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Abstract

Background-
Extreme weather events increasingly threaten avocado production, yet it remains unclear whether
cultivar-dependent differences in physiological responses are accompanied by differences in
reproductive survival and subsequent yield under field conditions. We therefore evaluated the
physiological and reproductive responses of mature ‘Hass’, ‘BL122’ (‘BL’), ‘Gem’, and ‘Maluma’ avocado
trees during a three-year field study under naturally occurring Mediterranean weather extremes in
northern Israel.

Results-
During the study period, the orchard experienced substantial environmental variation, including a severe
frost event in February 2025, when air temperature fell to − 3.47°C and remained below 0°C for
approximately 10 h, and episodes of extreme summer heat, with a maximum air temperature of 47.2°C.
Following the severe frost event, floral bud damage reached 88% in ‘Hass’ and 95% in both ‘BL’ and
‘Maluma’, whereas ‘Gem’ sustained significantly lower damage, with 57% injured buds. Cultivar × season
interactions were significant for flowering intensity and all productivity traits. Following the frost, ‘Gem’
showed significantly higher flowering intensity and produced 37.7 kg fruit tree⁻¹, whereas yields of
‘Hass’, ‘BL’, and ‘Maluma’ remained below 2.2 kg tree⁻¹. Physiological responses varied significantly
among sampling dates, with significant cultivar × sampling date interactions for CO₂ assimilation,
stomatal conductance, Fv/Fm, and CCI. ‘Gem’ maintained relatively high gas-exchange values on several
sampling dates, including after the frost event. Fv/Fm reached its lowest values following the frost but
recovered to approximately 0.82–0.85 across all cultivars by May 2025, despite pronounced differences
in subsequent reproductive performance among cultivars. ‘BL’ frequently showed a higher chlorophyll
content index and produced large fruit, but these traits were not accompanied by high post-frost yield.

Conclusions-
Overall, the results reveal substantial cultivar-dependent differences in reproductive resilience following
the severe frost event, with ‘Gem’ showing the greatest post-frost flowering intensity and yield among the
evaluated cultivars. In contrast, the recovery of physiological indicators did not consistently parallel
reproductive recovery across cultivars. These findings highlight the importance of integrating
physiological and reproductive responses when evaluating cultivar resilience to extreme weather under
field conditions.

1. Background
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Avocado is a commercially important evergreen fruit tree cultivated in tropical and subtropical regions
worldwide [1]. Despite increasing global demand, avocado production remains highly vulnerable to harsh
environmental conditions, particularly extreme heat and cold events, which constrain its geographical
expansion and limit stable productivity [2]. Climate change is increasing the exposure of agricultural
systems to temperature extremes and greater climatic variability, creating additional challenges for
perennial fruit production [3]. Extreme heat events can severely impair avocado growth and survival, and
may even lead to tree mortality. Temperature extremes can disrupt key physiological processes in
avocado, including carbon assimilation, stomatal regulation, photosystem II performance, and plant
water relations [4–6]. The magnitude of these effects depends on stress intensity and duration, as well
as on the developmental stage at which exposure occurs [7, 8]. Extreme cold events can be classified
into two categories: (i) chilling events, in which temperatures approach but remain above 0°C [9], and (ii)
frost events, during which temperatures fall below the freezing point of water [10]. Although chilling
events are less severe than frost events, they can still negatively affect avocado physiology. Even in the
absence of visible tissue damage, exposure of ‘Hass’ avocado trees to chilling temperatures was found
to reduce maximum CO₂-assimilation rates, light-saturation points, CO₂-saturation points, and quantum
yields relative to non-stressed trees. Furthermore, declines in variable-to-maximum chlorophyll
fluorescence ratios (Fv/Fm) were reported in ‘Hass’, ‘Reed’, and ‘Pinkerton’ avocado leaves following
chilling exposure, indicating chill-induced photoinhibition under winter conditions [11–13]. Frost imposes
additional injury through extracellular ice formation, cellular dehydration, membrane disruption, and
oxidative stress, and can damage both vegetative and reproductive tissues [14–17]. In avocado, frost
injury has been associated with reductions in Fv/Fm, CO₂ assimilation, and stomatal conductance, as
well as with damage to foliage, floral buds, flowers, and fruit [18–22].

‘Hass’, a Guatemalan–Mexican hybrid developed approximately a century ago, remains the dominant
avocado cultivar worldwide because of its favorable fruit quality, including creamy texture, rich flavor,
and thick peel [23]. Consequently, avocado breeding programs have focused on developing high-quality
‘Hass’-like cultivars with improved productivity, fruit characteristics, shelf life, and environmental
adaptability and reduced alternate bearing [24, 25]. Among these, ‘Maluma’, ‘Gem’, and ‘BL122’ (‘BL’) have
garnered commercial interest due to their favorable horticultural traits and marketability. The early-
bearing ‘Maluma’, originating from South Africa, is characterized by high productivity and an extended
harvest period [26]. ‘Gem’ and ‘BL’, both developed at the University of California breeding program,
exhibit desirable fruit quality together with advantageous tree architecture, productivity, and fruit-size
characteristics [27, 28]. Because these cultivars differ in growth habit, phenology, and reproductive
characteristics, they also provide a useful system for testing whether variation among cultivars is
associated with contrasting physiological and reproductive responses to environmental stress.

