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Abstract

Understanding the current and future trajectories of critical habitats is essen-

tial for biodiversity conservation and ecosystem management, especially in

semi-enclosed environments such as the Mediterranean Sea. Endemic habitats

in the Mediterranean, such as Posidonia meadows, are crucial for marine bio-

diversity, nutrient cycling, oxygen production, and carbon sequestration. Here,

using in situ benthic chamber measurements of Posidonia meadows integrated

with remote sensing data, we developed predictive models of key metabolic

traits and upscale their ecosystem service predictions under current and future

climate scenarios in the Mediterranean basin. We highlight the essential role

of Posidonia meadows in providing ecosystem services, such as oxygen produc-

tion, CO2 absorption, and carbon fixation, which are projected to increase,

suggesting that Posidonia meadows may have some capacity to cope with

future ocean warming. However, we also emphasize the importance of other

stressors in determining the fate of these key habitats. Our study provides

critical insights for guiding coastal management and conservation efforts, con-

tributing to a broader understanding of ecosystem functioning in the Mediter-

ranean Sea. Finally, to illustrate the applicability of our findings, we provide

an interactive Shiny app that allows users to spatially explore and estimate the

ecosystem services provided by specific Posidonia meadows throughout the

Mediterranean Sea.
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INTRODUCTION

Marine coastal zones provide essential goods and services
crucial for supporting human life on Earth (Barbier
et al., 2011; Lopez-Rivas & Cardenas, 2024). These zones,
comprising just 11% of the world’s ocean area
(Barbier, 2013), support one-third of the global population
and are twice as densely populated as inland areas. Crucial
habitats, including seagrass beds, kelp forests, mangroves,
salt marshes, and wetlands, flourish in these areas. They
offer a broad range of essential provisioning and cultural
and regulating ecosystem services (ES) that are vital for
the economies and resilience of coastal communities
worldwide (Barbier et al., 2011; Cooley et al., 2023;
Costanza et al., 1997). The ability of these habitats to pro-
vide goods and services that contribute to human well-
being depends directly on their functioning and resilience
capability to interacting environmental stressors.

Trait-based mechanistic approaches in ecology have
emerged as a robust framework to predict ecosystem res-
ponses to environmental gradients and disturbances,
linking biological and ecological traits of species to eco-
system functions, and the resulting ES (McGill
et al., 2006; Moreira-Saporiti et al., 2023). By standardiz-
ing the comparison of biodiversity and ecosystem fu-
nctionality, trait-based methods facilitate consistent
analyses across spatial and temporal scales (Zakharova
et al., 2019). In particular, assessing ecosystem traits such
as the balance between autotrophic and heterotrophic
processes is crucial for understanding the holistic func-
tionality of ecosystems (Meunier et al., 2017). This bal-
ance plays a pivotal role in the ecosystem’s ability to
adapt and respond to environmental changes, offering
insights into the dynamics of nutrient cycling and energy
flow within ecological communities and their potential
role in regulating climate change through the fixation and
sequestration of Blue Carbon (Fourqurean et al., 2012;
Mazarrasa et al., 2015).

Ocean warming is actively affecting all levels of eco-
logical organization. It is impairing ecosystems and their
functioning (Hoegh-Guldberg & Bruno, 2010), particularly
altering metabolic processes of whole communities that are
highly temperature-dependent (Pörtner & Farrell, 2008).
Rising temperatures may significantly influence the flux
balance of Blue Carbon in coastal marine ecosystems, as
ecosystem metabolism can shift towards becoming a source
of CO2, depending on the metabolic balance of the commu-
nity (Duarte et al., 2013). With respiration rates tending to
increase more rapidly with warming than primary produc-
tion, warming may shift typically autotrophic ecosystems,
such as seagrass meadows, towards net heterotrophic
states. Such a shift moves the trophic equilibrium through
the transition from CO2 sinks to sources, thereby

potentially amplifying the effects of local temperature
increases due to climate warming (Waycott et al., 2009).

Despite progress in research, accurately valuing and
distributing ES remains challenging. For example, the
estimate of sanitization role of seagrasses has been done
through modeling, and often the output can be validated
in the field (Ascioti et al., 2022). Furthermore, predicting
how these services will respond to future climate change
remains underexplored, limiting our ability to track eco-
logical patterns and implement effective management
and policy measures to counteract biodiversity loss and
ES degradation (Pecl et al., 2017). Trait-based methodolo-
gies such as those based on oxygen flux changes to mea-
sure net community productivity (NCP) have proven
essential, although still underused (Mallon et al., 2022),
especially in coastal and marine environments where
ecosystem degradation significantly impacts the global
carbon cycle (Gazeau et al., 2005). Sensor-based advanced
in situ techniques, involving the use of sensorized ben-
thic chambers, have enabled accurate data collection on
the metabolic rates of marine communities, critical for
conservation efforts aimed at preserving and enhancing
“Blue Carbon” storage capacities (Mallon et al., 2022).
Such techniques are able to provide precise measu-
rements aiding scientists to monitor ecosystem resilience
and environmental stressors, developing strategies for
their recovery and preservation.

Seagrass meadows are vital ecosystems performing
various ecological functions essential for marine biodi-
versity enhancement and improving nutrient cycling
(Moreira-Saporiti et al., 2023). It has been estimated that
coastal vegetated ecosystems including seagrasses, along
with saltmarshes and mangroves, capture up to 70% of
the organic carbon buried in the marine sediments, mak-
ing them some of the most significant carbon sinks of the
planet (Duarte et al., 2013). The ES provided by
seagrasses are critical to the sustainability of marine life
and human economies, and the economic impact of los-
ing these vital habitats has been quantified in thousands
of dollars per hectare per year (Costanza et al., 1997;
Lopez-Rivas & Cardenas, 2024). Seagrass habitats are
globally declining as a consequence of human activities
(Waycott et al., 2009) and the situation is expected to
worsen due to climate change (Marín-Guirao et al., 2018).
In the Mediterranean Sea, Posidonia oceanica (L.) Delile
is among the most representative and functionally
performing seagrasses, and its presence is often related to
high biodiversity and ecosystem functioning levels (Marbà
et al., 2007). The species faces multiple threats, including
coastal development, pollution, and the impacts of climate
change. Therefore, understanding and predicting changes
in ES provided by its meadows is a priority to guide coastal
management and restoration actions.
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By combining in situ metabolic measurements of the
P. oceanica community with environmental remote sens-
ing data, we developed predictive models to spatially
forecast the distribution of the species’ key metabolic
traits across the Mediterranean coasts and predict its
future changes based on forecasted climate change sce-
narios. In particular, we used the net community produc-
tion (NCP) as an important metric to describe organic
matter flows in marine communities to investigate the
community metabolism of the marine seagrass over
yearly temperature conditions, aiming to create ES maps
for the habitat under current and future climatic scenar-
ios. Our study seeks to fill critical knowledge gaps essen-
tial for predicting the responses of seagrass meadows to
environmental changes and for planning conservation
efforts. Through this research, we aim to contribute to a
broader understanding of how trait-based mechanistic
approaches can be employed to predict ecosystem func-
tioning, particularly in a region as ecologically and eco-
nomically important as the Mediterranean Sea.

