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A B S T R A C T

This study aimed at identifying the importance of the thermal framework preceding Posidonia oceanica flowering
induction (autumn before the flowering year) and anthesis (summer of the flowering year). In 53 locations of
Sardinia (Italy), 35 vertical shoots were collected in 2001, 2020 and 2023 and analyzed through lep-
idochronology, detecting past flowering events from 1991 to 2022. Flowering probability was positively
correlated with autumn SST range and MHWs, stressing the importance of the temperature in the year preceding
the flowering. Summer SST mean and Marine Cold Spell duration (the latter emerged as a novel outcome) also
positively influenced flowering. A negative association was highlighted with the summer SST range. As the
occurrence of MHWs will increase, and the SST range will also increase in the autumn and decrease in the
summer, P. oceanica might benefit through a higher flowering frequency, leading to a greater resilience to dis-
turbances due to higher genetic variation.

Extended periods anomalously warm or cold, known as Marine Heat
Waves (MHWs) and Marine Cold Spells (MCSs), have increased in the
Mediterranean Sea over recent years, exhibiting a discernible warming
trend over the last decades (Ciappa, 2022). This pattern is marked by an
increase in mean Sea Surface Temperature (SST) of 0.04 ◦C/yr and an
expansion in the autumn SST range, juxtaposed with a reduction in the
summer SST range (Pastor et al., 2020). Temperature anomalies can
seriously affect habitat-forming species, such as seagrasses, inducing
also mass mortalities (Garrabou et al., 2022). Concurrently, these
changes can stimulate species adaptations e.g. physiological variation,
changes in pattern of sexual reproduction, herbivore resistance or
morphological changes (Duarte et al., 2018). The endemic seagrass
Posidonia oceanica (L.) Delile is not an exception. Understanding how
temperature anomalies affect reproduction patterns of the most impor-
tant habitat-forming species of the Mediterranean Sea is of critical
importance.

Posidonia oceanica forms extended meadows that are distributed
alongmost of the coasts of the Mediterranean basin (Telesca et al., 2015)
and they are recognized as priority natural habitats (Habitat Directive

92/43/EEC) for the key services they provide, such as nursery area,
coastal protection from the erosion, carbon sink, nutrient recycling
(Terrados and Borum, 2004). Posidonia oceanica reproduces both vege-
tatively and sexually, the latter used for dispersal and colonization of
new coastal habitats and to increase genetic diversity of the meadows
(Orsini et al., 2001).

Posidonia oceanica flowering has commonly been considered a spo-
radic event, but in the last decades it occurred more frequently, even
though triggers remain largely unknown. Warming is believed to be an
important driver for the sexual reproduction (Diaz-Almela et al., 2007;
Stipcich et al., 2024), since past flowering events detected across the
whole Mediterranean basin through a reconstruction technique coin-
cided with the warmest years of the last decades (Diaz-Almela et al.,
2007; Montefalcone et al., 2013; Sghaier et al., 2013). Overall, these
observations have fueled a debate which remains unsolved as to whether
P. oceanica flowering should be considered an evolutionary strategy to
maximize survival under adverse settings (Marín-Guirao et al., 2019) or
an adaptation to tropical/subtropical conditions evolved after the
Tethys eastern closure in the Miocene (Martínez-Abraín et al., 2022).
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Flowering in P. oceanica is induced seven months before anthesis
(flower expansion process) which starts in August and lasts roughly
three months (Fig. 1a; Gobert et al., 2001), but until now, only warm
temperature anomalies occurring in the flowering year have been
considered.
This correlative study aims to identify the thermal framework

including both MHWs and MCSs, preceding flowering induction (the
autumn before the flowering year) and anthesis (the summer of the
flowering year) that may trigger flowering, thus considering a large
temporal window in which anomalous temperature might affect
P. oceanica sexual reproduction. Gaining such information is beneficial
to comprehend the seagrass biology and to plan the collection of seeds
for active restoration interventions, considering the level of degradation
of the seagrass in several areas of the Mediterranean Sea.
In Sardinia (Italy) the East and West coast are characterized by