A study of young, non-bearing ‘Hass’ and ‘Hass’-like avocado cultivars showed cultivar-dependent
responses to naturally occurring frost and heat events, with ‘Gem’ exhibiting lower floral bud injury and
‘BL’ maintaining relatively high chlorophyll content under stressful field conditions [22]. However, it
remains unclear whether the cultivar-dependent responses observed in young trees persist after trees
begin bearing fruit and, importantly, whether differences in physiological responses are accompanied by
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differences in reproductive survival and subsequent productivity. Field-based evidence linking extreme-
weather responses to reproductive injury, flowering, and subsequent yield in mature, fruit-bearing ‘Hass’-
like avocado cultivars is still limited. We hypothesized that cultivars would differ in both their
physiological responses to environmental extremes and their capacity to maintain reproductive function
following severe frost. Therefore, this study aimed to evaluate the physiological and reproductive
responses of mature, fruit-bearing ‘Hass’-like avocado cultivars under naturally occurring weather
extremes relative to ‘Hass’. Specifically, we aimed to determine (i) whether mature, fruit-bearing ‘Hass’-
like cultivars differ in their physiological responses across contrasting environmental conditions, (ii)
whether they differ in floral bud injury, flowering, and productivity following severe frost, and (iii) compare
cultivar-specific patterns of physiological response with subsequent reproductive performance. To
achieve this, a 3-year field experiment was conducted in northern Israel, in a region characterized by a
high frequency of extreme weather events. To our knowledge, this is among the first multi-year field
studies to integrate physiological measurements with reproductive injury, flowering, fruit number, and
yield in mature, fruit-bearing ‘Hass’ and ‘Hass’-like avocado cultivars under naturally occurring weather
extremes. In contrast to previous work in young, non-bearing trees, the present study examines whether
cultivar-dependent stress responses persist after trees begin bearing fruit and whether these differences
are accompanied by contrasting reproductive performance and yield following severe frost.

2. Methods

2.1 Experimental site and plant material
The study was conducted between January 2023 and March 2026 in a 0.2-ha experimental avocado
orchard located at the Northern Agriculture R&D research farm in northeastern Israel (33°09′05′′N,
35°37′30′′E; 72 m a.s.l.). The orchard soil is characterized by clay texture, comprising 54% clay, 28% silt,
and 18% sand. The site was selected because it is frequently exposed to extreme weather conditions.
Four avocado cultivars— ‘Hass’, ‘BL’, ‘Gem’, and ‘Maluma’, all grafted onto the clonal West Indian
rootstock ‘VC 804’—were evaluated. ‘Ettinger’ trees were planted as pollinizers, comprising 11% of the
plot. Trees were obtained from Dvori Or Nursery (Kfar Haim, Israel) and planted in 2020 in north–south-
oriented rows, with a spacing of 4 m between trees within each row and 6 m between rows.

2.2 Experimental design
The trial was arranged as a completely randomized design, with cultivar as the treatment factor (Fig. 1).
Each cultivar was represented by 5 replicate plots, each consisting of 3 trees, for a total of 15 trees per
cultivar. Trees and leaves sampled within each replicate plot were treated as biological subsamples
rather than as independent experimental units. For each response variable, subsample measurements
were averaged to obtain a single replicate-level value, and the replicate plot was used as the
experimental unit for statistical analysis (n = 5 per cultivar). The same trees were followed across years.

Aerial view of the experimental avocado orchard showing the spatial distribution of the four cultivars.
Highlighted tree canopies represent ‘Hass’ (black), ‘BL’ (light green), ‘Gem’ (blue), and ‘Maluma’ (red).
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Each cultivar comprised five replicate plots, with three adjacent trees per replicate. ‘Ettinger’ (yellow)
trees were planted as pollinizers, comprising 11% of the plot.

2.3 Meteorological measurements
Meteorological data, including air temperature, relative humidity, precipitation, wind speed, and solar
radiation, were obtained from the nearby ‘Ha-Hula’ meteorological station operated by the Israeli
Meteorological Service. To complement these records, air temperature and relative humidity were
monitored in the orchard during February 2025 using two miniature, waterproof, HOBO data loggers
(MX2301A; Onset Corp., Bourne, MA, USA). The loggers were installed 1.5 m above ground level and
were shaded by the tree canopy to minimize direct solar exposure. Air temperature and relative humidity
were recorded at 10-min intervals.

2.4 Leaf-level light intensity and gas-exchange
measurements
Leaf-level photosynthetic photon flux density (PPFD), net CO₂-assimilation rate, and transpiration rate
were measured using an LI-6800 portable photosynthesis system equipped with a clear-top 6 cm²
chamber (LI-COR, Lincoln, NE, USA). During measurements, airflow through the chamber was maintained
at approximately 700 µmol s⁻¹, reference CO₂ concentration was set to 415 ppm, and boundary-layer
conductance to water vapor was maintained at approximately 3 mol m⁻² s⁻¹. The chamber temperature
and relative humidity were set to ambient. Fully expanded, sun-exposed mature leaves were measured at
midday. During the measurements, leaves were maintained in their natural orientation toward the sun
while enclosed within the chamber. Stomatal conductance to water vapor (gs) was calculated by the LI-

6800 system. Gas-exchange measurements were conducted on three leaves from the central tree of
each replicate. The three leaf measurements from the central tree were averaged to obtain a single value
for each replicate plot for statistical analysis. Thus, the replicate plot was treated as the experimental
unit, with five independent replicates per treatment (n = 5). The selected leaves were sampled from the
southern side of the canopy at a height of approximately 1.5 m above ground level. Leaves chosen for
measurements were located four to five nodes from the shoot apex.

