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Abstract
In recent decades, the global intensification of marine heatwaves has impacted several ecosystems and species,

including the endemic Mediterranean seagrass Posidonia oceanica. However, the scarcity of research in Eastern Medi-
terranean meadows, where historical and present thermal conditions differ from those of the Western Mediterra-
nean, hampers our ability to draw comprehensive conclusions regarding the species’ response to elevated sea
temperatures. Here, we studied flowering patterns of P. oceanica meadows (3–15 m depth) of the Greek seas and
assessed their potential association with marine heatwaves, while also examining the effects on plant growth associ-
ated with the transition from vegetative to sexual reproduction. To do so, we reconstructed flowering patterns from
2007 to 2021 across 58 meadows using lepidochronology and estimated summer marine heatwave metrics and cat-
egories using satellite sea surface temperature. The results revealed that flowering, while sporadic in most meadows
(mean flowering frequency: 0.15), it was triggered by strong (Category II) summer marine heatwaves and a cumula-
tive intensity exceeding 30�C days. Nevertheless, flowering density was low (mean flowering density: 11 inflores-
cences m�2) and not fuelled by frequency, intensity, or duration of marine heatwaves. Despite the potential long-
term benefits of sexual reproduction, annual rhizome production of flowering shoots decreased 1.5-fold for at least
2 yr postflowering. This study uncovers the susceptibility of Eastern Mediterranean P. oceanica meadows, akin to
their western counterparts, to marine heatwaves induced stress and its effects on reproductive strategies, raising
concerns about the prospective plant growth and reproductive fitness to the escalating trend in marine heatwaves.

In the past few decades, the rise in global temperature has
resulted in an increase in the occurrence of marine
heatwaves (marine heatwaves) (Frölicher et al. 2018; Oliver
et al. 2018)—defined as discrete, prolonged events of

anomalously high seawater temperature relative to a base-
line period (climatology), occurring in a specific location
and time of the year (Hobday et al. 2016). These events have
significantly impacted the integrity of marine ecosystems
globally (Oliver et al. 2019; Smale et al. 2019; Smith
et al. 2023). The Mediterranean Sea, renowned for its eco-
logical diversity and unique characteristics (Coll
et al. 2010), is experiencing accelerated warming relative to
other oceans globally, with a warming trend approximately
three to four times higher than the global average (Pisano
et al. 2020; Juza and Tintoré 2021). As a result, the Mediter-
ranean Sea has become increasingly susceptible to more
intense, long-lasting, and spatially extensive marine
heatwaves (Garrabou et al. 2022; Pastor and Khodayar 2023).
Future projections, even under the lowest carbon emission
scenario (RCP 2.6), indicate that marine heatwaves will sur-
pass the intensity and severity of present-day events
(Darmaraki et al. 2019), exposing marine biota to unprece-
dented and potentially challenging conditions (Oliver
et al. 2019; Smale et al. 2019).
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The impacts of warming have already become apparent
across diverse taxonomic groups in the Mediterranean Sea
(Coma et al. 2009; Garrabou et al. 2009, 2022), including the
ecologically and economically important seagrass species
P. oceanica (L.) Delile (Campagne et al. 2015), endemic to the
Mediterranean Sea. Effects attributed to thermal stress in P.
oceanica meadows include a decline in rhizome production
(Mayot et al. 2005; Litsi-Mizan et al. 2023), enhanced leaf
necrosis (Stipcich et al. 2022), a shift in nutritional value
(Stipcich et al. 2023), and increased shoot mortality (Díaz-
Almela et al. 2009; Marbà and Duarte 2010). In addition to dis-
rupting physiological processes, thermal stress has also been
shown to trigger the transition from vegetative to sexual repro-
duction, as evidenced by the extensive flowering reported after
the intense marine heatwave events of 2003 in the Western
Mediterranean (Diaz-Almela et al. 2007). The hypothesis of a
thermal-induced reproductive response gained further support
based on a mesocosm experiment where the flowering of
P. oceanica shoots from the Western Mediterranean was trig-
gered after exposure of the shoots to a simulated 6-week marine
heatwave (Ruiz et al. 2018). Transcriptomic analysis provided
molecular cues that the initiation of flowering could be attrib-
uted to a stress-induced response (Marín-Guirao et al. 2019).
Similarly, transcriptomic analysis of inflorescences collected
from the Western Mediterranean has identified genes impli-
cated in flowering pathways responding to temperature cues
(Entrambasaguas et al. 2017). Moreover, the recent extensive
flowering observed across the Western Mediterranean (André
et al. 2023; Stipcich et al. 2024; Tomas et al. 2024) following
the intense and remarkably long marine heatwave of 2022
(Martinez et al. 2023) raises concerns about how P. oceanica
reproductive dynamics will respond to the projected surge in
marine heatwaves (Darmaraki et al. 2019).

