature,
rainfall and photoperiod exert only limited effects (5, 6). In olive trees
of Morocco, floral induction occurs in June-July in buds borne on the
current years’ twigs (5, 6). The processes of floral induction and
flowering, both of which are dependent on thermal conditions,
generally take place after bud endodormancy has been released.
Bud dormancy is a reversible physiological state found in the buds of
many tree species, especially temperate deciduous fruits of the
Rosaceae and is characterized by reduced metabolic activities and
diminished interaction with the external environment (7). The
dormancy period is commonly divided into three phases: (i)
paradormancy, during which bud growth is inhibited by
endogenous physiological factors outside the bud; (i)
endodormancy, characterized by growth inhibition caused by
internal factors within the bud; and (i) ecodormancy, during which
bud development is constrained by environmental conditions,
particularly temperature (8).

The transition from endodormancy to ecodormancy is
triggered by exposure to low temperatures that satisfy the buds’ chill
requirements, which varies among species and varieties. Meeting
this requirement restores the ability of buds to grow but it does not
directly promote growth (9). During the subsequent ecodormancy
phase, warmer temperatures may initiate budburst. Whether all
aspects of winter dormancy observed in deciduous trees can be
directly applied to evergreen species such as olive remains under
debate. Major uncertainties relate to the period of flower
differentiation, the effect of alternate bearing (ON/OFF years) and the
underlying physiological mechanisms governing dormancy.

A number of studies have examined the temperature
responses of dormant olive buds. For instance, temperatures of 4 °C
or below can satisfy a substantial portion of the chill requirement,
whereas temperatures between 10-13 °C appears to be more
effective toward the end of chill accumulation (3). Subsequent
research confirmed that olive trees, despite their evergreen habit,
require a certain amount of winter chill for proper floral
development (10). Other studies reported that olive bud
development may be inhibited when temperatures persist above 16
°C and that at least one month with temperatures below 11-12°Ciis
necessary to meet chill requirements (11).

2

Exposure to low temperatures during winter plays an
important role in floral induction and subsequent differentiation,
with more effective flower bud differentiation reported in colder
years than in warmer ones (12). This difference has been attributed
to the inhibitory effect of high temperatures on induction and
subsequent flower formation (13, 14). Once chill accumulation is
complete, olive trees begin to accumulate heat necessary for bud
development and flowering. Understanding heat requirements
provides a basis for predicting the flowering period. Although olive
trees are relatively tolerant to drought (15), severe drought can
nevertheless reduce profitability and suppress vegetative growth
(16). Chill and heat requirements for endodormancy release and
flowering (accumulated during winter and spring) vary among
variety (5, 6, 17). Regardless of cultivar-specific variation in climatic
requirements, areas that are suitable for olive cultivation are
generally characterized by mild-winter with very limited frost
occurrence. Olive leaves can suffer severe damage at temperatures
below -6 or -7 °C, while temperatures below -3 or -4 °C may damage
fruits with high water content that have not yet been harvested,
ultimately affecting oil quality (11).

Although many studies have examined olive dormancy, key
features, including chill and heat requirements, phenology and
flowering processes, remain poorly understood, particularly in
Morocco. Previous work has largely involved annual assessments
and has focused on a single development stage, such as flowering,
The present study aims to investigate olive phenology by comparing
the flowering and dormancy behavior of four olive varieties in
Morocco. The overall objective is to evaluate the resilience of olive
flowering to temperature variation in the context of global warming.
Drawing on experiments and field observations, we identify
dormancy periods and estimate chill and heat requirements for
cultivars widely grown across the country.

Materials and Methods
Site and plant material

Experiments were carried out on olive trees located in Khenifra,
Morocco, at an altitude of 837 m a.s.l. (32°56'22" N, 5°40'03" W). The
experimental work was conducted during the 2020-2021 and 2021~
2022 seasons (Fig. 1). These two seasons were selected because they
exhibited contrasting winter temperature regimes typical of
Mediterranean mountain environments. The winter of 2020-2021
recorded markedly lower minimum temperatures and a prolonged
period of cold exposure, whereas 2021-2022 was characterized by
comparatively mild winter conditions. Such inter-annual thermal
contrast is widely recognized as sufficient to reveal cultivar-specific
patterns of chill accumulation, dormancy release and flowering
responses in perennial fruit species (18-20).