2.5 Analysis of chlorophyll a fluorescence and chlorophyll
measurements
Leaf chlorophyll a fluorescence was measured in the dark at night using a portable FluorPen FP100
fluorometer (Photon Systems Instruments, Drásov, Czech Republic), and Fv/Fm was calculated as
previously described [29–31]. Leaf chlorophyll content index (CCI) was determined using a portable
chlorophyll meter (MC-100; Apogee Instruments, Logan, UT, USA). For each treatment replicate,
measurements were taken from three fully expanded leaves on each of the three trees. The three trees
were treated as biological subsamples within the replicate plot. Leaf measurements were first averaged
for each tree, and the tree means were then averaged to obtain a single value per replicate. These
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replicate-level means were used for statistical analysis. Thus, the replicate plot was the experimental
unit, with five independent replicates per treatment (n = 5).

2.6 Flowering intensity estimation
Flowering intensity was evaluated during peak bloom in April 2023, 2024, and 2025, following previously
described methods [18, 32]. Two independent evaluators scored each tree separately on a scale of 0 to
5, where 0 indicated no visible flowering, and 5 indicated maximal flowering intensity. Assessments were
performed on three trees per replicate. The scores assigned by the two evaluators were first averaged for
each tree, and the resulting tree-level means were then averaged across the three trees to obtain one
value per replicate. Replicate means were used for statistical analysis (n = 5). The replicate plot was
considered the experimental unit. Flowering intensity data from April 2023 were previously reported in
Lahack et al. (2025) and are included here solely as the baseline season within the present three-year
analysis, enabling evaluation of cultivar-specific flowering patterns in relation to subsequent productivity
across seasons.

2.7 Tree yield, fruit number and average fruit weight
During the 3-year experiment, fruits were manually harvested from the experimental trees. Table 1 shows
the picking date for the different cultivars. For each replicate, fruit yield was quantified on an individual-
tree basis by weighing the total harvested fruit per tree. The total number of harvested fruit was also
recorded for each tree. Mean fruit weight (g) was calculated by dividing the total fruit mass by the
number of harvested fruit from the corresponding tree. Data were collected from three trees per
replicate. Tree-level data were averaged to obtain one value per replicate, and replicate means were used
for statistical analysis (n = 5). The replicate plot was considered the experimental unit.

Table 1
Picking dates for the different cultivars during the 3 years

of the experiment
Season 2023–2024 2024–2025 2025–2026

Cultivar      

Hass 17 Jan 24 22 Jan 25 20 Jan 26

BL 15 Feb 24 19 Feb 25 4 Mar 26

Gem 15 Feb 24 4 Dec 24 8 Dec 25

Maluma 13 Nov 23 29 Oct 24 9 Nov 25

2.8 Observations of foliage and floral bud damage
Foliage and floral bud damage were evaluated in early March 2025, following the major frost event in
February 2025. Floral bud injury was assessed on swollen buds at BBCH stage 511 according to the
extended BBCH scale for avocado [1]. Buds were sectioned transversely and visually inspected for

Page 6/26



internal browning. Floral buds were classified as damaged when frost-induced browning affected more
than 25% of the cross-sectional tissue area. For each replicate plot, 10 buds were assessed on each of
three trees, which served as biological subsamples within the replicate plot. Bud-level observations were
first averaged for each tree, and tree means were then averaged to obtain a single value per replicate.
Statistical analyses were performed using replicate-level means, with the replicate plot considered the
experimental unit (n = 5). Visible frost damage to the foliage was assessed using an independent
evaluation procedure. Two independent evaluators scored each tree on a scale of 0 to 5, where 0
indicated no visible injury (fully green and healthy foliage) and 5 indicated severe frost damage
characterized by extensive leaf browning [18]. Assessments were obtained from three trees per
replicate. The scores assigned by the two evaluators were first averaged for each tree, and the resulting
tree-level means were then averaged across the three trees within each replicate. Replicate means were
used for statistical analysis (n = 5).

2.9 Statistical analysis
Variables measured repeatedly in the same replicate plots were analyzed using linear mixed models. For
flowering and productivity variables, cultivar, season, and their interaction were included as fixed effects.
For CO₂ assimilation, stomatal conductance, Fv/Fm, and CCI, cultivar, sampling date, and their
interaction were included as fixed effects. In all models, the replicate plot was specified as the repeated-
measures subject. The covariance structure was selected separately for each response variable based
on the corrected Akaike information criterion (AICc), model convergence, and examination of residual
diagnostics. The significance of fixed effects was evaluated using Type III F-tests. Following a significant
interaction, cultivar least-squares means were compared within each sampling date or season using
Tukey-adjusted comparisons. Single-time-point foliage damage scores were analyzed using one-way
analysis of variance (ANOVA) followed by Tukey’s HSD test. Floral bud damage was analyzed using a
binomial generalized linear mixed model (GLMM) with a logit link, with cultivar included as a fixed effect
and replicate plot as a random effect. The response was specified as the number of damaged buds
relative to the total number of buds assessed for each tree. Pairwise comparisons among cultivars were
adjusted using the Tukey–Kramer method. Statistical analyses were performed using JMP software
version 18.2.2 (SAS Institute, Cary, NC, USA). Principal component analysis (PCA) was conducted using
GraphPad Prism version 11.0.2 software (GraphPad Software, LLC) as an exploratory analysis of
multivariate relationships among physiological and productivity traits across avocado cultivars. Annual
mean values were calculated separately for each replicate plot and season. To account for cultivar-
specific phenological and production cycles, seasonal windows were defined for each cultivar based on
its harvest dates each season (Table 1). The variables included in the PCA were CO₂-assimilation rate, gs,

CCI, Fv/Fm, yield, fruit number, and mean fruit weight. Biplots were generated to visualize cultivar
clustering patterns and the contribution of individual variables to principal component separation.