Nevertheless, current knowledge primarily stems from
Western meadows (refer to Supporting Information Fig. S1
and Tables S12 and S13 for an up-to-date spatial distribution
of the research effort across the basin), which may not neces-
sarily reflect the thermal response of the species across its
entire distribution range. Divergent thermal regimes, evolu-
tionary history, and local adaptations can yield distinct ther-
mal responses within a species’ geographic distribution
(Bennett et al. 2019; Knies et al. 2009; Leaver et al. 2022;
Nguyen et al. 2023). In the case of P. oceanica, meadows from
the Western and Eastern basins, separated by a shallow ridge
in the Strait of Sicily, exhibit contrasting thermal regimes. His-
torically, the Eastern basin has experienced higher tempera-
tures compared with the Western counterpart (Pastor
et al. 2020; Pisano et al. 2020), as well as an annual mean
warming rate 1.3-fold faster between 1982 and 2020 (0.044
and 0.032�C yr�1, respectively; Juza and Tintoré 2021).
Indeed, warming rates during the summer period between
1982 and 2011 have been 2.6-fold faster in the Eastern basin
compared with the Western basin (0.065 and 0.025�C yr�1,
respectively; Marbà et al. 2015). Moreover, the genetic

differentiation across the basin, likely shaped by the Pleisto-
cene ice age and sustained by limited contemporary gene flow,
suggests the possibility of vicariance divergence, leading to
separate evolutionary trajectories for the meadows in each
basin (Arnaud-Haond et al. 2007; Serra et al. 2010; Chefaoui
et al. 2017). Therefore, it could be argued that Eastern Mediter-
ranean meadows could possess heightened resilience owing to
their natural history of prolonged exposure to elevated tem-
peratures that favored the selection of more resilient geno-
types and facilitated the adaptation to the local conditions.
However, an opposing viewpoint could posit that the species’
long generation time hampered rapid evolutionary adaptation
(Aires et al. 2011; Arnaud-Haond et al. 2012), rendering the
Eastern Mediterranean meadows more susceptible to climate
warming as temperatures often exceed the species’ thermal
tolerance limits. To date, there is contrasting evidence about
the thermal adaptation of the species. Studies in the Western
Mediterranean suggested differential thermal responses
between northern (colder) and southern (warmer) latitudes
(Marín-Guirao et al. 2016). Moreover, morphological and
genomic analyses showed differences in adaptation between
meadows present inside a coastal lagoon characterized by
extreme SSTs and salinity levels and those in the outer lagoon
along the western coast of Sicily, Italy (Nguyen et al. 2023).
However, recent transplantation studies, indicated that West-
ern Mediterranean meadows perform similarly to Eastern Med-
iterranean ones under the thermal conditions of the latter
(i.e., 5�C above the average SST in the Western Mediterra-
nean), suggesting that thermal performance is not necessarily
reflective of regional origin (Bennett et al. 2022). Additionally,
evidence of a decline in annual rhizome production in Eastern
Mediterranean meadows owing to rising temperatures (Litsi-
Mizan et al. 2023) also challenges the possible higher thermal
resilience or adaptation of Eastern P. oceanica meadows.

The phenomenon of flowering, triggered by thermal stress,
represents a strategic shift in the reproductive strategy of
seagrasses to effectively navigate evolving conditions and
enhance their reproductive success (Marín-Guirao et al. 2019;
Nguyen et al. 2021). Flowering enables the production of
seeds that can be dispersed to new locations and thereby
could constitute a strategy to promote the expansion and per-
sistence of seagrass habitats by seeking out areas more suitable
to their growth (Olesen et al. 2004; Short et al. 2007; Kendrick
et al. 2012). Moreover, flowering introduces opportunities for
genetic exchange, enhancing genetic diversity within a
population (Procaccini et al. 2007), which holds particular
importance when the species is facing thermal stress. If
certain genotypes within a population demonstrate greater
resilience to thermal stress, these advantageous traits can
spread through natural selection, enhancing the population’s
overall adaptive capacity to global warming (Hughes and
Stachowicz 2004; Waycott et al. 2006). Despite the aforemen-
tioned benefits, the transition from vegetative to sexual repro-
duction involves the reallocation of resources toward the
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development and maintenance of reproductive structures, a
process that can impact rhizome growth (Calvo et al. 2006).
Consequently, while flowering constitutes a natural and adap-
tive process for the species, it occurs sporadically in P. oceanica
meadows, whereas clonal expansion stands as the species’ pri-
mary cost-effective propagation strategy (Hemminga and
Duarte 2000). Hence, an imbalance between the two strate-
gies, especially when confronted with heightened stress,
might not prove advantageous for the species in the
short term.

The study aimed to reconstruct long-term patterns of
flowering in P. oceanica meadows within the understudied
Greek seas and explore the hypothesized link between
flowering events and marine heatwaves, while assessing the
potential energetic costs associated with the transition from
vegetative to sexual reproduction. To do so, we used lep-
idochronology, a standard reconstructive technique, to iden-
tify and date historical flowering events from 2007 to 2021
across 58 meadows. Concurrently, we used satellite sea surface
temperature (SST) data during the same timeframe to detect
the evolution of summer marine heatwaves across space and
time and categorize the events based on their severity. By
shedding light on the reproductive dynamics of P. oceanica
meadows in an marine heatwave hotspot, this study contrib-
utes to a deeper understanding of the responses and adaptive
strategies of this important marine species to changing envi-
ronmental conditions.

