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ABSTRACT

Climate changes are affecting the fate of Posidonia oceanica meadows. Actually, the Mediterranean Sea is threat-

ened by abiotic, biotic and climate changes coupled with human pressures regarding coastal regions. In this way, Po-

sidonia oceanica is able to counteract the effects of climate changes through the high thermotolerance of the species,

range shift processes of the meadows and variations in the community composition of this valuable marine ecosystem.

Anyway, the power of acclimatization to temperature shifts and the adaptative capacity of Posidonia oceanica meadows

against human pressures let to suggest a positive trend in the long evolutionary pathway of the species.
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1. Introduction

The exploitation of coastal resources, marine pollution and
biological invasions, coupled with climate changes, impact marine
biodiversity at all levels of organization from genes, to species
and populations, up to ecosystems, affecting also mankind" ", The
Paris Agreement, adopted by 196 Parties on 12 December 2015,
was established to limit global warming below 2 °C compared to
pre-industrial levels'. Really, scientific literature has foreseen se-
rious modifications in Mediterranean biodiversity with the highest
thermic levels, actually ongoing”. Historically, the Mediterranean
Sea (Figure 1) is a complex set of marine ecosystems enriched by
endemic species that are, nowadays, exposed to increasing human

pressure''* " that could lead, in time, to species extinction'".
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Figure 1. Map of the Mediterranean Sea (drawn by Internet at: mitvim.org.it).



This study focuses on biological adaptations
of Posidonia oceanica meadows according to the
general definition of adaptation issued by the Inter-
governmental Panel on Climate Change (IPCC) as
“the process of adjustment to actual or expected cli-
mate change and its effects™"”. Generally speaking,
adaptation is a process able to mitigate ecosystem
modifications and the risk of species extinction in
the Mediterranean Sea'*'”. For such purposes, it is
discussed about the potential of adaptative capacity
to climate changes of Posidonia oceanica meadows.

2. Methods

This paper starts with an in-depth study of sci-
entific articles regarding the following keywords:
sea temperature, salinity, pH, carbon dioxide, coast-
al urbanization and Posidonia oceanica meadows.
In this way, it is realized a global overview of all
international studies about these topics, published
by Scopus until 31 December 2022. After an analyt-
ical review of the papers, deleting duplications and
“grey literature”, a total of 50 articles are selected,
so to provide information about the effects of cli-

mate changes on Posidonia oceanica meadows in
Mediterranean coastal waters. The resulting data,
deriving from the research, are organized into three
sections giving a better explanation of the results.
The first step describes the main drivers as abiotic
and climate changes occurring in Mediterranean
coastal waters. The second stage regards the biotic
factors threatened by climate changes, analyzing the
buffering potential of Posidonia oceanica meadows,
to highlight the more important determinants of the
adaptative process. Finally, the third section dis-
cusses the main human pressures, especially coastal
urbanization, affecting littoral regions.

3. Results and discussions

It is discussed the potential of the adaptive ca-
pacity of the species to counteract climate changes
affecting Posidonia oceanica meadows. So, it is
analyzed the historical and projected trends of the
most important environmental changes caused by
climate, biotic and human variables in the Mediter-
ranean Sea (Table 1).

Table 1. Historical data and projections on abiotic, biotic and human variables linked to climate and social changes (from Reference

[16], modified)

Climate, biotic and human variables  Historical data

Projections

Temperature

Upper water mean +0.03 °C/decade
Range of local data +0.008 °C/0.26 °C

Intermediate water mean +0.26 °C/decade
Range of local data +0.21 °C/+0.67 °C

Deep water mean +0.038 °C/decade
Range of local data +0.035 °C/+0.04 °C

Extreme heat waves
No clear trend
+1.2 cm/decade

Salinity

Sea level rise

pH Order of —0.01/decade

Posidonia oceanica meadows Regression of —=35%

Range of local data —13%/-50%

Coastal urbanization +6.00%/decade

Surface water mean +0.37 °C/decade
Range of local data +0.09 °C/+0.61 °C

Increase of marine frequency and duration

+0.22 °C/decade
Range +0.21 °C/+0.26 °C

Order of +0.2 °C
Order of +0.2 °C

Order of +0.1 °C
Order of +0.1 °C

Order of +0.01 °C
Order of +0.01 °C
Increasing trend

No clear trend

Range +1.2 cm/+8.0 cm
Order of —0.02/decade
Regression of —=75%
Range —70%/—80%
+3%/decade

3.1 Abiotic factors

The Mediterranean Sea is a semi-enclosed ba-
sin with a thermohaline circulation inducing a tight
relationship between physical and chemical condi-
tions"'”. In fact, Mediterranean seascape is charac-
terized by climate gradients for some abiotic factors.
The general water circulation into the basin empha-

sizes strong differences in temperature, salinity and
pH between the Eastern and the Western regions of
the basin'®. Then, it is summarized the trend of the
most important abiotic factors in Mediterranean wa-
ters.