The Khenifra region has a Mediterranean continental
mountain climate with cold and relatively rainy winter and hot, dry
summers. Mean annual rainfall ranges from 400 to 700 mm, with
most precipitation occurring between November and April. The
average daily minimum, maximum and mean temperatures
recorded during 2020 and 2021 were 10.14 °C, 23.82 °C and 16.98 °C
respectively.

The experiment included four olive cultivars, Picholine
Marocaine, Haouzia, Dahbia and Arbequina, which were grown in a
commercial production orchard. The three Moroccan cultivars were
selected due to their widespread cultivation, while Arbequina, a
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Fig. 1. Location of the study site in Khenifra, Morocco.

foreign cultivar was included because of its introduction and
increasing use in intensive systems. Trees were about 25 years old
and managed under standard horticultural practices, including
annual pruning, drip irrigation, fertilization and plant protection. All
cultivars were maintained under the same orchard management
practices, with uniform pruning, fertilization, drip irrigation
scheduling and plant protection were applied consistently across
trees. This uniformity ensured that observed differences in
dormancy release and flowering responses reflected cultivar-specific
physiological traits rather than variations in cultural practices.

Collection of temperature data and flowering observations

Daily temperature data (maximum and minimum) were obtained
from the automatic weather stations of the National Office of
Agriculture Advisory (ONCA), located at Khenifra city, close to the
sampling and observational site where trees were planted (about
8 km away and at a similar elevation). The daily temperature dataset
was subjected to quality checks to avoid any missing data or
erroneous readings.

Flowering dates were monitored over two years, with
observations focused on the full flowering stage, defined as the point
at which approximately 50 % of flowers are open, with the first petals
falling). This corresponds to stage 65 of the international Biologische
Bundesanstalt, Bundessortenamt and Chemical industry code
(BBCH) (21). Flowering observations were conducted on a weekly
basis throughout the blooming period. The flowering observations
were assessed on at least 10 adult trees, with mean flowering dates
were calculated across the sampled trees.

Endodormancy, dormancy release and ecodormancy of
floral buds

A forcing test was employed to determine the date of
endodormancy release and to delineate the endo- and
ecodormancy phases. Floral bud development (weight) was
observed and measured immediately after collection from the
orchard, as well as under controlled forcing conditions following a
7-day incubation period in a growth chamber. The date of
endodormancy release was determined as the first sampling date
onwhich floral bud weight under artificial forcing conditions became
significantly greater than the weight of unforced buds collected
directly from thefield.

The dates of endodormancy release were subsequently
used to define the endodormancy and ecodormancy phases. The
endodormancy period was considered to extend from the beginning
of November corresponding to the onset of chill accumulation and
the post-growth transition phase in olive buds under Mediterranean
conditions (7, 8, 22, 23), until the release date determined by the
forcing test.

Short olive shoots were randomly collected from around the
trees at weekly intervals and transferred to the laboratory. To
facilitate comparisons across seasons, the same sampling schedule
was followed in both study years. Two sets of three shoots (about
0.4 cm in diameter and 30-40 cm in length) were collected from
three trees on each sampling date. For the first set (unforced shoots),
floral buds were immediately excised from the shoot base using a
scalpel and weighed both before and after dehydration at ~75 °C for
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48 hrsin a drying oven. The second set (forced shoots) was placed in
pots containing water in a climate-controlled growth chamber at
24 +1°C, under a 16/8 h light/dark cycle and 70 % relative humidity
for 7 days. Shoots were freshly cut at the base every two days to
ensure water transport across the shoot. The forced shots were then
used to measure fresh and dry weight of buds using a precision
balance in the same way as for unforced samples.

Each sample (cultivar x year x sampling date x unforced/
forced) included three replications, each consisting of five buds. In
total, 15 floral buds were collected per sampling date for both forced
and unforced treatments. In early sampling dates, when buds were
very small, dissections were performed using binocular
magnification.