Materials and methods
Study area and sampling procedure

A total of 58 monospecific P. oceanica meadows were sam-
pled across Greece, encompassing the Ionian, Aegean, Cretan,
and Levantine seas (Fig. 1) and covering a latitude range from
34� to 41� (refer to Supporting Information Fig. S1 for basin-
scale spatial coverage). The region is characterized by annual
mean SST (SSTannual) ranging from 17�C to 22.5�C, with
higher values at lower latitudes (Litsi-Mizan et al. 2023). The
meadows were distributed over both continental and insular
areas, and the sampling water depths ranged from 3 to 15 m.
Sampling surveys were conducted over a 11-yr period, from
2013 to 2023. Meadows from nearby areas were considered
distinct sites when the distance between them was ≥1 km or
when they were separated by significant geographical disrup-
tions (e.g., enclosed bays). Scuba divers collected a total of
�3000 orthotropic shoots, with an average of 50 shoots per
site ranging from 10 to 179 shoots (refer to Supporting Infor-
mation Table S1 for further details). During collection, the
orthotropic rhizome containing the living foliar shoot was
carefully detached from the plagiotropic rhizome, allowing for
accurate determination of the shoot age. Shoots were sampled
at a distance of at least 1 m from each other to reduce the like-
lihood of gathering shoots connected to the same plagiotropic
rhizome. Shoot density (number of shoots m�2) was measured

three to five times at each site (with the exception of Afytos,
Lesvos, Limnos, Strogili, and Trikeri) using a 40 � 40 cm2

quadrat randomly placed over each meadow.

Laboratory data analysis
All collected P. oceanica shoots were carefully examined for

the presence of floral stalk remnants along the rhizome. The
year when the floral stalk remnant appeared at the rhizome,
indicating the year of flowering, was estimated using the lep-
idochronology reconstructing technique described by Pergent
(1990) and Pergent et al. (1989). This technique relies on identi-
fying annual cyclic variations in the leaf sheath thickness along
P. oceanica rhizomes. A lepidochronological cycle is character-
ized by two points of minimum sheath thickness, which typi-
cally occurs in late winter or early spring. Floral stalk remnants
are commonly found amidst the thickest sheaths, usually
observed during autumn (Pergent et al. 1989; Pergent 1990).
The year of flowering and the age of the shoot were determined
by counting the number of cycles in relation to the sampling
year. To estimate the negative records of flowering (i.e., the
number of non-flowering shoots), an average of 20 � 3 shoots
were also dated, while the remaining shoots were assumed to
have the median age of the meadow. Additionally, during the
lepidochronological analysis, the rhizome of all flowering
shoots was cut into separate segments, each corresponding to a
different lepidochronological year. The segments were dried at
60�C until a constant weight was reached. Annual rhizome pro-
duction (mg DW shoot�1 yr�1) was then estimated based on
the dry weight of the rhizome segment per year. The rhizome
segments corresponding to the most recent two growth cycles
of each shoot were excluded, as the lepidochronological cycle
could have been incomplete when shoots were collected
(Peirano 2002; Litsi-Mizan et al. 2023). Data on annual rhizome
production were retrieved from Litsi-Mizan et al. (2023) for
some sites (Refer to Supporting Information Table S1 for further
details).

Flowering metrics
Flowering metrics were estimated following Diaz-Almela

et al. (2006, 2007), and are summarized in the Supporting
Information Table S2. A minimum of 20 data points obtained
from individual shoots were considered to retain a negative
(absence) flowering record for a meadow in a given year. Con-
versely, the presence of a single flowering shoot was deemed
sufficient to register a positive (presence) flowering record for
that meadow in the respective year. Flowering intensity (FI,
%) was estimated as the proportion of flowering shoots per
meadow in a given year, and it was only calculated for years
where a minimum of 50 data points per year were available.
Flowering density (FD, inflorescences m�2) was determined by
multiplying the FI by the mean shoot density of the
corresponding meadow, assuming that density remained con-
stant throughout the years. In instances such as the Afytos
and Trikeri sites, where shoot density data were absent, an
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estimate was derived using the mean shoot density of the
North Aegean region (333 number of shoots m�2; Gerakaris
et al. 2021). Flowering frequency (FF) was estimated as the
fraction of years that a meadow exhibited flowering, and it
was only estimated for meadows with data points spanning at
least four consecutive years. Flowering prevalence (FP, %) cor-
responded to the proportion of flowering meadows relative to
the total number of meadows studied in any given year. As
most of the reconstructed data fell within the years 2007–
2021, all analyses were constrained to this temporal range
(refer to the Results sections).

Thermal regime and summer marine heatwave metrics
To explore if marine heatwaves had an effect on flowering,

surface seawater temperature (SST) satellite data from the
Copernicus Marine Database (https://marine.copernicus.eu/)
were used. The data consisted of daily, optimally interpolated
(L4-REP), estimates of foundation SST (free or nearly free of
any diurnal cycle, SST MED SST L4 Repobservations 010021)
at 0.05� resolution grid covering the period from January
1, 1982 to December 31, 2021. For each site, the “nearest

neighbor” with available data was selected using MATLAB
vR2023a. As the foundation SST estimates used in this study
reflect the conditions within the top 10 m of the water col-
umn (Beggs 2021), we assumed that the satellite estimates
accurately represented the environmental conditions at the
specific sampling depth of each site that ranged from
3 to 15 m.