2.10 Use of large language model
ChatGPT (OpenAI) was used during manuscript preparation to assist with language editing and improve
clarity and organization. All scientific content, statistical analyses, interpretation of the results, and final
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wording were reviewed and approved by the authors.

3. Results

3.1 Environmental conditions and extreme weather events
in the experimental plot
Substantial seasonal variation in meteorological conditions was recorded throughout the experimental
period (January 2023–March 2026; Fig. 2). Air temperatures followed a clear annual cycle, with low
winter temperatures and high summer temperatures (Fig. 2, A). During the study period, minimum air
temperatures occasionally dropped below 0°C, with the lowest at approximately − 3.5°C during the
severe frost event in February 2025. Maximum air temperatures exceeded 40°C during the summer
months (April to September), peaking at 47.2°C in August 2025. Relative humidity exhibited considerable
temporal variability, with minimum values frequently dropping below 20% during the summer and
maximum values remaining close to saturation during much of the experimental period (Fig. 2, B).
Precipitation events were sporadic and occurred primarily during the winter months, with several intense
rainfall events exceeding 40–50 mm day⁻¹ (Fig. 2, C). Maximum wind speed fluctuated substantially
throughout the study period, with peak values occasionally exceeding 25 m s⁻¹, particularly during the
winter and transitional seasons (Fig. 2, D). Maximum solar radiation also followed a seasonal pattern,
with the highest values recorded during spring and summer (Fig. 2, E). Overall, the experimental orchard
experienced substantial environmental fluctuations, including a severe frost event and episodes of
exceptionally high summer air temperature.

3.2 Cultivar-dependent injury following the February 2025
frost
A severe frost event occurred in the experimental orchard during the night of 24/25 Feb 2025, when the
minimum air temperature dropped to − 3.47°C. Air temperature remained below 0°C from 2110 h on 24
February until 0740 h on 25 February, resulting in approximately 10 h of freezing conditions (Fig. 3, A).
Following the frost event, damage was detected in both foliage and floral buds. Foliage damage was
most severe in ‘Maluma’, reaching 3.5 on a 0–5 scale and significantly exceeding the damage observed
in the other cultivars (Fig. 3, B). Floral bud injury was also extensive and differed significantly among
cultivars, ranging from 88% in ‘Hass’ to 95% in both ‘Maluma’ and ‘BL’ (Fig. 3, C). In contrast, ‘Gem’
exhibited significantly lower floral bud damage than all other cultivars (57%). Representative images of
frost-damaged trees recorded in March 2025 are presented in Fig. 3, D.

3.3 Flowering intensity and reproductive parameters of the
different cultivars
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Linear mixed-model analysis revealed significant effects of cultivar, season, and cultivar × season
interaction on flowering intensity, yield, fruit number, and mean fruit weight (Table 2). The significant
interactions indicate that cultivar differences varied among seasons. Therefore, cultivar means were
subsequently compared separately within each season.

Table 2
Significance of the fixed effects of cultivar, season, and their interaction on

flowering and productivity traits. Results are based on Type III F-tests of fixed
effects from the final linear mixed model selected for each response variable.

Asterisks indicate significance at * p < 0.05, ** p < 0.01, and *** p < 0.001
Cultivar Flowering Yield Fruit number Mean fruit weight

** ** * ***

Season *** *** *** ***

Cultivar X season * *** *** *

In April 2023, flowering was generally high across all cultivars. ‘Maluma’ and ‘Gem’ exhibited the highest
flowering intensities, both significantly greater than that of ‘BL’ (Fig. 4, A). However, in ‘Maluma’, despite
the high flowering intensity, fruit yield was significantly lower than in the other cultivars, reaching only 2.3
kg tree⁻¹ (Fig. 4, B). In contrast, fruit yield in ‘Hass’, ‘BL’, and ‘Gem’ reached 22.5, 38.3, and 23.1 kg tree⁻¹,
respectively. The highest fruit number per tree was recorded in ‘Hass’ and ‘BL’, both significantly greater
than in ‘Maluma’ (Fig. 4, C). Mean fruit weight was highest in ‘BL’ and ‘Gem’ (237 and 256 g, respectively),
significantly exceeding those of ‘Hass’ and ‘Maluma’, which averaged 174 and 194 g, respectively (Fig. 4,
D). In April 2024, high flowering intensity was observed in ‘Hass’, ‘Gem’, and ‘Maluma’ (Fig. 4, E), whereas
‘BL’ showed only moderate flowering (2.5 out of 5), significantly lower than the other cultivars. During the
corresponding growing season, fruit yield was highest in ‘Hass’, reaching 66.3 kg tree⁻¹, significantly
greater than that of ‘Maluma’, which produced only 31.4 kg tree⁻¹ (Fig. 4, F). Fruit yield in ‘BL’ and ‘Gem’
reached 39.0 and 52.3 kg tree⁻¹, respectively. Consistent with these results, ‘Hass’ exhibited the highest
fruit number per tree (453), whereas fruit number was significantly lower in ‘BL’, ‘Gem’, and ‘Maluma’,
with 202, 251, and 211 fruits tree⁻¹, respectively (Fig. 4, G). Similar to the previous season, mean fruit
weight was highest for ‘BL’ and ‘Gem’ (229 and 210 g, respectively), significantly greater than those for
‘Hass’ and ‘Maluma’, which averaged 147 and 153 g, respectively (Fig. 4, H). Following the severe frost
event of February 2025, flowering intensity in April 2025 was low in all cultivars (Fig. 4, I). Flowering
intensity remained below 0.4 in ‘Hass’, ‘BL’, and ‘Maluma’, whereas ‘Gem’ exhibited significantly higher
flowering intensity, although values were still relatively low (0.8 out of 5). Correspondingly, fruit yield in
‘Hass’, ‘BL’, and ‘Maluma’ remained below 2.2 kg tree⁻¹ (Fig. 4, J). In contrast, ‘Gem’ maintained a
significantly higher yield of 37.7 kg tree⁻¹, accompanied by a significantly greater number of fruit per tree
compared to all other cultivars (Fig. 4, K). Mean fruit weight was highest for ‘BL’ (304 g), significantly
greater than for ‘Maluma’ (216 g; Fig. 4, L). Mean fruit weight for ‘Hass’ and ‘Gem’ was intermediate,
averaging 236 and 230 g fruit⁻¹, respectively.
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Flowering intensity was assessed and scored in (A) April 2023, (E) April 2024, and (I) April 2025 on a
scale of 0–5, with 0 representing no apparent flowering and 5, maximum bloom. (B, F, J) Fruit yield and
(C, G, K) number of fruits per tree were determined on the commercial harvest date of each cultivar in the
growing seasons of 2023–2024 (B, C), 2024–2025 (F, G), and 2025–2026 (J, K). (D, H, L) Mean fruit
weight for the three respective seasons was calculated for the same harvest period by dividing the total
fruit weight by the number of fruits on each tree. Values are means ± SE of five replicate plots (n = 5,
three trees per replicate). Different letters above a column indicate significant differences within each
growing season (Tukey-adjusted comparisons, P < 0.05).