MATERIALS AND METHODS

This study was performed in the northern Tyrrhenian
Sea, in an area off the coast of Civitavecchia (lat
42.076562, long 11.802896, Italy) throughout 2023 (from
February to the end of October). The coastal zone hosts
areas of high ecological value, including two sites of com-
munity importance (SCI; named SCIs IT6000005 and
IT6000006) located north and south of the Port of Civita-
vecchia. These SCIs were established primarily for the
protection of marine ecological communities of conserva-
tion priority under the European Natura 2000 network,
due to the presence of P. oceanica meadows and species
of conservation priority such as Corallium rubrum and
Pinna nobilis (Bonamano et al., 2021). Studied seagrass
meadows were located south of the Port of Civitavecchia
at depths ranging from 8 to 10 m, where P. oceanica pre-
dominantly grows on sandy bottoms formed by the de-
position of suspended sediments due to local coastal
dynamics (Piazzolla et al., 2024).

Posidonia habitat in situ metabolic
measurements

Posidonia community metabolism was measured in the
field using customized benthic chambers following
the method of Roth et al. (2019). The chambers consisted
of 10-mm thick transparent polymethyl methacrylate
(PMMA) cylinders (40 cm in diameter and 40 cm in
height) with a removable gas-tender lid (10 mm thickness

and 45 cm diameter) that could be easily positioned on
the submerged P. oceanica community (Appendix S1:
Figure S1). The chambers are open at the bottom and are
sized to accommodate large portions of the P. oceanica
community, while still being easily handled by divers. At
each site, the benthic chambers were placed haphazardly
over P. oceanica meadow patches and inserted into the
soft sediment ground down of 5 cm. A PVC skirt attached
to the chamber’s base completely isolated it from the sur-
rounding water environment. Once installed, the cham-
ber encloses a theoretical volume of 44 L (Appendix S1:
Figure S1). Each chamber was equipped with sensors for
oxygen (Atlas Scientific), temperature (Atlas Scientific),
and light (HOBO Pendant MX2202) to measure the O2

fluxes in the Posidonia community. A magnetic pump
facilitated water circulation within the chamber. Sensors
were inserted into the lid through a gas-tight hole. A total
of 37 incubations were performed on P. oceanica
meadows from February to the end of October 2023,
encompassing a large range of environmental conditions
and seagrass physiological status. Importantly, each incu-
bation captured the metabolic performance of Posidonia
communities in their natural seasonal state—plants mea-
sured at winter temperatures were naturally in winter
phenological conditions, while those measured at sum-
mer temperatures were in summer conditions. We
believe this approach provides a more ecologically realis-
tic thermal performance curve (TPC), as it reflects the
response of naturally acclimated communities rather
than plants artificially exposed to non-seasonal
temperatures.

Posidonia oceanica meadows were incubated for mea-
surements of community respiration (CR) and NCP. CR
was measured by covering the chambers with black tis-
sue for 90 min, which was immediately removed to mea-
sure NCP during a subsequent 90-min light incubation.
Dissolved oxygen concentration was recorded every 3 s.
At the end of in situ incubation, the density of
P. oceanica and the length of each shoot within the
chamber were measured. CR and NCP rates were calcu-
lated and expressed as millimoles of dissolved oxygen per
square meter per hour per fresh weight (FW) gram
(mmol O2 gFW

–1 m2 h−1). Assuming that the hourly rate
of CR is constant through the daily cycle, hourly rate of
gross primary production (GPP) was estimated as (NCP
+ jCRj = GCP). Incubations were conducted during mid-
morning to early afternoon hours (approximately 10:00–
14:00 local time) when light conditions were relatively
stable. GCP was integrated at a daily scale by multiplying
the hourly rate by the photoperiod, while daily CR was
calculated by multiplying the hourly rate by
24 (Odum, 1956). While we acknowledge that this scaling
approach represents a simplification that does not
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completely account for natural variations in light intensity
during dawn and dusk periods, it represents a standard
method in benthic metabolism studies (Champenois &
Borges, 2021) and provides reasonable first-order estimates
of daily production. Crucially, because our measurements
were conducted during the current seasons, photoperiod
naturally co-varied with temperature in an ecologically
realistic way—winter measurements occurred under short
photoperiods and summer measurements under long pho-
toperiods. Daily NCP, CR, and GCP were visualized
according to the season.

Seasonal differences in NCP were assessed using
ANOVA. Prior to analysis, normality of residuals was tested
using the Shapiro–Wilk test, and homogeneity of variances
was assessed using Levene’s test. As data violated at least
one assumption (p < 0.05), we applied the non-parametric
Kruskal–Wallis rank sum test, followed by Dunn’s post hoc
test with Bonferroni correction for pairwise comparisons.
Statistical significance was set at α = 0.05.

Data analysis

NCP was used to construct the TPC of P. oceanica com-
munity. NCP was chosen because of its crucial role in
ecology, as it represents the balance between the total
organic matter produced by photosynthesis (gross com-
munity production, GCP) and the total organic matter
consumed by respiration (CR). We fitted all 26 nonlinear
thermal performance models available in the rTPC pack-
age (v. 1.0.2; Padfield et al., 2021) to our temperature–NCP
data using nonlinear least squares regression (NLLS).
These models represent diverse theoretical frameworks,
including mechanistic models based on enzyme kinetics
and metabolic theory (e.g., Sharpe–Schoolfield derivatives,
Hinshelwood, Pawar), empirical models capturing uni-
modal thermal responses (e.g., Gaussian, Weibull, Beta,
Flinn), and polynomial formulations (e.g., Quadratic)
(Padfield et al., 2021). Of the 26 models attempted, 18 con-
verged successfully, while 8 models failed to converge or
provide inadequate fits to our data (Appendix S1:
Table S1). All models were fitted using the nls.multstart
function (Padfield et al., 2021) with multiple starting
parameter combinations (iter = 3–6 depending on model
complexity) to ensure convergence to global rather than
local minima. Model selection was based on the corrected
Akaike information criterion (AICc), with models within
ΔAICc ≤ 2 considered to have substantial empirical sup-
port (Angilletta, 2006). Once the most accurate model was
pinpointed (Appendix S1: Table S1), the model residuals
were visually examined using the “test.nlsResiduals” func-
tion from the “nlstools” package (Baty et al., 2015), which
also conducted formal tests for checking residual