Daily foundation SST estimates served as the basis for char-
acterizing the thermal regime across sites and throughout the
years. This encompassed calculating the mean annual SST
(SSTannual), maximum SST (SSTmax), and summer SST
(SSTsummer). Additionally, the summer SST anomaly for each
site and the mean across sites was calculated for the years
1982–2021, relative to the climatological average derived from
the same period. Moreover, the identification of marine
heatwaves events across sites and throughout the years
followed the methodology outlined by Hobday et al. (2016)
and was implemented in the R package heatwaveR (Schlegel
and Smit 2018). The seasonal climatology and 90th percentile
threshold were established based on a 39-yr period from 1982
to 2021 for each site, which was the longest possible period

Fig. 1. Distribution of the sampled sites (circles) along the Greek Seas. The current P. oceanica distribution is indicated in green (from Panayotidis
et al. 2022).
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(i.e., 1982 is the earliest SST data available for the region from
Copernicus). The occurrence of a marine heatwave was
recorded when the daily SST exceeded the 90th percentile for
a minimum duration of five consecutive days, with a maxi-
mum gap of 2 d allowed to join separate events (Hobday
et al. 2016). The analysis focused on the summer months
(July, August, and September), corresponding to the warmest
months of the year, and the period preceding the sexual repro-
ductive phase of P. oceanica in early autumn. Accordingly, all
relevant marine heatwave events falling within these summer
months were aggregated to characterize the occurrence and
magnitude of events within this specific timeframe for each
year. The metrics encompassed: (1) the frequency (count) of
events; (2) the maximum or peak intensity (imax), denoting
the highest temperature anomaly value recorded during the
summer events; (3) the mean intensity (imean), indicating the
average temperature anomaly encompassing all marine
heatwave days during the summer months; (4) the duration
(days) of the events, representing the count of days surpassing
the temperature threshold aggregated for the entire summer
months; and (5) the cumulative intensity (icum), attained by
integrating the intensity values over all summer marine
heatwave days (Summarized in Supporting Information
Table S3). Additionally, following Hobday et al. (2018), each
summer event was classified based on the number of times the
temperature anomaly exceeded the distance between the sea-
sonally expected temperature and the 90th percentile thresh-
old. A weak positive anomaly was considered a “moderate”
(category I) event, whereas an anomaly twice as high as the
aforementioned distance was considered a “strong” (category
II) event, three times as “severe” (category III) event, and four
times or greater as an “extreme” (category IV) event. If no
marine heatwave event was detected at a specific site and year,
it was treated as having a value of zero.

Statistical analysis
The statistical analyses utilized the reconstructed data of P.

oceanica shoots, and the marine heatwave metrics and catego-
ries for the years 2007 to 2021. All computations were con-
ducted using the R version 4.2.1 (R Core Team 2022), and all
visual plots were generated using the ggplot2 package
(Wickham 2016).

Generalized Additive Mixed Models (GAMMs) were used to
assess the effect of summer marine heatwaves and the geo-
graphic position (latitude), resembling differential annual
thermal means, on P. oceanica flowering. The presence (1) or
absence (0) of flowers at each site and year served as the
response variable. Summer marine heatwave metrics (fre-
quency, duration, imean, imax, and icum), and latitude, were
included as explanatory variables. Given that marine
heatwave metrics were correlated with each other (Pearson’s
coefficient > 0.6), separate models were fitted for each explan-
atory variables to avoid multicollinearity. The best model
among significant relationships was determined based on the

lowest AIC (Akaike Information Criterion) (Akaike 1973) con-
sidering a difference of at least two. Additionally, the effect of
marine heatwave events across different categories was evalu-
ated using a GAMM model. The presence (1) or absence (0) of
flowers at each site and year served as the response variable,
while the explanatory variables included the frequency of
marine heatwave events per category. For all GAMM models,
the site was included as a random effect to account for repeti-
tive measurements within each site and therefore potential
autocorrelation. The binomial family with a complementary
log–log (cloglog) link function was used, as it is suitable for
modeling binary data with asymmetric distribution. GAMM
models were fitted using the R packages gamm4 (Wood
et al. 2017). Moreover, the effect of thermal stress on FD was
assessed through a linear model, using marine heatwave met-
rics (frequency, duration, imean, imax, and icum) as the explana-
tory variables. Owing to the departure of the response variable
from normal distribution (Shapiro–Wilk test, p < 0.01), a natu-
ral logarithm transformation was applied to achieve normality
in the data. Given that marine heatwave metrics were corre-
lated with each other (Pearson’s coefficient > 0.6), separate
models were employed for all explanatory variables to avoid
multicollinearity. The models were fitted using the R package
MGCV (Wood 2011).

To assess if the presence of flowers influenced the annual
rhizome production of the shoot following a flowering event,
a GLMM analysis was conducted. Rhizome segments were cat-
egorized into five periods relative to the flowering event: T0
was considered as the flowering year, T-2 and T-1 as the two
consecutive years preceding the flowering event, and T1 and
T2 as the two consecutive years following the event. Annual
rhizome production (mg DW yr�1) served as the response vari-
able and periods were used as the explanatory variables with
T-2 as the baseline. Additionally, the age of the shoot at each
period was included as an explanatory variable to account for
the potential effect of age on annual rhizome production
(Tomasello et al. 2016). To account for the natural heterogene-
ity and to consider the temporal autocorrelation of the
lepidochronological measurements on the same shoot, the
shoot was included as a random effect. A gamma distribution
with a logarithmic link was used as it suited the data after
exploratory analysis. The model was fitted using the R package
MGCV (Wood 2011).