Confidence intervals were computed as t-based 95 % Cls
(n = 3 replicates x 5 buds). A non-overlap between the confidence
intervals of forced and unforced Cls was used as a conservative
indicator of significant difference. Endodormancy released was
considered to have occurred when two conditions were met: i) the
upper bound of the confidence interval of unforced bud weight and
the lower bound of forced bud weight continuously (on the following
sampling dates) showed no overlap and ii) forced floral buds
showed 30-40 % increase in weights compared to unforced buds.

Bud water content

To assess water dynamics in floral buds during the endodormancy
and ecodormancy phases, water content of buds was determined
using the fresh and dry weight (FW and DW respectively) measured
in the forcing test. The water content (WC) of floral buds was

calculated as:
FW - DW
X100

WC (%) = (Eq.1)

FW

Chill and heat requirements

We estimated chill and heat requirements based on the assumption
that bud endodormancy release results from the sequential
fulfillment of chilling followed by heat accumulation. Although this
approach simplifies the underlying physiological processes, it offers
a useful approximation of cultivar-specific climatic requirements.
Chill accumulation was quantified using three commonly applied
models in fruit tree phenology: the Chilling Hours model (CH), the
Utah model (CU) and the Dynamic model (CP) (24-28).

- Chilling Hours model (CH)

CH was computed as the total number of hrs with temperatures
between0°Cand 7.2°C:

EHt = ZF:LTT: (Eq2)

where Tr2=1when 0°C<T<7.2°Cand 0 otherwise.

- Utah model (CU)

Chill Units were accumulated following the temperature-efficiency
weighting system (26):

cU =¥i_,w(T) (Eq.3)

where w(T) is a temperature-dependent weighting function defined
asfollows:

+1 for 2.5-9.1 °C, +0.5 for 1.5-2.4 °C or 9.2-12.4 °C, 0 for 12.5-15.9 °C,

-0.5for 16-18 °C and -1 when temperatures exceed 18 °C.
- Dynamic model (CP)

Chill accumulation was also quantified using the CP (27, 28), in which
chill results from the formation of a temperature-dependent
intermediate product that is irreversibly converted into stable Chill
Portions (CP):

CER =CP_, +4, (Eq.4)

where A represents the temperature-dependent conversion
rate of the intermediate product.

- Heat accumulation (GDH)

Heat accumulation during ecodormancy was quantified as GDH,
using a base temperature of 4.5 °C and an upper threshold of 25 °C

26):
29 GDH = Ef_\(T; — 4.5°C) (Eq.5)

Only temperatures between 4.5 °C and 25 °C contributed to
GDH; values outside this range were set to zero.

Statistical analysis

Comparisons of endodormancy release dates, chill and heat
accumulations and bud water content among cultivars and
between years were assessed using a one-way Analysis of Variance
(ANOVA). When ANOVA indicated significant effects (p <0.05), mean
separations were performed using Tukey’s Honest Significant
Difference (HSD) post-hoc test. The normality and homoscedasticity
of residuals were verified prior to analysis. For estimating
endodormancy release, we retained the non-overlapping 95 %
confidence interval criterion between forced and unforced bud fresh
weights as a conservative, biologically grounded indicator. This
interpretation was combined with ANOVA/Tukey results and
temperature-accumulation trends. All statistical analyses were
conducted using R software version 4.3.1 and graphical outputs
were generated using the ggplot2 package.

Results
Climatic characteristics of the site

Temperature patterns from October to April exhibited considerable
differences between the two experimental seasons, 2020-2021 and
2021-2022 (Fig. 2a). Compared with 2021-2022, the 2020-2021
season was characterized by a warmer autumn (mainly in
November), colder winter (December-February) and warmer spring
(March and April) (Fig. 2a). Mean temperature during November,
December-February and March-April in 2020-2021 were 13.54 °C,
8.28 °C and 12.35 °C respectively, compared with 9.90 °C, 10.21 °C
and 10.95 °C in 2021-2022. According to all three chill models used in
this study (CH, CU and CP), chill accumulation began earlier in
2020-2021 (early November) and resulted in slightly higher seasonal
totals thanin 2021-2022 (Fig. 2b).

With respect to heat accumulation, higher values were
recorded during 2021-2022 up to the end of March. By the end of April,
accumulated heat had reached similar levels in both years (Fig, 2c).