3.1.1 Sea temperature

Actually, the rate of sea temperature increase of



+0.20 °C/decade and the projected rate of +0.22 °C
could lead to adaptative mechanisms in Posidonia
oceanica species. Indeed, apart from the general
warming conditions of the Mediterranean Sea, the
potential marine heat waves, becoming longer and

191" could lead to

more frequent in the next decades
the disappearance of some sessile species, including
Posidonia oceanica™. In these conditions, the high
capacity of the species to counteract the present
state of thermal stress, linked to its acclimatization
to temperature shifts, is the keyword to overcome

the effects of climate changes.

3.1.2 Marine salinity

In Mediterranean waters, the abiotic factor of
salinity shows no clear trend (Table 1) except in
the Adriatic Sea and in the Levantine Basin where
a slight rise in the salinity level is observed”"*”. In
this way, some scientific studies have highlighted
that possible increases in marine salinity could re-
duce the process of leaf growth in Mediterranean

: 23
scagrass SpCClCS[ ].

3.1.3 Sea Level Rise (SLR)

SLR is, actually, very slightly into the basin
with a mean of +1.2 cm/decade but it shows a wor-
rying increasing trend of +1.2 cm/+8.0 c¢cm in the
next decades as it is shown in Table 1. Soon, this
abiotic factor could affect coastal ecosystems, such
as Posidonia oceanica meadows while other plant
communities, living in brackish waters, are already

impacted by drought and extreme heatwaves”**".

3.1.4 pH

pH levels in the Mediterranean Sea present
some variation as —0.02/decade (Table 1). This
negative trend, leading to gradual acidification of
coastal waters, could impact some calcifying ma-
rine organisms such as corals, mollusks, seaweeds
and marine plants, including Posidonia oceanica
species. However, most of this sessile biota is able
to support pH fluctuations suggesting its potential
in acclimatization and adaptative responses to acid-
ification processes””. In fact, experimental studies
have shown no or slight effects of acidification on

. . . . 27-30
Posidonia oceanica species” "

3.2 Biotic factors

The Mediterranean Sea covers only 0.82%
of the whole marine hydrosphere but it preserves
somewhere between 4% and 18% of the global ma-

rine species” . This high biodiversity level, cou-
pled with the presence of many marine endemism,
makes the Mediterranean Sea one of the most
important conservation hotspots worldwide™”. As
above, the endemic species are about one-quarter of

the whole Mediterranean biota™"

[35]

which is, actually
threatened by severe risks””, amongst which cli-
mate changes exert a pivotal role in the adaptative

process of Posidonia oceanica species.

3.2.1 Posidonia oceanica meadows

Posidonia oceanica meadows are one of the
most important marine ecosystems of the Mediterra-
nean Sea where the species can form, in pristine en-
vironmental conditions, large and extensive mead-
ows on mobile substrata until 40-45 meters depth
in the infralittoral bottoms of the basin”®. Posidonia
beds cover a surface area estimated between 2.5
to 5.0 million hectares””, but today there is a fast
regression of the meadows variable from 13% to
50%"*. This declining trend could lead to the disap-
pearance of about 75% of the meadows by 2100"”,
Generally, it is well known that climate changes
could induce in time important modifications and
adaptations at species and population levels from
reproductive trends to ecosystem structures'*”. In
particular, it has been recently remarked a clear
warming trend in Mediterranean seawaters. Such
a thermic increase could lead, in time, to predicted
shifts in the spatial distribution of the meadows to-
wards refuge areas in deeper waters'™**"! (Figure 2).
* Rise in seawater tem-
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Figure 2. Climate changes and modifications at the ecosystem
level of Posidonia oceanica meadows.



Indeed, the recurring flowering events of Po-
sidonia oceanica, which occurred in these last de-
cades in Mediterranean coastal waters, are showing
a change in the reproductive traits of the species
from asexual to sexual modes*”. This course could
support not only a better genetic diversity of the
species but also its high resistance against variations
in environmental conditions. This adaptative pro-
cess is realized through five mechanisms as follows:
acclimatization, genetic adaptations, range shift
processes, community composition modifications
and socio-ecological management (Figure 3).
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Figure 3. Adaptative mechanisms of Posidonia oceanica meadows.