Results
Flowering metrics

From the 2916 P. oceanica shoots analyzed, 144 shoots
(4.9%) exhibited floral remnants (inflorescence). These
flowering shoots were distributed across 42 out of the 58 sur-
veyed meadows, representing 72.4% of the total sampled sites.
The reconstructed dataset, derived from the lepidochronology
analysis, spanned from 1993 to 2022 (Supporting Information
Table S4), with the majority of data points (94%) concentrated
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between 2007 and 2021 (15 yr). To ensure a well-balanced rep-
resentation for each year, the 2007–2021 timeframe was
selected for all analytical assessments. During this period, 371
records (indicating presence or absence of flowering per
meadow and year) were documented, of which 70 were posi-
tive (presence) and 301 negative (absence). The mean (�SE)
age of the shoots was 9.2 � 0.3 yr and the age at which the

shoots flowered was 6.1 � 0.4 yr, with a minimum age of 1 yr
and a maximum age of 17 yr. The mean (�SE) FF was
0.15 � 0.02, ranging from instances where flowering remained
undetected for eight consecutive years to those where
flowering occurred exceptionally often (FF = 0.43) (Fig. 2a).
The mean (�SE) FI was 2.5 � 0.3%, ranging from 0.6% to
8.9% and the mean FD was 11.2 � 1.6 inflorescences m�2,

Fig. 2. (a) FF and (b) mean FD (inflorescence m�2) of P. oceanica meadows in the Greek seas. Only sites with available data for these metrics are repre-
sented in the map. FF includes meadows with data points spanning a minimum of four consecutive years, while FD encompasses meadows with at least
50 data points for any given year.

Fig. 3. FP (% of flowering meadows) of P. oceanica meadows from the Greek Seas for the years 2007–2021, together with the mean SSTsummer and
SSTmax represented by the continuous (orange) and dashed (red) line, respectively. The total number of meadows (n) per year is represented in parenthe-
sis below the corresponding year. For reference, FP in 2003 was 86% (Diaz-Almela et al. 2006).
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ranging from 2.4 to 62.5 inflorescences m�2 (Fig. 2b). The
annual mean (�SE) FP was 20.7 � 4.6%, varying from 3.0% to
57.6%, with the highest FP occurring in 2010 followed by
55.5% in 2021 (Fig. 3). Refer to Supporting Information
Tables S5–S7 for further details on flowering metrics results.

Thermal regime and summer marine heatwave metrics
Between 2007 and 2021, and across all sites, the global mean

(� SE) SSTannual of the study was 20.2 � 0.8�C, ranging from
17.9�C to 22.9�C, while the global mean SSTmax was
27.1 � 1.1�C, ranging from 23.8�C to 30.4�C. In 2010, the
highest temperatures were recorded with a mean SSTannual of
20.64�C and a mean SSTmax of 27.9�C. Conversely, the lowest
temperatures were observed in 2007, with a mean SSTannual of
19.7�C, and in 2013, with a mean SSTmax of 26.2�C. Across sites,
the mean SSTannual exhibited a decrease toward higher latitudes,
while no distinct trend was observed for the mean SSTmax across
different latitudinal positions (Supporting Information Fig. S2
and Tables S8–S10). Summer temperature anomalies consis-
tently remained above average (positive) since 2007, reaching
notable peaks in both 2010 and 2018 (Fig. 4). Regarding the
aggregated summer marine heatwaves metrics, a mean (�SE) fre-
quency of events of 1.3 � 0.2 per summer season was observed,
with a mean imax of 1.9 � 0.21�C, mean imean of 1.5 � 0.1�C,
mean duration of 14.4 � 3.2 d, and a mean icum of 29.2 � 6.5�C

days (Fig. 5). The year 2010 recorded the highest total summer
icum with a mean of 77.0�C days, closely followed by 2018 with
73.8�C days. In 2017, the highest mean imax of 3.5�C was
recorded; however, the duration was short, with a mean of 6.2 d
during that summer. In 2021, there was the second-highest
mean imax of 3.2�C and a mean duration of 18.3 summer days.
Most events were categorized as moderate (Category I; 81.5%),
followed by strong (Category II; 17.8%) and severe (Category III;
0.7%). No event was categorized as extreme (Category IV) for
the studied sites and period. The mean (� SE) frequency of
moderate events per summer was 1.0 � 0.03, while for strong
events was 0.3 � 0.02 and for severe events, it was notably
lower at 0.01 � 0.003 events. The highest observed frequency
for any given site or year was six for moderate events, four for
strong events and one for severe events. Across the years, 2008,
2011, and 2013 were the only years that did not experience
strong events, while the years 2010, 2017, and 2021 had the
highest frequency of strong events, covering a spatial extent of
at least 60% of the sites in each year. Moreover, severe events
were observed exclusively in the years 2007 and 2017, constitut-
ing 1.7% and 6.9% of the sites, respectively (Fig. 5).