Bud dormancy dynamics and flowering

Across all cultivars, the endodormancy release dynamics of floral buds
exhibited similar behavior in the two seasons (Fig. 3). In both forced
and unforced shoots, floral buds started off with low weights, which
slowly increased throughout January and February. This was followed
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by a marked increase in bud weight beginning, depending on the
cultivar, between mid-February and mid-March. During this phase,
forced buds gained weight more rapidly than unforced buds, with
values surpassing those of unforced buds by 30 % or more (Fig, 3).

The estimated dates of endodormancy release for Picholine
Marocaine and Arbequina occurred earlier in 2020-2021 than in

2021-2022. In contrast, Haouzia showed the opposite trend and
Dahbia exhibited the same endodormancy release date in both
years (March 6%) (Fig. 3 and Table 1). On average, Arbequina was the
earliest cultivar to release endodormancy (February 20%), followed
by Picholine Marocaine (February 27") whereas the latest dates were
observed for Dahbia and Haouzia (March 6%) (Table 1). Annual
variability was highest in Picholine Marocaine (range of 29 days),
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intermediate in Haouzia and Arbequina (15 days) and absent in
Dahbia.

Regarding flowering, all cultivars reached full bloom later in
2020-2021 than in 2021-2022 (Table 1). BBCH stage 65 occurred in
late April in 2020-2021 and about one month earlier in 2021-2022
(Table 1). The early-flowering cultivars Haouzia and Arbequina
reached this stage earlier than the late-flowering Picholine
Marocaine and Dahbia. Statistical comparison of flowering dates
confirmed significant differences among cultivars (p < 0.05), as well
as between years, indicating a strong influence of inter-annual
temperature variability on flowering time.

Dormancy phases and chill and heat requirements

We defined the endodormancy period as extending from November
1% (the approximate date when chill accumulation begins) to the
endodormancy release date determined by the forcing test.
Ecodormancy was considered to begin on the day following
endodormancy release and to continue until the full flowering date
observed in the orchard under natural conditions. Arbequina
exhibited the shortest endodormancy for, with an average duration
of 112 days across both seasons and accumulated the lowest
amount of chill (an average of 1,116 CH, 1,292.0 CU and 65.4 CP). For
Picholine Marocaine, endodormancy lasted an average of 119 days,
during which 1,190 CH, 1,397.5 CU and 70 CP were accumulated
(Table 1). Dahbia and Haouzia had the longest endodormancy
durations, averaging 126 days and showing the highest chill
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Table 1. Phenological stages and chill/heat requirements of four olive cultivars grown under Moroccan climate conditions during two years of
experimentation. Chill requirements are expressed in Chilling Hours (CH), Utah Chill Units (CU) and Dynamic Chill Portions (CP); heat

requirement is expressed in Growing Degree Hours (GDH, base 4.5 °C)

Heat Endodor

Cuttivar veay  Endodormancy o vf:tlrling Chill requirement requirement mancy Ecodormancy
release date (stage 65) Chilling Hours Utah Dynamic GDH duration duration (days)
(CH) (CU)  (Portions) (Base4.5°C) (days)
. R 2020-2021  February 13t April 25t 1,097 1,308.0 63.9 11,914.8 105 71
nggﬂie 20212022 March13*  April 10% 1,283 1,487.0 76.0 3,937 133 28
Average February 27t April 17t 1,190 1,397.5 70.0 7,923.2 119 50
2020-2021 March 13t April 25t 1,422 1,578.0 76.7 9,009.1 133 43
Haouzia 2021-2022  February 27t April 5t 1,135 1,276.0 66.8 4,537.7 119 37
Average March 6t April 10t 1,279 1,427.0 71.8 6,773.4 126 40
2020-2021 March 6t April 30t 1,341 1,499.5 72.8 10,681.5 126 55
Dahbia 2021-2022 March 6t April 5t 1,216 1,396.0 70.9 3,790.5 126 30
Average March 6t April 17t 1,279 1,447.8 71.9 7,236.0 126 43
2020-2021  February 13t April 27t 1,097 1,308.0 63.9 12,324.6 105 73
Arbequina 2021-2022  February 27t March 30t 1,135 1,276.0 66.8 3,776.2 119 31
Average February 20t April 13t 1,116 1,292.0 65.4 8,050.4 112 52
accumulation (Table 1).
For all cultivars, chill accumulation during endodormancy  piscussion

varied between the two seasons. This may indicate differences in
chill requirements across years, but it may also reflect limitations in
the chill models used, none of which were specifically developed or
rigorously validated for olives. The mean duration of ecodormancy
was similar across cultivars: 45 days for Arbequina (with 8051 GDH
accumulated), 43 days for Dahbia (7236 GDH), 42 days for Picholine
Marocaine (7924 GDH) and 40 days for Haouzia (6774 GDH).