normality and spatial–temporal autocorrelation. A boot-
strapping method (999 interactions) was employed to
resample the data, aiding in the estimation of CIs for
model predictions and parameters. Key TPC parameters,
including optimal temperature (Topt), functional thermal
range (Tfr), rate at optimum temperature (μmax), and opti-
mal thermal breadth (Tbr-opt) were estimated and used to
mechanistically illustrate the variations in thermal sensi-
tivities of P. oceanica meadows. Tfr was defined as the tem-
perature range where predicted NCP rates exceeded 20%
of μmax, representing the thermal window within which
P. oceanica meadows maintain functional metabolic activ-
ity, while the optimal thermal range (Tbr-opt) represents
the narrower temperature window where predicted NCP
rates exceeded 69% of μmax (Caretto et al., 2015; Matzelle
et al., 2015).

Environmental data

Mediterranean average seasonal sea surface tempera-
ture (SST) (Kotsias et al., 2021) raster files were created
using daily SST data (Mediterranean Sea Ultra High
spatial Resolution [0.01� × 0.01�] SST Analysis)
(Buongiorno Nardelli et al., 2013) downloaded from the
Copernicus Marine Service Information (https://
resources.marine.copernicus.eu). SST layers were
downloaded for the three years preceding the field
experiment (2021–2023). Forecasted daily SSTs for the
year 2050 were obtained from pre-processed model out-
puts produced under representative concentration path-
ways (RCP) 4.5 and 8.5 (IPCC, 2014). These scenarios
were selected to capture a moderate and an extreme tra-
jectory of future climate change. RCP 4.5 represents a
likely range of future global moderate greenhouse gas
(GHG) and aerosol emissions, whereas RCP 8.5 repre-
sents a high-emission, worst case scenario included for
comparative purposes. The dataset consisted of down-
scaled, bias-corrected projections at daily resolution,
provided as ready-to-use NetCDF files. All SST raster
layers were upscaled to a resolution of 0.08� × 0.08�

decimal degrees. Daily SST data were grouped by sea-
son following the definitions provided by Kotsias et al.
(2021): winter (3/12–22/3), spring (23/3–14/6), summer
(15/6–5/9), and autumn (6/9–2/12), as day/month for-
mat. Then, average raster per season was made and
used in the following analysis.

Spatial and temporal predictions of P. oceanica
meadows NCP were calculated by integrating NCP mea-
surements and the seasonal present and projected SST
layers with a georeferenced habitat distribution layer pro-
vided by EMODnet Seabed Habitats (Vasquez
et al., 2023).

4 of 16 MANCUSO ET AL.
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Trait-based ecosystem functioning maps

The model best fitting NCP data was used to spatially
predict (at pixel level) the potential community metabo-
lism (NCP) of P. oceanica habitat in the present-day cli-
matic conditions and in 2050 future scenarios of GHG
emissions (RCP 4.5 and 8.5) (Thomson et al., 2011).

To spatially visualize patterns in metabolic performance,
we categorized thermal performance into three zones: opti-
mal performance range (>69% of μmax), suboptimal perfor-
mance range (20%–69% of μmax), and pessimum
performance range (<20% of μmax) (Bosch-Belmar
et al., 2022).

To facilitate visualization of maps, NCP values pre-
dicted by the model in all scenarios were categorized in
three different groups: pixels containing NCP values within
the range identified by the Tbr-opt of the species (>69% of
μmax) were colored green; those with values within the
suboptimal performance range (20%–69% of μmax) were col-
ored orange; and pixels with metabolic values within the
pessimum performance range (<20% of μmax) were colored
red. Temporal and spatial differences between present and
future predictions for the species’ performance were visual-
ized by performing subtractions between future and pre-
sent rasters. The values of the newly obtained raster layers
represented the predicted increase or decrease of metabolic
performance of the habitat at pixel level. In addition, low
and upper thermal-safety margins were calculated (Sunday
et al., 2014) through the offset between CTmin and CTmax

and minimum and maximum environmental temperature
experienced within the Mediterranean basin over the year.
Finally, the spatial and temporal metabolic performances

of the P. oceanica habitat were expressed as the total mil-
lion tons (Mt) of O2 released, CO2 absorbed and C fixed per
season, year, and across the three Mediterranean sectors
(west, center, east) according to Dimarchopoulou et al.
(2021). In doing so, we assumed that, since NCP measures
the net amount of carbon fixed by the plants that contrib-
utes to their growth and biomass after respiration, it
directly relates to the process of carbon fixation. Oxygen
production was converted into CO2 absorption and C fixa-
tion by assuming a theoretical molar ratio of CO2:O2 = 1,
C:O2 = 1 (Roth et al., 2019).

RESULTS

The daily NCP and CR of P. oceanica ranged from 94.8
± 34.6 to 446.0 ± 111.0 mmol O2 g−1FW m−2 day−1 and
from 58.0 ± 11.5 to 1385.0 ± 221.0 mmol O2 g−1FW m−2

day−1, respectively; while the daily GCP ranged from
153.0 ± 43.3 to 1831.0 ± 247.0 mmol O2 g

−1
FW m−2 day−1

(Figure 1). The range of NCP values computed indicate
that P. oceanica habitats exhibit autotrophic metabolism
throughout the year. Significant seasonal differences
were observed (Kruskal–Wallis: χ2 = 16.23, df = 3,
p = 0.00102; Appendix S1: Table S1, Figure S2). Post hoc
pairwise comparisons (Dunn’s test with Bonferroni correc-
tion) revealed that spring exhibited the lowest NCP values
(21.3 ± 2.7 mmol O2 gFW

−1 m−2 day−1, n = 4), significantly
lower than that of both autumn (446.0 ± 111.2 mmol O2

gFW
−1 m−2 day−1, n = 9; p = 0.007) and summer (318.5

± 48.0 mmol O2 gFW
−1 m−2 day−1, n = 16; p = 0.016).