In this way, Figure 3 shows the main adap-
tative mechanisms, realized by Posidonia ocean-
ica meadows, to counteract the warming trend of
Mediterranean coastal waters. According to some
scientific data drawn by reference'”, the factors of
acclimatization and community composition, with
a rate percent of 30% respectively, represent the
most important adaptative responses against climate
change, followed by range shift processes (20%),
genetic adaptation (10%) and socio-ecological man-
agement (10%). Hence, amongst these evolutive
responses, Posidonia oceanica meadows show a
higher adaptative capacity through acclimatization,
range shift and community composition processes.
Then, the species is characterized by high ther-

#142) while, regarding range shift, the

motolerance
warming trend of Mediterranean waters could lead
to downward migration of the species in deeper bot-
toms towards refuge areas (Figure 2)"“**. Indeed,
as regards the factor of community composition, the
species could be able to counteract the effects of cli-
mate change, not only through modifications in the
trophic network but also with a complex re-assess-
ment of species assemblages, all leading to adapta-
tive processes in ecosystem structure'***. Finally,

the word “adaptation” becomes the main corner-

stone by which the Posidonia oceanica ecosystem
may counteract the effects of climate change.

3.3 Human pressures

Coastal regions are, actually, sensitive areas to
the rising human pressure produced by a growing
demographic trend and by heavy coastal urbaniza-
tion, This process leads to a rough expansion of hu-
man settlements on seaboard areas, some of which
are, actually, exposed to increasing coastal hazards.

3.3.1 Coastal urbanization

The increasing soil exploitation for building
purposes, along the Mediterranean littoral belt, has
produced the overloading of some environmental
limits"", causing a sharp decrease in the quality
of life of local people'”. The Mediterranean basin
is, actually, overcrowded by 523 million people[48],
becoming a changeable ecoregion where human de-
velopment is dependent on short and overexploited
natural resources'””. The population of the 21 Medi-
terranean countries surrounding the basin, following
an increasing trend, shows a projected rise of 3%
per decade (Table 1). Certainly, this demographic
pressure coupled with the upcoming climate warm-
ing will affect all coastal regions of the Mediterra-
nean basin, influencing also the state of health of
Posidonia oceanica meadows. However, the adap-
tative capacity of the species and its high thermotol-
erance could lead to biological mechanisms able to
counteract the effects of climate change.

4. Conclusions

Posidonia oceanica meadows are, actually,
threatened not only by human pressures and by the
fluctuations of some abiotic factors but also by cli-
mate changes affecting the Mediterranean biota'’

(Figure 4).

Climate
changes

Abiotic
factors

Human
pressures

Posidonia
oceanica
meadows

Figure 4. Driving forces affecting Posidonia oceanica meadows.

As a matter of fact, there is a close relationship



between climate changes, biotic factors and abiot-
ic features. In fact, cumulative and mutual effects
between climate and human variables could stress
population dynamics supporting changes in the
community composition of marine species. In such
context, Posidonia beds could lose a large part of
their current range by 2100°". Anyway, Posidonia
oceanica species shows a high thermotolerance
against the increasing warming trend of Mediterra-
nean coastal waters, contributing to climate change
mitigation. Indeed, this endemic species, always
characterized by asexual reproduction through rhi-
zomes fragmentation, is showing in these last years
a regular alternation between sexual and asexual
reproductive modes'*”. In fact, it is recently ob-
served an increase in massive flowering events is
probably related to the ongoing seawater warming
and the greater frequency of recurring heatwaves
in the Mediterranean waters. In this way, the sexual
reproduction mode of the species, induced by the
heating of coastal waters, may enhance the genetic
diversity of this marine plant, highlighting its high
thermotolerance. Such a mixed solution suggests
the adaptative capacity of the species to variable
environmental conditions. However, until now, the
scientific knowledge about the dynamics of flower-
ing induction is very scanty and remains a debated
issue. Really, the fate of Posidonia oceanica mead-
ows largely depends on their potential to counteract
anthropogenic pressures””, but the effective adap-
tative mechanisms of the species and its high resil-
ience against abiotic factors, warming conditions
and human pressures could suggest a successful

evolution for Posidonia oceanica meadows.
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