ANOVA results showed significant cultivar effects on chill
accumulation (CH, CU and CP) and on heat accumulation (GDH)
required to reach flowering (p < 0.05), confirming true physiological
differences rather than year-specific environmental variability.

Bud water content

The purpose of measuring bud water content was to link
endodormancy release with the onset of growth activity in floral bud
cells, a process strongly related to water mobilization. Our results
highlighted temporal variation in bud water content, with notable
differences between the endodormancy and ecodormancy periods
in both experimental seasons (Fig. 4). For all olive cultivars, floral bud
water content remained relatively stable at approximately 10-30 %
during endodormancy, followed by a progressive increase that
coincided with a significant rise in fresh bud weight. Water content
exceeded 30 % around the date of endodormancy release or
1-2 weeks later (except for Haouzia in 2020-2021, where this
occurred roughly 2 weeks before the date of endodormancy
release), after the accumulation of 1116-1279 CH, 1292-1448 CU and
65.4-71.9 CP. This threshold aligns with previous work showing that
the transition from bound to free water in dormant buds
corresponds to the resumption of metabolic activity and growth
potential (29, 30).

The increase in water content between the endodormancy
and ecodormancy phases was statistically significant across cultivars
(p < 0.05), supporting its relevance as a physiological indicator of
dormancy transition. By the end of ecodormancy, water content
reached 50-55 % in all cultivars. In general, the water content in forced
buds was slightly higher than unforced buds across all cultivars and in
both years (Fig. 4). This pattern was supported by statistical
comparison, which showed a significant increase in water content
from endodormancy to ecodormancy for all cultivars (p<0.05).

The phenological responses of olive cultivars to climatic variability
arise from a complex interplay between genotypic traits and
environmental cues. In this section, we discuss our findings in the
context of previous research on dormancy mechanisms, chill and
heat requirements and physiological indicators of bud
development. Particular attention is given to the suitability of
existing chill models, cultivar-specific differences in phenological
behavior and the potential use of bud water content as a biological
marker for dormancy transitions. To enhance clarity and provide
actionable insights, the discussion is structured into four thematic
subsections that integrate theoretical considerations with guidance
for phenological modelling and cultivar management under
changing climate scenarios.

Revisiting dormancy in olives under inter-annual climate
variability

The limited studies available on olive dormancy and the chill and
heat requirements of this species have largely relied on long-term
phenological datasets analysed using statistical and modelling
approaches originally developed for deciduous fruit and nut species
(18,31-37). Tree dormancy has also been addressed experimentally,
but such studies have mostly focused on temperate deciduous fruit
species such as apple, apricot and almond (38, 39). Many of these
studies have employed the forcing test approach, which has proven
effective for determining the timing of endodormancy release and
for inferring chill and heat requirements across fruit tree species.
Collectively, these investigations have provided substantial evidence
of the importance of winter chill for dormancy release in deciduous
fruit trees (40), as well as the necessity of subsequent heat
accumulation for the completion of bud development (8, 22).

In this study, we applied the same experimental setup to
olive trees to assess their phenological responses to inter-annual
temperature variability, particularly the effects of seasonal thermal
pattemns. According to previous controlled climate conditions,
temperatures below 12.5 °C, with an optimum around 7 °C, are
effective for fulfilling chill requirements in floral buds of olives (5, 19).
In our case study, winter mean temperatures were generally below
the threshold of 12.5 °C, with significantly lower temperatures
recorded in 2020-2021. These colder winter conditions led to an
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earlier release of endodormancy and subsequently, later flowering
across all cultivars, especially Picholine Marocaine and Arbequina.