Autumn NCP was also significantly higher than that of

F I GURE 1 Daily Posidonia community dissolved oxygen fluxes (in millimoles of dissolved oxygen per square meter per hour per fresh

weight) from in situ benthic chamber incubations. CR, community respiration; GCP, gross community production; NCP, net community

production. Values are given as mean ± SE.

ECOLOGICAL APPLICATIONS 5 of 16

 19395582, 2026, 3, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.70235 by M

ar D
el M

ar B
osch-B

elm
ar - U

niversity D
egli Studi D

i Pale , W
iley O

nline L
ibrary on [29/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



winter (94.8 ± 34.6 mmol O2 gFW
−1 m−2 day−1, n = 8;

p = 0.042; Appendix S1: Table S1, Figure S2).
Among the 26 available models present in the rTPC

package, two models met the ΔAICc ≤ 2 criterion: Flinn
(1991) with the best fitting (AICc = 505.89, ΔAICc = 0,
weight = 0.305) and Lynch and Gabriel (1987) and
Vasquez et al. (2023) as a competitive alternative
(AICc = 506.96, ΔAICc = 1.07, weight = 0.179). The
third-best model (Quadratic) had ΔAICc = 2.52, falling
outside the threshold (Appendix S1: Table S2). Given the
substantially higher Akaike weight of the Flinn model
(1.7× greater than Gaussian), we selected it as the pri-
mary model for constructing the TPC of P. oceanica. The
three fitted coefficients calculated by the model were
used to generate the TPC curve (Figure 2, Appendix S1:
Table S3). The curve presented a slightly left-skewed
form with a thermal optimum (Topt) around 23�C, where
the species exhibits maximum performance. Species’
thermal tolerance presented a range of 24�C, with mini-
mum and maximum critical temperatures (CTmin and
CTmax) identified at 11 and 35�C, respectively
(Appendix S1: Table S3). Optimal thermal tolerance win-
dows and functional thermal range included temperature
ranges of 3.82 and 9.93�C, respectively (Appendix S1:
Table S3). The habitat presented a positive upper
thermal-safety margin of 6.1�C and a negative minimum
thermal-safety margin of 2.1�C.

The estimated total area covered by the Posidonia
oceanica habitat in the Mediterranean is 1.31 million
hectares (Mha), with the largest extent occurring in the
center (646,500 ha) and western (606,600 ha) sectors, and
the smallest in the eastern part of the basin (45,900 ha).

Predictions from the present spatiotemporal analysis of
the NCP of Posidonia showed variations across seasons
and geographical locations. In winter and spring, a larger
part of Posidonia meadows exhibited metabolic perfor-
mance outside the predicted Tfr of the species (Figure 3,
red areas). Only a few small areas, mainly in Tunisian and
Greek regions, showed suboptimal performance (Figure 3,
orange areas). In summer and autumn, the metabolic per-
formance of the Posidonia habitat increased, presenting
more abundant highly performant meadows (with opti-
mum NCP performance, green areas) in autumn com-
pared to summer (Figure 3).

Predicted future NCP rates (2050, RCP 4.5) for
P. oceanica showed significant changes in spring, with a
large part of the meadows increasing their metabolic per-
formance (Figure 3). On the contrary, predictions showed
a decrease in NCP in different P. oceanica meadows dur-
ing summer months, especially along the eastern coasts
of Corsica, Sardinia, and Sicily, although locally there is
also an increase in performance in some west coast areas
(Figure 3). Finally, in autumn, there was an increase in
NCP especially along the coasts of Corsica, Apulia, and
Greece, while there was a decrease in performance along
the central and southern coasts of Sardinia and a large
part of the Tunisian meadows (Figure 3). Overall,
autumn appeared to be the season with the highest meta-
bolic performance, when seawater temperatures remain
within the optimal range for P. oceanica meadows.

Predicted future NCP rates for P. oceanica under the
RCP 8.5 scenario showed a broadly similar pattern to
RCP 4.5, with an overall increase in metabolic perfor-
mance during summer and autumn and a more variable
response across the rest of the year (Figure 4). Increased
NCP was observed in the Alboran Sea (Strait of Gibral-
tar), where present-day cooler waters are expected to
reach temperatures closer to the species’ optimum under
the stronger warming signal of RCP 8.5. During summer,
improved performance was also evident in the southern
Mediterranean, particularly along the western coasts of
Corsica and Sardinia, southern Sicily, and the Tunisian
coastline. In contrast, autumn projections resembled
those under RCP 4.5, with higher NCP along much of the
western basin but a more pronounced decline in the east-
ern Mediterranean, especially around Cyprus. Overall, as
in the present-day and RCP 4.5 conditions, the highest
metabolic performance was predicted for autumn, when
seawater temperatures are generally closer to the thermal
optimum for P. oceanica meadows.

In addition, to explore the potential physiological
range of P. oceanica beyond its current distribution
(i.e., the species’ fundamental thermal niche), we also
generated present-day and RCP 4.5–8.5 NCP maps with-
out applying the EMODnet habitat mask (Appendix S1:

F I GURE 2 Net community production (NCP) of Posidonia

oceanica habitat. Thermal performance curve of P. oceanica

community in relationship to in situ temperature conditions over

the year. Solid lines represent the average fitted values according to

the selected model (Flinn). Shaded area is bootstrapped prediction

showing ± 95% CI based on 999 iterations. The different colors

represent optimum thermal breath (Tbr-opt) (green colored),

suboptimal range (orange), and pessimum thermal range (red).
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Figures S3 and S4). These predictions highlight areas that
could be suitable for meadow establishment under cur-
rent and moderate future temperature regimes, particu-
larly along the southern Mediterranean coasts, where
ecological information is still scarce.