3.4 Leaf-level light intensity and gas-exchange parameters
in the different cultivars
Leaf-level PPFD was generally similar among cultivars across measurement dates (Supplementary
Fig. 1). Linear mixed-model analysis showed significant effects of sampling date and cultivar × sampling
date interaction for CO₂ assimilation, stomatal conductance, Fv/Fm, and CCI (Table 3). A significant
overall cultivar effect was detected for CO₂ assimilation rate and stomatal conductance, but not for
Fv/Fm or CCI. Because the cultivar × sampling date interactions were significant, cultivar differences
were further examined separately at each sampling date.

Table 3
Significance of the fixed effects of cultivar, sampling

date, and their interaction on physiological traits. Results
are based on Type III F-tests from the selected linear

mixed models. Asterisks indicate significance at * p < 
0.05, ** p < 0.01, and *** p < 0.001; “ns” denotes non-
significant. A, net CO₂ assimilation rate; gs, stomatal

conductance; Fv/Fm, maximum quantum yield of
photosystem II; CCI, chlorophyll content index

Cultivar A gs Fv/Fm CCI

* * ns ns

Sampling date *** *** *** ***

Cultivar X Sampling date ** *** *** ***

Net CO2-assimilation rate and g� varied substantially throughout the experimental period and varied

significantly among sampling dates (Fig. 5). In all cultivars, both parameters declined during the cold
winters, with particularly low values recorded on 11 Mar and 16 Apr 2025 following the severe frost event
of February 2025. A general reduction in both parameters was also observed during the hot summer
months of 2024. ‘Gem’ maintained relatively high CO₂-assimilation rates on several sampling dates,
although cultivar differences were not consistent throughout the experimental period (Fig. 5, A). In
January 2024, the CO2-assimilation rate was significantly greater in ‘BL’ than in ‘Maluma’. In May 2024,
the CO2-assimilation rate was significantly lower in ‘Maluma’ than in all other cultivars. Following the
severe frost event of winter 2025, ‘Gem’ exhibited significantly higher CO2-assimilation rates than ‘BL’ in
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April 2025. General gs patterns were similar to those of the CO2-assimilation rate, with relatively high
values in ‘Gem’ on several sampling dates (Fig. 5, B). In January 2024, g� values were significantly
greater in ‘BL’ than in ‘Maluma’. In June 2024, g� values were significantly greater in ‘Gem’ than in ‘Hass’
and ‘BL’. In September 2024, g� values were significantly greater in ‘Gem’ and ‘Maluma’ than in ‘Hass’. In
October 2024, g� values were significantly greater in ‘Gem’ and ‘Maluma’ than in ‘BL’. In April 2025,
following the severe frost event of winter 2025, g� values were significantly greater in ‘Gem’ than in ‘BL’
and ‘Maluma’. Across the study period, ‘Gem’ frequently maintained relatively high gas-exchange values,
although the magnitude and significance of cultivar differences varied among sampling dates, whereas
‘Hass’ showed lower CO₂ assimilation or gs than other cultivars on several sampling dates.

The LI-COR system was used to measure and calculate (A) net CO2-assimilation rate (defined as A) and

(B) stomatal conductance to water vapor (gs). Parameters were measured in the orchard periodically at
mid-day from January 2024 to December 2025. Values are means ± SE of five replicate plots (n = 5; one
tree per replicate; three different leaves were measured from each tree). Different letters indicate
significant differences on the specified date (Tukey-adjusted comparisons, P < 0.05). Dates are given as
day.month.year.

3.5 Maximum quantum yield (Fv/Fm) and chlorophyll
content in the different cultivars
Fv/Fm varied over time, with the most pronounced reductions observed during the winter and following
the severe frost event of February 2025 (Fig. 6, A). Fv/Fm had already declined during the winter before
the frost event, but a substantially greater reduction was observed at the first post-frost measurement in
February 2025. Following the frost event, Fv/Fm declined markedly in all cultivars, reaching minimum
values in February 2025. Fv/Fm values subsequently increased in all cultivars, with cultivar differences
observed during the recovery period. In April 2025, ‘Gem’ showed the highest Fv/Fm values, significantly
higher than ‘BL’ and ‘Hass’. By May 2025, Fv/Fm values in all cultivars had recovered to approximately
0.82–0.85 and remained relatively stable thereafter. Significant differences in Fv/Fm were also observed
in April–July 2024; however, Fv/Fm values in all cultivars remained above 0.8 during these periods.