This apparent paradox highlights the two-phase thermal
control of olive phenology. While chill accumulation facilities release
from endodormancy, the progression of floral buds toward

flowering depends largely on the accumulation of heat post-
dormancy. In 2020-2021, the cold winter conditions accelerated chill
fulfillment and led to early endodormancy release; however, the
colder spring slowed heat accumulation, prolonging the
ecodormancy phase and delaying flowering. Thus, flowering
phenology is not determined solely by the timing of chill completion
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but by the interaction between chill fulfillment and subsequent heat
availability.

Effective chill accumulation at temperatures up to 12.5 °C
was also inferred from controlled-temperature experiments
reported previously (23). These two olive cultivars showed similar
patterns of early endodormancy release, which can be explained by
early fulfillment of chill requirements during the cold
2020-2021 winter months (December, January and February). In
addition, late endodormancy release recorded in 2021-2022 was
probably explained by the lower chill accumulated during this
warmer season compared to 2020-2021, highlighting the clear inter-
annual variability in dormancy response. As Picholine Marocaine is a
high-chill cultivar, the date of endodormancy release was earlier
during the cooler season (2020-2021) and later during the warmer
season (2021-2022).

Genotypic response to chill and heat: Insights from a two-
year trial

Our findings demonstrated that a significant increase of floral bud
weight in shoots following the accumulation of winter chill , as
previously reported (5). Olive chill requirements registered in our
study showed some contrast with those obtained in warm regions
such as Tunisia, where a considerably lower chill requirements have
been reported for Arbequina (20). Similarly, a comparative study
conducted in Spain and Italy showed considerably differences in
chill requirements between the two countries, with notably lower
valuesin Italy (997 CH) compared to Spain (1848 CH) (37, 38).

It is worth noting, however, that these earlier studies relied
primarily on the CH, which only provides a crude approximation of
chill accumulation and may lead to misleading results in warm
climates (41, 42). In our study, estimated chill requirements were
intermediate, falling between those reported for Tunisia and Italy.
Such differences should be interpreted with caution, as they may
arise from multiple interacting factors. First, climatic conditions differ
substantially among Tunisia, Italy and Morocco, particularly with
respect to winter minimum temperatures and seasonal
temperature variability. Second, some studies estimated chill
requirements from field-phenology, whereas others (including the
present study) used forcing tests, which typically provide more
accurate dormancy transition estimates. Third, the CH, used in
several of these investigations, can oversimplify chill accumulation in
warm environments and may underestimate or overestimate
effective chill where temperatures fluctuate widely. Therefore, the
contrasts in chill requirements reported across studies are likely
shaped by both genuine physiological differences among cultivars
and methodological and climatic variations.

We observed clear differences in dormancy release
dynamics across cultivars, revealing intra-specific variability
consistent with prior findings. Overall, Arbequina (a low-chill cultivar)
showed early and intermediate flowering dates. This result is well
aligned with what was reported in Tunisia and Argentina (20, 43).
Haouzia (an early-flowering cultivar) showed high chill and low heat
requirements. The late-flowering cultivars Picholine Marocaine and
Dahbia differed notably in their chill and heat responses. In Picholine
Marocaine, flowering was advanced by substantial chill
accumulation during endodormancy combined with heat
accumulation during ecodormancy. In contrast, Dahbia, which
showed the same endodormancy release date in both years, had its
flowering time primarily driven by heat accumulation. Across the

two seasons, the average duration of endodormancy was shortest
for Arbequina (112 days), longest for Haouzia and Dahbia (126 days)
and intermediate for Picholine Marocaine (119 days).

Modeling gaps and physiological complexities: Beyond peach
-based frameworks

The use of chill models originally developed for peach and apricot to
estimate chill requirements in olive trees raises significant questions
because of major differences in the physiology and dormancy
dynamics among these species. Chill models such as CH or CU were
designed and presumably optimized for the thermal responses of
peach and their underlying assumptions may not align with the
climatic needs of olive trees. Olives, which are well-adapted to
warmer Mediterranean climates, likely exhibit greater tolerance to
high temperatures and typically have much lower chill
requirements. In contrast to peaches, olive trees exhibit a relatively
superficial form of dormancy, allowing them to resume growth after
limited chill accumulation. Consequently, peach-derived models
may overestimate olive chill requirements and lead to inaccurate
projections of phenological stages.