The translation of the present predicted spatiotempo-
ral variation of NCP into the amount of O2 produced,
CO2 absorbed, and C fixed by Posidonia habitat revealed
that the total amount of oxygen produced in the Mediter-
ranean Sea varied seasonally, ranging from 2.4 Mt in win-
ter to 3.9 Mt in spring. This amount more than doubled
in summer and autumn periods, reaching 9.8 and 14.9
Mt, respectively. This adds up to a total of 31.2 Mt year−1

O2 produced (Figure 5). Values of absorbed CO2 and C
fixed followed the same pattern, with the lowest values in
winter (CO2 = 3.3 Mt, C = 0.9 Mt) and spring (CO2 = 5.4
Mt, C = 1.5 Mt), and higher values in summer
(CO2 = 13.5 Mt, C = 3.7 Mt) and autumn (CO2 = 20.5

Mt, C = 5.6 Mt), corresponding to a total of 42.8 and 11.7
Mt year−1, respectively, for CO2 and C (Figure 5). Under
the RCP 4.5 scenario, O2 production, CO2 absorption,
and C fixation were predicted to increase by 33.3% in
winter and 53.8% in spring, while decreasing by 13.8%
in summer and 2.7% in autumn (Figure 5). This results in
an overall amount of O2 produced, CO2 absorbed, and C
fixed for future Posidonia habitat in the Mediterranean
Sea of 32.3, 44.4 and 12.1 Mt year−1, respectively
(Figure 5). When compared with RCP 4.5, projections
under the RCP 8.5 scenario showed a broadly similar sea-
sonal pattern but with slightly higher values overall
(Figure 5). Oxygen production increased during winter
and spring, following the same trend observed under the
moderate emission scenario, whereas the seasonal reduc-
tions in summer and autumn were less pronounced. The
total amount of O2 produced across the Mediterranean
basin was estimated at 34.0 Mt year−1, representing a

F I GURE 3 Spatiotemporal present (left column) and future 2050 (RCP 4.5, central column) predictions of the metabolic performance

(NCP) of Posidonia oceanica habitat along the Mediterranean coasts. The different colors represent optimum thermal breath (Tbr-opt) (green

colored), suboptimal range (orange), and pessimum thermal range (red) as reported in Figure 2. The right column shows differences

between future and present predictions. In this column, red color indicates a decrease in the metabolic performance of the Posidonia habitat,

while blue color highlights an increase in metabolic performance.
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5.3% increase compared with RCP 4.5. Similarly, total
CO2 absorption and C fixation reached 46.8 and 12.75 Mt
year−1, corresponding to increases of 4.7% and 5.4%,
respectively. Overall, RCP 8.5 projections suggest a mod-
est basin-wide enhancement of ES, mainly driven by
higher winter and spring productivity (Figure 5).

DISCUSSION

Predictions based on in situ benthic chamber up-scaling
of P. oceanica habitat metabolic traits confirm the rele-
vant role that this seagrass plays in providing ES related
to water column oxygenation (Agueda Aramburu
et al., 2024), as well as CO2 absorption and carbon fixa-
tion (Pergent-Martini et al., 2021; Traganos et al., 2022)
at the Mediterranean scale. Rising temperatures fore-
casted under climate change scenarios may enhance the
ability of the seagrass to provide vital ES, underscoring

the critical importance of conserving Posidonia habitats
to safeguard the health of future ecosystems. P. oceanica
meadows support a broad range of metabolic rates and
tend to be autotrophic systems throughout the year, act-
ing as one of the most intense carbon sinks on the planet
(Macreadie et al., 2014) comparable to peatlands and
mangrove systems (Pergent-Martini et al., 2021).

In situ metabolic measurements of daily NCP, CR,
and GCP align with those previously reported in the liter-
ature (Bosch-Belmar et al., 2025; Champenois &
Borges, 2021) in terms of both yearly variation and aver-
age daily metabolic performance, and allowed us to esti-
mate a seasonal daily mean NCP ranging from 21 to
446 mmol O2 m–2 day–1, depending on the season. Such
community metabolism values fall within the range cal-
culated by Duarte et al. (2010) for seagrasses worldwide
and are also similar to the NCP values obtained for differ-
ent P. oceanica meadows in France (37.21–123 mmol O2

m−2 day−1; Champenois & Borges, 2021), Italy (54–

F I GURE 4 Spatiotemporal present (left column) and future 2050 (RCP 8.5, central column) predictions of the metabolic performance

(NCP) of Posidonia oceanica habitat along the Mediterranean coasts. The different colors represent optimum thermal breath (Tbr-opt) (green

colored), suboptimal range (orange), and pessimum thermal range (red) as reported in Figure 2. The right column shows differences

between future and present predictions. In this column, red color indicates a decrease in the metabolic performance of the Posidonia habitat,

while blue color highlights an increase in metabolic performance.
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119 mmol O2 m−2 day−1; Koopmans et al., 2020), and
Spain (NCP measured values up to 98 mmol O2 m−2

day−1; Gazeau et al., 2005).
For the first time, field-measured community

metabolism (NCP) over seasonal temperature variations
was used to build a reliable TPC for the habitat. Our
approach of measuring metabolism in situ across

different seasons captures the ecologically real thermal
niche of Posidonia communities—how meadows actu-
ally perform when naturally acclimated to different
temperatures and phenological states throughout the
year. Importantly, this field-based approach is strongly
validated by our independent mesocosm study (Bosch-
Belmar et al., 2025), which tested metabolic responses

F I GURE 5 Total million tons of O2 released (a), CO2 absorbed (b), and C fixed (c) by Posidonia oceanica habitat per season and year for

the present and projected 2050 (RCP 4.5 and RCP 8.5) seawater temperatures. Bars show mean + SE. See Appendix S1: Figure S5 for data

concerning the main three Mediterranean sectors (west, center, east). Illustrations by Francesco Paolo Mancuso.
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of seasonally acclimated plants to controlled tempera-
ture variations (ambient, +2�C, +4�C) within three sea-
sonal periods. Despite the different methodological
approaches and ecological scales (community
vs. individual), both studies identified the same thermal
optimum (Topt = 23�C), confirming that our field-
derived TPC accurately captures the species’ thermal
response rather than spurious correlations with co-varying
seasonal factors, (Bosch-Belmar et al., 2025), underscoring
the plant’s predominant role in community metabolism.
While our field-based TPC integrates multiple naturally
co-varying environmental factors (temperature, photope-
riod, phenology, nutrient dynamics, and biogeochemical
conditions), we believe this integrated response is precisely
what is needed for predicting ES under future climate sce-
narios, as these factors will continue to co-vary with tem-
perature under climate change. The previously mentioned
mesocosm study (Bosch-Belmar et al., 2025) allowed
disentangling some of these effects under controlled condi-
tions. In those experiments, photoperiod and light inten-
sity were specifically controlled according to season
characteristics (50, 80, and 92 μmol photons m−2 s−1 for
winter, summer, and autumn, respectively, matching nat-
ural conditions at 10 m depth), eliminating concerns about
photoperiod scaling effects on daily production estimates.
Mechanistic indicators including maximum electron trans-
port rate (ETRmax) through rapid light curves and chloro-
phyll fluorescence analysis were also measured. ETRmax