CCI also showed temporal and cultivar-dependent variation (Fig. 6, B). The cultivar × sampling date
interaction was significant, whereas the overall cultivar effect was not significant (Table 3), indicating
that cultivar differences in CCI were date-dependent rather than consistent throughout the study. ‘BL’
exhibited relatively high CCI values on numerous individual sampling dates. Seasonal declines in CCI
were observed during May 2024 and 2025. On numerous individual sampling dates, ‘BL’ exhibited
significantly higher CCI values than one or more of the other cultivars, although the specific cultivar
contrasts varied among dates. In contrast, ‘Gem’ tended to have lower CCI values during the second half
of 2025.

Chlorophyll a fluorescence was recorded after dark adaptation to calculate Fv/Fm. Parameters were
measured in the orchard periodically from January 2024 to December 2025. Fv/Fm was measured in the
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dark at night. Values are means ± SE of five replicate plots (n = 5, three trees per replicate; three different
leaves were measured from each tree). Different letters indicate significant differences on the specified
date (Tukey-adjusted comparisons, P < 0.05). Dates are given as day.month.year.

3.6 Principal component analysis (PCA)
The first two axes of the PCA (PC1 and PC2) accounted for 71% of the total variance observed in the
dataset (Supplementary Fig. 2). The loading vectors indicated a strong positive association between
CO₂-assimilation rate and gs, as these variables were closely aligned. Yield and fruit number were also

strongly associated, loading in a similar direction. In contrast, fruit weight loaded in the opposite
direction to yield and fruit number, indicating an inverse association between mean fruit weight and crop-
load variables in the multivariate ordination. Chlorophyll content index (CCI) was positively associated
with fruit weight, whereas Fv/Fm showed relatively weak loadings on PC1 and PC2 and was positioned
near the origin.

In the PCA biplot, replicate-season observations showed cultivar-related patterns in their multivariate
distribution. ‘BL’ samples were primarily distributed in the positive region of PC1 and PC2, corresponding
to higher gas-exchange activity, chlorophyll content, and fruit weight. ‘Hass’ samples were generally
located in the negative region of PC2 and were associated with higher yield and fruit number. ‘Maluma’
observations were more often located in the positive region of PC1 and the negative region of PC2, a
region associated with relatively low reproductive output and gas-exchange activity. ‘Gem’ occupied an
intermediate position between the other cultivars, reflecting an intermediate multivariate position rather
than clear dominance for any single trait group.

4. Discussion
The present study evaluated the physiological and reproductive responses of mature, fruit-bearing ‘Hass’
and ‘Hass’-like avocado cultivars during three years of naturally occurring Mediterranean weather
extremes. Three main patterns emerged. First, following the February 2025 frost, pronounced cultivar-
dependent reproductive injury was observed, with ‘Gem’ sustaining substantially less floral bud damage
than ‘Hass’, ‘BL’, and ‘Maluma’ (Fig. 3). Second, cultivar differences in physiological traits were strongly
dependent on sampling date, as indicated by significant cultivar × sampling date interactions. Third,
recovery of leaf-level physiological indicators did not necessarily parallel reproductive recovery: Fv/Fm
returned to approximately 0.82–0.85 in all cultivars by May 2025 (Fig. 6), whereas subsequent flowering
and yield remained strongly differentiated among cultivars (Fig. 4). The lower floral bud injury observed
in ‘Gem’ is consistent with previous observations in young trees [22], indicating that a similar cultivar
pattern was observed at both young and mature developmental stages, although cultivar-specific
differences in floral bud phenology at the time of frost cannot be excluded.

The reproductive response following the frost provides the clearest evidence of cultivar-dependent
resilience in the present study. In April 2025, following the February frost event, flowering intensity was
low across all cultivars, but ‘Gem’ showed significantly higher flowering intensity than the other cultivars
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(Fig. 4). This response was reflected in yield: whereas ‘Hass’, ‘BL’, and ‘Maluma’ produced less than 2.2
kg tree⁻¹, ‘Gem’ produced 37.7 kg tree⁻¹ (Fig. 4). The correspondence between lower floral bud injury and
greater subsequent flowering in ‘Gem’ suggests that reduced reproductive injury may have contributed to
its comparatively high yield following the frost. In avocado, flowering and fruit set are highly sensitive to
environmental stress, and frost injury to floral buds can strongly reduce productivity [18]. Therefore, the
lower floral bud injury and greater subsequent flowering observed in ‘Gem’ may provide an important
advantage in frost-prone regions. The mechanisms underlying this response were not examined in the
present study and should be investigated in future work to clarify the physiological and molecular basis
of this cultivar’s reproductive response to frost. Potential mechanisms for future investigation include
cultivar differences in freezing-induced dehydration and cellular injury, oxidative stress responses, and
antioxidant capacity [19, 33, 34]. However, post-frost yield may also have been influenced by previous-
season crop load and cultivar-specific alternate-bearing patterns. ‘Hass’, in particular, carried the highest
crop in the season preceding the frost. Although the extensive floral bud injury and near-absence of
flowering are consistent with frost being a major contributor to the subsequent yield loss, the present
study cannot fully separate frost effects from carry-over effects of previous crop load. From a
commercial perspective, it should be noted that the value of a cultivar cannot be assessed solely by its
total yield. Larger fruit size, harvest timing, market preferences, and price structure may offset lower fruit
number in some production systems. ‘BL’ and ‘Gem’ may therefore provide economic advantages in
markets that reward larger fruit, whereas ‘Hass’ may remain advantageous in years without severe
climatic stress because of its high crop load.