Effect of summer marine heatwaves on flowering
Based on the binomial GAMMs, concerning the aggregated

summer marine heatwave metrics, duration, imax, imean, and

Fig. 4. Mean summer (July, August, and September) temperature anomalies across the studied sites for the years 1982–2021, relative to the climatologi-
cal average derived from the same period. Blue colors represent negative anomalies, whereas red colors represent positive anomalies.
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icum exhibited a significant effect on flowering occurrence
(GAMM, p < 0.05; Supporting Information Table S11), whereas
the frequency of summer marine heatwave events and geo-
graphic position of the meadow (latitude) did not yield a sig-
nificant effect on flowering. Among all the significant metrics,
icum was the most robust model based on the lowest AIC. Spe-
cifically, the probability of flowering increased over not
flowering (positive) above an icum of 30 (�C days) (Fig. 6).
Therefore, warmer conditions, as signified by higher icum (�C
days), favor the occurrence of flowering within a given year in
P. oceanica populations. Concerning the marine heatwave cat-
egories, the frequency of marine heatwaves categorized as

strong (Category II) exhibited a significant positive effect
on flowering (GAMM, p < 0.01; Supporting Information
Table S11), while the categories moderate (Category I) and
severe (Category III) did not. Furthermore, FD remained unaf-
fected by summer marine heatwaves (Liner Regression analy-
sis, p > 0.05; Supporting Information Table S11).

Effect of flowering occurrence on annual rhizome
production

The mean (� SE) annual rhizome production for the
flowering years (T0) was 35.5 � 1.9 mg DW shoot�1 yr�1,
whereas for the years preceding the flowering year (T-2 and

Fig. 5. Mean summer marine heatwave metrics across the studied sites for the years 2007–2021: (a) intensity max (imax
�C), (b) intensity mean

(imean
�C days), (c) duration (days), and (d) intensity cumulative (icum �C days). Summer marine heatwaves divided by categories: (e) mean frequency

(count) per category and (f) spatial extent (% sites) based on the maximum category experienced during the summer season.
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T-1) it was 53.8 � 3.7 and 48.2 � 2.5 mg DW shoot�1 yr�1,
respectively. For the 2 yr following the flowering event (T1
and T-2), the annual rhizome production was 36.4 � 2.3 and
34.2 � 3.3 mg DW shoot�1 yr�1, respectively (Fig. 7). The
annual rhizome production 2 yrs preceding the flowering
(T-2) was significantly higher than that of the flowering year
(T0) and the subsequent 2 yr (T1 and T2) (GLMM, p < 0.01;
Supporting Information Table S11), while no significant differ-
ence was observed between the 2 yr preceding the flowering
event (T-2 and T-1). Additionally, the age of the shoot did not
influence the vegetative growth in each period.

Discussion
In light of the ongoing surge in marine heatwave, this

study revealed that while flowering remained sporadic across
most meadows between 2007 and 2021, its incidence was par-
ticularly triggered by strong summer marine heatwaves, with
icum exceeding 30�C days playing a fundamental role. Notably,
a decline in annual rhizome production persisted for a mini-
mum of 2 yrs following the flowering year, showcasing the
energy costs of transitioning from vegetative to sexual repro-
duction. Thes findings presented in this study provide novel
evidence of the susceptibility of Eastern Mediterranean
meadows to marine heatwave-induced stress and its effects on
reproductive strategies. Given the similarities in the thermal
response of eastern and western counterparts, uncertainties

arise regarding the hypothesized variability in P. oceanica resil-
ience to increasing temperatures across the basin.

The mean FF in the Eastern Mediterranean (0.15) aligned
closely with that of the Western Mediterranean (0.17; Diaz-
Almela et al. 2006) and with more recent findings from
meadows along the Catalan coast (0.14; Jahnke et al. 2015).
These patterns collectively underscore that sexual reproduc-
tion remains an occasional event in most P. oceanica
meadows. In parallel, the mean FP in the Eastern Mediterra-
nean between 2007 and 2021 (20.7%) closely resembled that
of the Western Mediterranean between 1979 and 2004 (17%;
Diaz-Almela et al. 2006). However, no year matched the
remarkable FP of 86% recorded in 2003 (Diaz-Almela
et al. 2006), except for 2010, which came closest to this excep-
tional level with a prevalence of 57.6%. Differences in
flowering patterns across the basin were primarily observed in
the form of reduced flower abundance, evident from both
lower overall averages and lower upper limits, with no
meadows exceeding an FD of 62 inflorescences m�2 or an FI of
10%. Specifically, the mean FI across the Eastern Mediterra-
nean (2.5 � 0.3%) was 3.2-fold lower than the mean FI previ-
ously estimated for the entire Mediterranean Basin (8 � 1%;
Diaz-Almela et al. 2007), and 4.4-fold lower than previously
reported for the Western Mediterranean (11 � 2%; Diaz-
Almela et al. 2006). These differences in flower abundance can
be partially attributed to the exceptional flowering event of
2003 in the Western Mediterranean, which was unprece-
dented in its spatial extent and intensity. This event registered
a mean FI of 22 � 4% for the Western Mediterranean, includ-
ing areas with remarkably high values such as the Balearic
Islands, averaging 37 � 12% (Diaz-Almela et al. 2006). Conse-
quently, when excluding the 2003 event, the mean FI for the
Western Mediterranean meadows decreases to 5%, drawing
closer to the FI observed in the Eastern Mediterranean. Apart
from the differences among the subregions of the basin, the
considerable differences among individual meadows underline
the significant spatial and temporal variations that character-
ize the overall flowering abundance of P. oceanica meadows.