showed the same thermal optimum (~23�C) as our field-
measured NCP, confirming that temperature effect on
photosystem II electron transport is the primary driver of
the thermal performance patterns, rather than artifacts of
light-temperature co-variation. Additionally, the
mesocosm study separately analyzed net photosynthesis
(Pn), dark respiration (Rd), and net primary production
(NPP) across the same temperature range. While respira-
tion showed a more linear increase with temperature up
to 31�C without a clear optimum (consistent with the met-
abolic theory of ecology and general biochemical kinetics),
both Pn and NPP exhibited clear thermal optima at 23�C,
similar to our field-measured NCP. This indicates that the
autotrophic photosynthetic component dominates the
thermal response of NCP in P. oceanica meadows,
although we acknowledge that heterotrophic components
(e.g., microbial communities, meiofauna) may exhibit dif-
ferent thermal sensitivities. Future research explicitly
quantifying the separate thermal responses of autotrophic
versus heterotrophic components within Posidonia
meadows, potentially through stable isotope approaches or
selective inhibitor studies, could further refine predictions
of community metabolism under warming scenarios and
identify potential shifts in the balance between these
components.

Recent studies indicate that the optimal temperature
for the species is around 26�C, while the upper critical
temperature (CTmax) is 35.5�C (Rinaldi et al., 2023; Savva
et al., 2018). The differences in Topt are likely due to the
fact that our measurements were taken on meadows
located at 10 m depth, whereas previous studies were
conducted at shallower depths (i.e., 1–5 m; see Savva
et al., 2018). In contrast, similar CTmax values were
observed, with previous studies reporting 35.5�C, which
is remarkably consistent with our estimate (35.1�C),
confirming the robustness of this upper thermal limit for
the species. In addition, the thermal safety margin identi-
fied in our field data (6.1�C) indicates that the habitat
may have sufficient thermal tolerance to cope with
extreme warm temperatures.

Upscaling metabolic measurements collected through
benthic chambers allowed us to obtain an overall,
although approximated, view of the metabolic perfor-
mances of Posidonia habitats at the Mediterranean scale.
We acknowledge that our field-based approach captures
the integrated response of naturally co-varying environ-
mental factors rather than isolating the independent
effect of temperature alone. However, the validation of
our thermal optimum through controlled mesocosm
experiments (Bosch-Belmar et al., 2025), where photope-
riod, light intensity, turbidity, and other factors were sys-
tematically controlled while temperature was manipulated
within seasonally acclimated plants, provides strong evi-
dence that the thermal optima and thresholds we identi-
fied represent fundamental physiological properties of
P. oceanica meadows rather than statistical artifacts of sea-
sonal correlations. Our study site in the Tyrrhenian Sea
represents mid-depth (8–10 m) meadows in the central
Mediterranean under typical oceanographic conditions for
this region. While this site provides valuable insights into
the metabolism and thermal responses of Posidonia,
extrapolating locally derived relationships to the entire
Mediterranean basin may introduce spatial uncertainty. In
particular, our approach assumes that thermal physiology
is broadly consistent among Mediterranean Posidonia
populations and that the TPC derived from a central Medi-
terranean site can be generalized across the species’ range.
Although population genetic studies reveal both histori-
cal connectivity and regional genetic structure across
P. oceanica meadows (Arnaud-Haond et al., 2007; Serra
et al., 2010), the species also exhibits considerable pheno-
typic plasticity (Moreira-Saporiti et al., 2023; Serra
et al., 2010). The independent validation of our thermal
optimum strongly indicates that the fitted curve represents
the central tendency of the species’ community-level ther-
mal response (Bosch-Belmar et al., 2025). Nevertheless,
populations experiencing divergent temperature regimes
over evolutionary timescales (e.g., warmer eastern
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Mediterranean or cooler northern Adriatic) may deviate
from this pattern. Therefore, our models should be
interpreted as a first-order mechanistic framework that
provides a foundation for Mediterranean-scale metabolic
projections, which could be refined through future com-
parative studies across genetically distinct populations,
identifying potential hotspots of local thermal adaptation.

Our modeling approach shows that O2 production,
CO2 absorption, and C fixation ability are likely to
change in the future. P. oceanica populations currently
present in the Mediterranean will experience a tem-
perature-dependent net increase in performance, particu-
larly in spring when higher temperatures will favor
greater NCP in almost all the meadows. Although from a
purely numerical standpoint, this aspect seems to benefit
the functioning of future Mediterranean marine ecosys-
tems, it is important to note that our model mainly
accounts for direct effects of temperature on community
metabolism. While our predictions suggest temperature-
dependent increases in metabolic performance, other
aspects of P. oceanica ecology remain uncertain and
could shape future outcomes. For example, future tem-
perature changes may modify the species’ phenology and
sexual reproduction events. Indeed, plant flowering is
often affected by climate change, both in terms of timing
and intensity, potentially affecting reproductive phenol-
ogy. Phenological modifications are among the most
important mechanisms influencing changes in plant pop-
ulation distribution and abundance over both short and
long term (Diaz-Almela et al., 2007). Therefore, while our
metabolic predictions indicate resilience to moderate
warming, the full response of Posidonia meadows to cli-
mate change involves complex interactions that intro-
duce additional uncertainty beyond the scope of our
current model.

Despite the overall increase in performance, a dec-
rease in the P. oceanica community’s performance during
the warmest period was observed in the RCP 4.5 scenario
predictions, especially in meadows located in the central-
western Mediterranean (e.g., around Sardinia and west-
ern Sicily). Then, future high temperatures in this area
could push the meadows to stressful thermal conditions,
potentially causing a metabolic collapse due to photosys-
tems malfunctioning. This metabolic deterioration could
reduce the habitat quality and ES that Posidonia
meadows provide, including their role as nursery grounds
and feeding areas for commercially important fish spe-
cies. Such degradation of these critical habitats would
consequently impair local coastal fisheries’ landings and
income (El Zrelli et al., 2020).