different thermal regime, due to the Mediterranean water circulation
(Olita et al., 2013), and along these coasts 31 and 22 locations were
chosen, respectively. In each location, 35 vertical shoots were collected
in 2001, 2020 and 2023. Past flowering events were identified through
lepidochronological analysis, with the identification of flower stalk
remnants between the leaf sheaths (Fig. 1b, Pergent-Martini and Per-
gent, 1994). Data from the reconstruction spanned from 1991 to 2022
(10,166 observations), with only years with a minimum of 20 available

shoots being considered in data analysis.
The thermal descriptors considered were the SST mean and range

(◦C) and the number and the mean duration (days) of MHWs and MCSs,
calculated for both the autumn and summer of each reconstructed year.
Two generalized linear mixed models were applied to determine the
influence of the thermal descriptors in interaction with the coast (factor
with two levels: West and East) on the presence/absence of flowering.
Since flowering can be influenced by the local environmental condition,
Locality was included in the model as random term (Zuur et al., 2009).
Flowering was positively associated with the autumn SST range

(especially in the West coast) and autumn MHW duration (especially in
the East coast) (Fig. 1c), stressing for the first time the importance of the
thermal regime preceding flower induction in P. oceanica ontogeny. The
flowering variability between coasts might depend on plant adaptation
to selective pressures from contrasting thermal environments or local
factors (Planes et al., 2011; Stipcich et al., 2022, 2024). The summer
thermal regime also influenced the probability of flowering, which was
positively associated to the SST mean and MCS duration, but negatively
related to the SST range (Fig. 1d): while the positive correlation with the
SST mean is a confirmatory result, the association with the duration of
past MCS is a novel outcome. MCSs drive predictable community
changes in the subtropical communities, with consequent impact in
biodiversity (Boucek et al., 2016; Masanja et al., 2023). However, even

Fig. 1. a) Seasonal timeline of P. oceanica life cycle. b) P. oceanica leaf sheaths corresponding to reconstructed years. Effects of the significant explanatory (c) autumn
and (d) summer thermal descriptors on the predicted probability of flowering. The shaded areas indicate 95 % confidence interval.
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though MCSs have been following an opposite trend to the MHWs (Yao
et al., 2022), how they affect seagrasses has been neglected and infor-
mation is needed to disentangle the complexity of the effects of climate
anomalies.
Overall, P. oceanica flowering is influenced by both warm and cold

anomalous temperatures, with effects already in the year before the
flowers appear. Since, according to future predictions, the occurrence of
MHWs will increase, and the SST range will increase in the autumn and
decrease in the summer (Darmaraki et al., 2019; Pastor et al., 2020;
Soto-Navarro et al., 2020), P. oceanica will likely increase flowering
frequency as response to climate changes. Such response will lead to a
higher genetic variation of meadows with a consequent greater resil-
ience to disturbances (Jahnke et al., 2015), and a greater quantity of
seeds whose use (through collection of floating or beached fruits) in
restoration efforts has been encouraged (Terrados et al., 2013). Pos-
idonia oceanica sexual reproduction is considered a significant invest-
ment of energy for the plant (Balestri and Cinelli, 2003), and
recruitment also involves critical phases, therefore understanding the
ideal conditions to ensure seed development (Alagna et al., 2020;
Escandell-Westcott et al., 2023) is needed to increase success in sexual
reproduction and for P. oceanica to benefit from increasing flowering
events. Our findings suggest the importance to frame research about
P. oceanica reproduction in the climate change scenario. The identifi-
cation of the thermal descriptors associated to flowering may assist
seagrass ecologists to predict future reproductive events of P. oceanica,
to model future changes in species distribution and to plan effective
management strategies by enhancing the likelihood of restoration
success.
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