Similar limitations arise when the CP is applied using the
original parameter set derived from peach (27). Because the CPs’
was parameterized using data from temperate deciduous species,
its direct transfer to olive may not adequately reflect the dormancy
physiology of this crop. For this reason, we recommend calibrating
the CP parameters using olive-specific phenological datasets (ideally
combining forcing-test-based estimates of dormancy release with
multi-year field observations to ensure transferability across
Mediterranean environments. To better represent the dormancy
behavior of olives, it would be valuable to calibrate these models
using olive-specific parameter sets, as recently proposed (44).

With increasing inter-annual temperature variability and
more frequent weather anomalies, accurate quantifications of chill
requirements is becoming increasingly critical.

Bud water content: A promising physiological marker for
dormancy transitions

Our investigation also sought to clarify the relationship between the
fulfillment of chill requirements, endodormancy release dates
obtained through forcing tests and bud water content. We found
that the rehydration of floral buds started to increase at, or shortly
after, the date of endodormancy release. The rise in fresh weight
observed in floral buds likely reflects the onset of rehydration,
marked by water content exceeding 30 %. This rehydration is
facilitated through cell-to-cell water transport, once the vascular
system becomes sufficiently differentiated to support renewed
metabolic activity. During endodormancy, water is largely bound to
macromolecules as a protective mechanism against freezing
(29, 30). This bound water is then converted to free water during the
ecodormancy phase, as temperatures become favorable for growth.
The speed of this transition depends strongly on winter and spring
temperature conditions; it proceeds more slowly under cold
temperatures, requiring additional time to convert water from its
bound to free form.

Although water mobility in cells varied slightly among
cultivars, our findings suggest that bud water content may serve asa
physiological indicator of the ecodormancy status. The coordinated
increase in bud fresh weight and water content around
endodormancy release supports the use of integrated frameworks
that jointly account for chilling and heat accumulation. In this
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context, PhenoFlex offers a coherent conceptual structure for linking
physiological signals (e.g., water status) with temperature-driven
dormancy transitions, with potential to improve olive flowering
predictions under variable climatic conditions (45). In particular,
stabilization of bud water content around 50-55 % may represent a
reliable biological marker for the effective establishment of the
ecodormancy phasein olive trees.

In light of these insights and considering the complexity of
dormancy mechanisms in olives, future research would benefit from
integrated approaches that combine chill and heat accumulation
models. One promising path is the PhenoFlex framework (45), which
enables simultaneous modeling of chilling and heat processes and
can be adapted to diverse climatic environments, representing a
promising avenue. Developing olive-specific calibrations of such
models could significantly improve phenological predictions and
guide better orchard management strategies under future climate
conditions.

Although this study provides valuable insights into the
dormancy dynamics of olive cultivars under Moroccan climate
conditions, certain limitations should be acknowledged. The
experiments were conducted over only two consecutive seasons at a
single location, which may not capture the full extent of climatic
variability across the Mediterranean basin. Moreover, while the forcing
test is a robust method for estimating chill and heat requirements,
further validation through physiological, molecular and multi-site
approaches would help strengthen the generalizability of the results.
Future research should therefore extend observations over longer
periods and assess cultivar responses across a wider range of
agro-climatic zones.

Conclusion

This study determined the dates of endodormancy release and
quantified the chill and heat requirements of four olive cultivars
under the mountainous Mediterranean climate of Khenifra. Based
on floral bud weight development and water content analysis, clear
genotypic differences were observed. Arbequina exhibited early
endodormancy release and lower chill requirements, while Haouzia
and Dahbia required longer exposure to winter cold and greater heat
accumulation to achieve flowering. Picholine Marocaine showed an
intermediate response, though with greater inter-annual variability
linked to seasonal temperature conditions. The contrasting patterns
observed between the two study years highlight the high sensitivity
of olive phenology to inter-annual temperature variability.

These findings underscore the importance of aligning cultivar
selection with local thermal profiles and anticipating shifts in
flowering time under ongoing climatic change. From a practical
standpoint, selecting and co-planting cultivars with compatible
flowering periods may improve pollination efficiency and vyield
stability in Mediterranean orchards. Future research should extend
observation across additional years and agro-climatic zones and
further calibrate phenological models specifically for olive trees to
support adaptive orchard management strategies increasing
climate uncertainty.
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