Even though water warming does not appear to be a
limiting factor for the functioning and capacity of the
habitat to provide provisioning and regulating ES, other

sources of disturbance related to climate change such
as sea level rise and increased wave force have been
suggested as potentially detrimental to the habitat
(Boudouresque et al., 2009; Infantes et al., 2009; Pergent
et al., 2015). The impact of extreme climatic events such
as marine heatwaves (MHWs) is an important factor
potentially influencing community structure and func-
tioning, above all impairing performances of foundation
species (Sarà et al., 2021); nonetheless, integrating these
events into modeling predictions is currently challenging.
MHWs have increased in frequency, intensity, and dura-
tion in recent years, subjecting many marine communi-
ties, especially benthic ones, to intense thermal stress and
mass mortalities (Garrabou et al., 2022). In addition, the
cumulative impact of different anthropogenic stressors
may cause a regression in the distribution and extent of
P. oceanica habitat. Several studies have identified a vast
variety of pressures as causes of P. oceanica meadows
declines, being eutrophication (i.e., urban and industrial
sewage and aquaculture activity), coastal modification
due to dredge/fill activities (Aragonés et al., 2015; Bada-
lamenti et al., 2011; Manzanera et al., 2011), bottom
trawling and anchoring boating (Pergent-Martini
et al., 2022), and natural stressors such as biological inva-
sions and erosion due to increasing wave energy
(Infantes et al., 2009; Marbà et al., 2014) among the most
cited and studied stressors impacting P. oceanica distribu-
tion. Conversely, some studies suggest that this crucial
habitat for Mediterranean biodiversity might not be in
decline. For example, Bonacorsi et al. (2013) stated that
the extent of P. oceanica meadows has remained stable
along 50 years and that the observed differences may be
due to significant improvements in the technologies used
for monitoring the species’ distribution. Overall, this evi-
dence suggests that while future increases in water tem-
peratures may not inherently limit the metabolic
performance and ES provided by Posidonia, the increas-
ing number of interacting stressors, especially near urban
areas, will continue to pose significant uncertainty
regarding the future persistence of Posidonia habitats.

Seagrass meadows are habitats of intense metabolism,
supporting both high GCP and CR, which are often
closely balanced (Larkum et al., 2006). The community
metabolic balance will determine whether a community
exports organic carbon to adjacent systems (net autotro-
phic; NCP > 0) or whether a community requires exter-
nal organic carbon inputs to sustain its own metabolism
(net heterotrophic; NCP < 0). Current assessments of
seagrass carbon budgets exhibit considerable variability
and fluctuate seasonally. For instance, some studies
report that Posidonia seagrass communities may act as
carbon sources during winter and as carbon sinks
throughout the rest of the year (Macreadie et al., 2014).
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In contrast, other studies have found that Posidonia
meadows show autotrophic metabolism round the year
(Agueda Aramburu et al., 2024; Champenois &
Borges, 2021). The meadows studied here showed net
autotrophic metabolism throughout the year across the
Mediterranean, functioning as a carbon sink with re-
markable seasonal differences. This highlights the vital
importance of these meadows in maintaining ecological
balance, supporting marine life, and combating global
environmental challenges due to human-caused stressors
such as climate change and side effects.

The surface area covered by the habitat of P. oceanica
meadows in the Mediterranean Sea has been the subject
of several estimates in the past (Pergent-Martini
et al., 2021; Telesca et al., 2015; Traganos et al., 2022),
highlighting the scarcity of data for the eastern basin and
along the African coasts. The lack of information or the
absence of the seagrass habitat in certain areas of
the Mediterranean does not necessarily mean that the
species is not present or cannot be present. By using the
same approach applied in this study, without restricting
the predictions to the areas where the habitat is currently
present, it is possible to identify the fundamental thermal
niche of the habitat—that is, the maximum area Posi-
donia could potentially occupy as a function of tempera-
ture. This analysis shows that, in particular, the southern
and eastern coasts of the Mediterranean emerge as areas
where the habitat, if present, could exhibit high function-
ality, both now and in the future, significantly further
contributing to the ES provided by seagrasses
(Appendix S1: Figure S5). However, given the importance
of these habitats for the overall carbon exchanges in the
Mediterranean, this bias needs to be addressed. A
detailed georeferenced distribution map of Posidonia hab-
itats suggests that our predictions may underestimate the
ES provided by this seagrass.

Although carbon sink estimation by P. oceanica
meadows is usually based on tissue carbon content analy-
sis, to our knowledge, this is the first attempt to use meta-
bolic traits to spatially and temporally represent the
community functionality of P. oceanica habitats. Estima-
tions calculated from in situ metabolic community func-
tions (NCP) showed that the seagrass habitat in the
Mediterranean is able to produce 31 Tg O₂ yr⁻¹ O2 per year,
absorb 43 Tg O₂ yr⁻¹ CO2 per year, and fix 12 Tg O₂ yr⁻¹ C
per year for an estimated area of 1.3 million ha. Future
projections suggest that warming will not uniformly
reduce ecosystem functioning across the basin. Moder-
ate warming may initially enhance metabolic activity in
cooler areas of the Mediterranean, while extreme
warming could still sustain net autotrophy in many
regions, especially during the cooler seasons when tem-
peratures approach the species’ thermal optimum.

In conclusion, this study underscores the critical role
of P. oceanica meadows in Mediterranean ecosystems,
particularly in light of ongoing and projected climate
change. Through in situ metabolic measurements using
benthic chambers, we confirmed the seagrass habitats’
significant contribution to ES such as water column
oxygenation, CO2 absorption, and carbon fixation. The
metabolic traits observed reflect robust community perfor-
mance across diverse Mediterranean locations, with impli-
cations for regional carbon budgets and ecosystem
stability. Importantly, our findings suggest that future
warming scenarios may enhance these services, particu-
larly during autumn when optimal temperatures promote
higher NCP. However, challenges remain, as elevated
temperatures could also lead to seasonal declines in per-
formance, especially in central-western Mediterranean
regions vulnerable to thermal stress. Given these complex-
ities and the spatial uncertainties inherent in extrapolating
locally derived TPCs across the Mediterranean basin, con-
servation efforts must be adaptive and informed by the
best available scientific tools.