While flowering occurred irregularly in the majority of
meadows during the study period, its prevalence was notably
shaped by marine heatwaves. Despite the significant influence
of imax, imean, and duration on the occurrence of flowering,
the integrated cumulative thermal stress—measured by the
icum—was the most robust model and highlights its pivotal
role in predicting the flowering probability of P. oceanica
meadows. Initially, the results observed for the marine
heatwave categories seemed contradictory, as strong (Category
II) events were positively associated with flowering, whereas
severe (Category III), despite being warmer, did not exhibit a
positive association with flowering. This discrepancy could be
attributed to the infrequent occurrence of events that fell into
the severe category between 2007 and 2021, constituting only
0.7% of events, coupled with their limited duration, averaging
7 d. The relevance of cumulative thermal stress is consistent

Fig. 6. Partial effect of total summer marine heatwaves cumulative inten-
sity (icum �C days) on the probability of flowering of P. oceanica in any
given year, as modeled by a GAMM. The x-axis denotes the range of total
summer icum �C days, while the y-axis denotes the partial effect of icum �C
days on the flowering probability, centered in zero. The dashed horizontal
line at zero delineates a positive effect (above zero) or negative effect
(below zero). The shaded areas indicate the upper and lower 95% confi-
dence intervals. The lines at the bottom of the graph represent the num-
ber of samples at each predictor values.
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with flowering patterns observed in the Western Mediterra-
nean. Notable flowering events in this region, such as those in
2003 and 2022 (Diaz-Almela et al. 2007; André et al. 2023),
coincided with severe summer marine heatwaves, with
corresponding mean icum values of 56.5�C and 38.8�C days
(Martinez et al. 2023). Similarly, the integrated cumulative
thermal stress recorded during 2010 and 2021 in the Eastern
Mediterranean also corresponded to noteworthy flowering
records, which were associated with summer seasons marked
by strong events, with aggregated mean icum values of 77.8�C
and 36.4�C days, respectively. Moreover, the significance of
cumulative heat stress exposure was previously emphasized by
a mesocosm study that revealed activation of stress-related
and flowering-inducing genes after 2 weeks of heat exposure,
resulting in visible inflorescences after six weeks (Marín-
Guirao et al. 2019). Conversely, a study with shorter (5 d) but
similarly intense heat exposure did not yield evident signals of
flower induction, with plants reverting to their normal state
once the stress subsided (Marín-Guirao et al. 2016), highlight-
ing the synergic importance of duration and intensity of heat
stress on plant response.

At the basin scale, the similar stress-induced reproductive
response of Eastern and Western Mediterranean meadows to
marine heatwave suggests that despite the different thermal
regimes (Juza and Tintoré 2021) and evolutionary histories
across the basin (Arnaud-Haond et al. 2007; Serra et al. 2010;

Chefaoui et al. 2017), the Eastern Mediterranean ones are also
vulnerable to the impacts of marine heatwaves, thus
supporting previous findings on the vulnerability of these
meadows to increasing temperatures (Litsi-Mizan et al. 2023)
and marine heatwaves (Stipcich et al. 2022). This is further
supported by the lack of significant influence of latitude on
the flowering occurrence and the synchrony of flowering
across a large geographic area, including northern (colder)
and southern (warmer) latitudes and among Ionian,
Aegean, Levantine, and Cretan seas. While we do not rule out
the possible evolution of adaptive mechanisms for other bio-
logical processes, it is worth noting that the exceptionally
long generation time and sluggish evolutionary rates of
P. oceanica can considerably impede the pace of evolutionary
adaptations (Aires et al. 2011; Arnaud-Haond et al. 2012). In
the Greek seas, the higher clonality and diminished genetic
diversity observed in northern Greek populations suggest a
more recent establishment compared with their southern
counterparts, likely a consequence of historical events such as
the Last Glacial Maximum (Litsi-Mizan et al. 2024). Therefore,
northern populations, with lower SSTmean compared to south-
ern populations, may still retain signatures of their past envi-
ronmental context. Indeed, although P. oceanica and its
congeneric counterpart, P. australis, diverged 68 Myr before
present (Aires et al. 2011), their timing of flowering coincides
in time, albeit occurring in opposite seasons (Autumn and
Spring, respectively; Hemminga and Duarte 2000), suggesting a
highly conservative reproductive strategy in the genus Posidonia.