Gas-exchange measurements revealed significant cultivar × sampling date interactions for both CO₂
assimilation and gs, indicating that cultivar differences were strongly dependent on sampling date rather
than being consistent across seasons. In all cultivars, CO₂ assimilation and gs declined during the winter
and reached particularly low values following the severe frost event (Fig. 5). This pattern is consistent
with previous studies showing that cold and frost stress reduce photosynthetic activity and gs in both

field-grown and potted plants [20, 22, 33]. Similar winter-related declines in physiological performance
have been reported in other fruit crops, including banana [35], indicating that low temperatures can
impose broad constraints on carbon assimilation and photosynthetic function. On several sampling
dates, ‘Gem’ maintained relatively high CO₂ assimilation and g� compared with some of the other
cultivars, including during the post-frost period (Fig. 5). These date-specific differences are consistent
with ‘Gem’ maintaining relatively high leaf-level carbon assimilation and stomatal conductance under
some stressful field conditions, including following the frost event; however, they do not demonstrate
consistently greater physiological stress tolerance across the study period. This pattern is also
consistent with previous observations of relatively high gas-exchange performance in young ‘Gem’ trees
compared to ‘Hass’ and ‘Maluma’ under cold field conditions [22].

The reduction in Fv/Fm following the frost event (Fig. 6) provides evidence of a transient impairment of
maximum photosystem II photochemical efficiency. Fv/Fm had already declined during the preceding
winter, but a more pronounced reduction was observed following the February 2025 frost event,
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consistent with cold-induced photoinhibition [20]. Cultivar differences were evident during the post-frost
period, with ‘Gem’ exhibiting the highest Fv/Fm values in April 2025. By May, Fv/Fm values had recovered
to approximately 0.82–0.85 in all cultivars, despite the pronounced differences among cultivars in
flowering and subsequent yield. This divergence indicates that recovery of maximum PSII efficiency did
not necessarily parallel reproductive recovery following frost. The absence of a significant overall cultivar
effect, together with the significant cultivar × sampling date interaction (Table 3), indicates that these
differences were date-specific rather than consistent throughout the study.

Leaf chlorophyll is commonly associated with plant physiological status, photosynthetic capacity, and
dry matter production [36]. Although ‘BL’ frequently exhibited relatively high CCI values at specific
sampling dates (Fig. 6), the absence of a significant overall cultivar effect, together with the significant
cultivar × sampling date interaction (Table 3), indicates that cultivar differences were not consistent
throughout the study. A similar tendency toward relatively high CCI in ‘BL’ was previously observed in
young trees [22]. Other studies have shown that cold stress can reduce CCI in ‘Hass’ and in the evergreen
tree Quercus ilex [21, 37]. Despite its relatively high CCI on many sampling dates, ‘BL’ sustained extensive
floral bud damage in 2025 and produced a very low yield after the frost event (Figs. 3, 4). Thus, the
performance of ‘BL’ suggests that maintaining high leaf chlorophyll content alone is not sufficient to
ensure reproductive resilience under severe frost conditions.

In addition to the winter frost event, the experimental orchard experienced episodes of exceptionally high
summer air temperature, with a maximum of 47.2°C (Fig. 2). Gas-exchange rates were lower on some
summer sampling dates (Fig. 5); however, because measurements were not designed as event-specific
pre- and post-heat comparisons, the contribution of heat stress cannot be separated from other
seasonal factors. Accordingly, the summer observations should be interpreted as physiological
responses under naturally occurring high-temperature field conditions rather than as a direct test of
cultivar heat tolerance. Unlike the response following frost, no comparable decline in Fv/Fm or obvious
visible foliar damage was observed during the hottest periods (Fig. 6). This is consistent with previous
findings in mature ‘Pinkerton’ avocado trees, where extreme heat conditions did not result in visible foliar
damage [6]. Although ‘Gem’ maintained relatively high CO₂ assimilation and gs on some summer
sampling dates, these date-specific differences do not establish greater intrinsic heat tolerance.

The PCA provided an integrated view of cultivar performance but was interpreted as an exploratory
summary of trait covariation rather than as evidence of distinct cultivar strategies (Supplementary
Fig. 2). Yield and fruit number were closely associated, whereas mean fruit weight loaded in the opposite
direction. Given the inherent mathematical relationship among these variables, this pattern was
interpreted descriptively rather than as evidence of a physiological tradeoff. Gas-exchange variables
were closely aligned, indicating that CO₂ assimilation and gs varied together across cultivars and
seasons. ‘BL’ was associated with higher gas exchange, CCI, and fruit weight, whereas ‘Hass’ associated
more strongly with yield and fruit number. ‘Maluma’ tended to occupy a region of the ordination
associated with lower reproductive output. ‘Gem’ occupied an intermediate position, indicating an
intermediate multivariate trait profile rather than consistent superiority in any single group of traits.
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Overall, the PCA complements the trait-specific mixed-model analyses by visualizing covariation among
physiological and productivity variables, but it does not provide independent evidence for causal
relationships among these traits.

Several limitations define the scope of inference from this study. The experiment was conducted at a
single site and included one major frost event, and cultivar-specific floral bud phenology at the time of
freezing was not quantified. Previous-season crop load also differed among cultivars and may have
contributed to subsequent yield responses. In addition, the summer heat component was observational
rather than an event-specific stress experiment. Therefore, the present results should be interpreted as
evidence of cultivar-dependent field responses under the conditions studied, rather than as proof of
intrinsic frost or heat tolerance.