Apart from the crucial role that thermal stress plays in trig-
gering flowering of P. oceanica across the basin (Diaz-Almela
et al. 2007; Jahnke et al. 2015; Ruiz et al. 2018; Marín-Guirao
et al. 2019), additional factors may mediate flowering occur-
rence and explain the occasionally low FP (e.g., in 2015) when
icum was high. Shoot age (Balestri and Vallerini 2003), level of
fish herbivory (Planes et al. 2011), resource availability, and
genetic components like heterozygosity, relatedness and geno-
typic richness (clonality) (Jahnke et al. 2015) have been recog-
nized as drivers influencing flowering patterns. Recent studies
on Eastern Mediterranean meadows reveal higher genotypic
richness (lower clonality) (0.8 on average for Greece; Litsi-
Mizan et al. 2024, and 0.9 for Turkey and Cyprus; Tutar et al.
2022) compared to Western Mediterranean counterparts (0.6
on average with values as low as 0.1; Serra et al. 2010). Consid-
ering the negative association between genotypic richness and
flower abundance as observed by Jahnke et al. (2015), it seems
plausible that the higher genotypic richness observed in the
Eastern Mediterranean meadows may play a role in their rela-
tively lower levels of flower abundance (inflorescence m�2)
compared with the Western meadows. Conversely, an alterna-
tive scenario is also possible, where higher genotypic richness
might stem from historically frequent and/or high flower
abundance events, provided these sexual reproduction events
were successful. A direct assessment of clonality within
flowering meadows would be necessary to establish this

Fig. 7. P. oceanica annual rhizome production (mg DW shoot�1 yr�1) of
flowering shoots across time (T-2 and T-1: two consecutive years before
flowering, T0: flowering year, T1 and T2: two consecutive years after
flowering). The boxes encompass the 25% and 75% quantiles, and the
black lines represent the medians. The circles show data points beyond
the whiskers.
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connection, as well as the potential synergetic effect of the
other aforementioned factors. On the other hand, despite the
acquisition of long-term flowering data for the Eastern Medi-
terranean, it is important to acknowledge that the inherent
limitations of lepidochronology might introduce certain ambi-
guities. This method enabled the reconstruction of an average of
8 yr per meadow, thereby introducing some imbalance in the
data coverage per meadow throughout the entire 15-yr study
period and potentially underestimating FP for certain years.

While looking at the energetic implications of flowering,
the lower annual rhizome production observed during the
flowering year and the subsequent 2 yr highlights the signifi-
cant energetic cost associated with flowering in P. oceanica.
Although previous studies showed a decrease in vegetative
growth in shoots older than 2–4 yr (Tomasello et al. 2016),
the lack of correlation between shoot age (for the year preced-
ing and following flowering) and vegetative growth across the
meadows surveyed suggests that the effect of flowering was
more influential than aging. These findings align with the
trade-off theory observed in many plant species, where
resources are redirected from growth to support the energetic
demands of flower, pollen, and seed production and mainte-
nance (Van Drunen and Dorken 2012). In some plants, the
reproductive organs can photosynthesize, acting as additional
carbon resources and thereby, contributing toward the costs
of their construction and maintenance (Bazzaz et al. 1979;
Aschan and Pfanz 2003). In the case of P. oceanica, the activa-
tion of genes related to photosynthetic processes in female
flowers suggests they are photosynthetically active
(Entrambasaguas et al. 2017). However, as evidenced by the
lower annual rhizome production, the resource acquisition of
female flowers is not sufficient to sustain the metabolic costs
of both female and male flowers, which may be also related to
the low light availability during autumn and winter
(Alcoverro et al. 1998), when flowers are produced. Our results
align with studies in the Western Mediterranean, where a
decrease in annual rhizome production during the years fol-
lowing the reproductive event was observed (Calvo
et al. 2006; Montefalcone et al. 2013; Jahnke et al. 2015).
However, they differ from Balestri and Vallerini (2003), who
found no impact of flowering on short-term growth (rhizome
elongation and number of leaves) but were based on observa-
tions from a single site. Owing to the age of the shoots at the
time of flowering and the exclusion of the last two
lepidochronological years due to the limitations of the
method, we had limited data on annual rhizome production
beyond T2 (i.e., more than 2 yr following the flowering event),
which hindered our ability to assess the recovery of vegetative
growth. Examining shoot recovery would provide valuable
insights into the total energetic impact associated with
shifting to sexual reproduction and its effects on the lifespan
of the flowering shoot.

Given the predicted rise in marine heatwaves—particularly
those of higher categories and prolonged durations

(Darmaraki et al. 2019)—a future increase in FF within P.
oceanica meadows cannot be discounted. While such an uptick
could potentially benefit the long-term species resilienc by
promoting genetic diversity, adaptation, and new meadow
establishment (Olesen et al. 2004; Procaccini et al. 2007; Short
et al. 2007; Kendrick et al. 2012), its potential drawbacks
include the resource demands for sexual reproduction. This
consideration gains significance in light of the anticipated
declines in vegetative growth owing to warming (Stipcich
et al. 2022; Litsi-Mizan et al. 2023) and other anthropogenic
pressures (Ruiz and Romero 2003; Marbà et al. 2006;
McDonald et al. 2023). Increasing the monitoring effort on
flowering and the less-explored subsequent stages (including
pollination, fruit development, and seedling establishment)
through in situ methods and lepidochronology can furnish
more empirical insights into the reproductive dynamics of the
species. Additionally, attention should also be directed
towards identifying ecological tipping points and exploring
the less understood dimensions of post-marine heatwave
recovery trajectories. This, in turn, can enhance our ability to
predictive and manage the diverse impacts posed by climate
change on P. oceanica meadows, thereby facilitating more
effective conservation strategies.

Data availability statement
The seagrass data that supports the findings of this study

are available in the Supporting Information of this article and
in the public repository EMODNET.
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