A major contribution of this study is the integration of repeated physiological measurements with
reproductive injury, flowering, fruit number, and yield in mature avocado cultivars under naturally
occurring field conditions. Previous field studies in avocado have examined the physiological responses
of mature trees to winter protection or extreme heat, but have generally focused on a single cultivar and
therefore have not addressed whether cultivar-dependent stress responses are accompanied by
differences in subsequent reproductive performance [6, 13]. In contrast to previous work in young, non-
bearing ‘Hass’ and ‘Hass’-like trees, the present study links cultivar-dependent responses to weather
extremes with subsequent reproductive performance and yield in mature, fruit-bearing trees [22]. This
distinction is particularly important because recovery of leaf-level physiological indicators did not
necessarily parallel reproductive recovery following frost. From an applied perspective, the significant
cultivar × season and cultivar × sampling date interactions (Tables 2, 3) further indicate that cultivar
performance should be evaluated across contrasting seasons and environmental conditions rather than
on the basis of a single season or sampling date. Cultivar selection may therefore complement orchard-
management practices designed to mitigate damage from temperature extremes [18, 21, 38, 39].

5. Conclusions
This three-year field study demonstrates substantial cultivar-dependent variation in the physiological and
reproductive responses of mature, fruit-bearing avocado trees under Mediterranean weather extremes.
The clearest contrast followed the severe February 2025 frost, when ‘Gem’ sustained lower floral bud
injury and showed substantially greater post-frost flowering intensity and yield than ‘Hass’, ‘BL’, and
‘Maluma’. In contrast, Fv/Fm recovered to similar values in all cultivars within several months, and the
relatively high CCI frequently observed in ‘BL’ was not accompanied by greater post-frost reproductive
performance. These findings indicate that recovery or maintenance of individual leaf-level physiological
traits does not necessarily parallel reproductive resilience at the whole-tree level. Under the conditions
examined, ‘Gem’ showed the greatest reproductive resilience to the 2025 frost event, but additional
multi-site and multi-event studies are required to determine the generality and underlying mechanisms of
these cultivar-dependent responses.
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Figure 1

Experimental site in northern Israel.

Aerial view of the experimental avocado orchard showing the spatial distribution of the four cultivars.
Highlighted tree canopies represent ‘Hass’ (black), ‘BL’ (light green), ‘Gem’ (blue), and ‘Maluma’ (red).
Each cultivar comprised five replicate plots, with three adjacent trees per replicate. ‘Ettinger’ (yellow)
trees were planted as pollinizers, comprising 11% of the plot.
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Figure 2

Meteorological data. (A) Minimum and maximum daily air temperature. (B) Minimum and maximum
daily relative humidity. (C) Precipitation. (D) Maximum daily wind speed. (E) Maximum daily solar
radiation. Data were recorded from January 2023 to March 2026 at ‘Ha-Hula’ weather station, close to
the experimental site.
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Figure 3

Damage to foliage and floral buds following the severe frost event in February 2025. (A) Daily air
temperature (black) and relative humidity (blue), recorded at 10-min intervals in the experimental plot on
24 and 25 Feb 2025 (data are the mean of two data loggers). (B) Damage to foliage and (C) floral buds in
the experimental trees at the beginning of March 2025. Values are means ± SE of five replicate plots (n =
5, three trees per replicate). Different letters indicate significant differences among cultivars (P < 0.05).
Foliage damage was analyzed by one-way ANOVA followed by Tukey’s HSD test, and floral bud damage
by binomial GLMM with Tukey–Kramer-adjusted pairwise comparisons. (D) Representative photos of the
experimental trees. Pictures were taken in March 2025.
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Figure 4

Flowering intensity and productivity traits of the experimental avocado cultivars.

Flowering intensity was assessed and scored in (A) April 2023, (E) April 2024, and (I) April 2025 on a
scale of 0–5, with 0 representing no apparent flowering and 5, maximum bloom. (B, F, J) Fruit yield and
(C, G, K) number of fruits per tree were determined on the commercial harvest date of each cultivar in the
growing seasons of 2023–2024 (B, C), 2024–2025 (F, G), and 2025–2026 (J, K). (D, H, L) Mean fruit
weight for the three respective seasons was calculated for the same harvest period by dividing the total
fruit weight by the number of fruits on each tree. Values are means ± SE of five replicate plots (n = 5,
three trees per replicate). Different letters above a column indicate significant differences within each
growing season (Tukey-adjusted comparisons, P < 0.05).
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Figure 5

Leaf-level gas-exchange parameters.

The LI-COR system was used to measure and calculate (A) net CO2-assimilation rate (defined as A) and
(B) stomatal conductance to water vapor (gs). Parameters were measured in the orchard periodically at
mid-day from January 2024 to December 2025. Values are means ± SE of five replicate plots (n = 5; one
tree per replicate; three different leaves were measured from each tree). Different letters indicate
significant differences on the specified date (Tukey-adjusted comparisons, P < 0.05). Dates are given as
day.month.year.
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Figure 6

(A) Maximum quantum yield (Fv/Fm) and (B) leaf chlorophyll content (CCI).

Chlorophyll a fluorescence was recorded after dark adaptation to calculate Fv/Fm. Parameters were
measured in the orchard periodically from January 2024 to December 2025. Fv/Fm was measured in the
dark at night. Values are means ± SE of five replicate plots (n = 5, three trees per replicate; three different
leaves were measured from each tree). Different letters indicate significant differences on the specified
date (Tukey-adjusted comparisons, P < 0.05). Dates are given as day.month.year.
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