From an applied perspective, these findings provide a
valuable baseline for climate-adaptive management of
Mediterranean seagrass meadows. Identifying areas
projected to maintain positive metabolic performance un-
der future climatic scenarios can help define potential
thermal refugia, where conservation and restoration
efforts may be most effective. Conversely, regions expec-
ted to experience greater metabolic decline should be pri-
oritized for mitigation strategies aimed at reducing
cumulative stressors such as eutrophication, mechanical
disturbance, and coastal pollution. To facilitate the prac-
tical application of our findings, we developed an interac-
tive Shiny application (https://seadataweb.shinyapps.io/
Posidonia_ES_map/) to translate our findings into a prac-
tical decision-support platform. This application should
be viewed as an exploratory platform for visualizing first-
order spatial trends in Posidonia ecosystem functioning
rather than a deterministic forecasting model. Its primary
purpose is to assist coastal managers and policymakers in
identifying areas potentially sensitive to temperature
changes and in prioritizing locations for conservation
interventions or more detailed local assessments. The
application allows users to explore spatially explicit esti-
mates of ES (oxygen production, CO2 absorption, and
carbon fixation) across Mediterranean Posidonia mea-
dows under current and future climate scenarios. Users
are encouraged to interpret local results in light of site-
specific environmental conditions, recognizing that our
basin-scale model represents a first-order approximation
based on central Mediterranean thermal physiology. The
tool facilitates exploration of the underlying data and
spatial variability in predicted ES, while always
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acknowledging that local results must consider possible
site-specific adaptations, depth-related differences, and
environmental conditions not captured in our simplified
thermal model. In this way, the application provides a
scientifically grounded yet flexible baseline to inform
future research directions and conservation strategies
across the Mediterranean basin. Integrating such high-
resolution temporal and spatial information into broader
ecosystem management strategies will be essential for
mitigating the impacts of climate change and other
anthropogenic stressors. By combining mechanistic trait-
based modeling with user-friendly visualization tools, we
aim to bridge the gap between scientific research and
practical conservation action, enabling practitioners to
make more informed decisions about the protection and
restoration of these critical coastal ecosystems.
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Ellacuria. 2009. “Wave Energy and the Upper Depth Limit
Distribution of Posidonia oceanica.” Botanica Marina 52(5):
419–427. https://doi.org/10.1515/BOT.2009.050.

IPCC. 2014. “IPCC, 2014: Climate Change 2014: Synthesis Report.
Contribution of Working Groups I, II and III to the Fifth
Assessment Report of the Intergovernmental Panel on Climate
Change.”

Koopmans, D., M. Holtappels, A. Chennu, M. Weber, and D. D.
Beer. 2020. “High Net Primary Production of Mediterranean
Seagrass (Posidonia oceanica) Meadows Determined with
Aquatic Eddy Covariance.” Frontiers in Marine Science 7-
(March): 1–13. https://doi.org/10.3389/fmars.2020.00118.

Kotsias, G., C. J. Lolis, N. Hatzianastassiou, P. Lionello, and
A. Bartzokas. 2021. “An Objective Definition of Seasons
for the Mediterranean Region.” International Journal of
Climatology 41(S1): E1889–E1905. https://doi.org/10.1002/
joc.6819.

14 of 16 MANCUSO ET AL.

 19395582, 2026, 3, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.70235 by M

ar D
el M

ar B
osch-B

elm
ar - U

niversity D
egli Studi D

i Pale , W
iley O

nline L
ibrary on [29/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1890/10-1510.1
https://doi.org/10.18637/jss.v066.i05
https://doi.org/10.1016/j.ecss.2021.107321
https://doi.org/10.1016/j.ecss.2021.107321
https://doi.org/10.1111/1365-2664.70049
https://doi.org/10.3389/fmars.2022.810555
https://doi.org/10.3389/fmars.2022.810555
https://doi.org/10.1515/BOT.2009.057
https://doi.org/10.1016/j.rse.2012.10.012
https://doi.org/10.3390/ijms161125967
https://doi.org/10.3390/ijms161125967
https://doi.org/10.1002/lno.11724
https://doi.org/10.1017/9781009325844.005
https://doi.org/10.1038/387253a0
https://doi.org/10.1111/j.1365-2486.2006.01260.x
https://doi.org/10.3390/w13040482
https://doi.org/10.3390/w13040482
https://doi.org/10.1038/nclimate1970
https://doi.org/10.1029/2010GB003793
https://doi.org/10.1029/2010GB003793
https://doi.org/10.1016/j.marpolbul.2020.111124
https://doi.org/10.1016/j.marpolbul.2020.111124
https://doi.org/10.1093/ee/20.3.872
https://doi.org/10.1038/ngeo1477
https://doi.org/10.1111/gcb.16301
https://doi.org/10.1111/gcb.16301
https://doi.org/10.1126/science.1189930
https://doi.org/10.1515/BOT.2009.050
https://doi.org/10.3389/fmars.2020.00118
https://doi.org/10.1002/joc.6819
https://doi.org/10.1002/joc.6819


Larkum, A. W. D., R. J. Orth, and C. M. Duarte. 2006. Seagrasses:
Biology, Ecology and Conservation. Dordrecht: Springer.

Lopez-Rivas, J. D., and J. C. Cardenas. 2024. “What Is the Economic
Value of Coastal and Marine Ecosystem Services? A Systematic
Literature Review.” Marine Policy 161(February): 106033.
https://doi.org/10.1016/j.marpol.2024.106033.

Lynch, M., and W. Gabriel. 1987. “Environmental Tolerance.” The
American Naturalist 129(2): 283–303. https://doi.org/10.1086/
284635.

Macreadie, P. I., M. E. Baird, S. M. Trevathan-tackett, A. W. D.
Larkum, and P. J. Ralph. 2014. “Quantifying and Modelling
the Carbon Sequestration Capacity of Seagrass Meadows – A
Critical Assessment.” Marine Pollution Bulletin 83: 430–39.
https://doi.org/10.1016/j.marpolbul.2013.07.038.

Mallon, J., A. T. Banaszak, L. Donachie, D. Exton, T. Cyronak, T.
Balke, and A. M. Bass. 2022. “A Low-Cost Benthic Incubation
Chamber for In-Situ Community Metabolism Measurements.”
PeerJ 10: 1–22. https://doi.org/10.7717/peerj.13116.

Mancuso, F. P., M. Bosch-Belmar, and G. Sarà. 2026. “Endemic
Mediterranean Seagrasses Poised to Survive Climate Change
Challenges [Dataset].” Dryad. https://doi.org/10.5061/dryad.
x69p8czzz

Manzanera, M., T. Alcoverro, F. Tomas, and J. Romero. 2011.
“Response of Posidonia oceanica to Burial Dynamics.” Marine
Ecology Progress Series 423: 47–56. https://doi.org/10.3354/
meps08970.

Marbà, N., E. Díaz-Almela, and C. M. Duarte. 2014. “Mediterranean
Seagrass (Posidonia oceanica) Loss between 1842 and 2009.”
Biological Conservation 176: 183–190. https://doi.org/10.1016/j.
biocon.2014.05.024.

Marbà, N., C. M. Duarte, and S. Agustí. 2007. “Allometric Scaling of
Plant Life History.” Proceedings of the National Academy of Sci-
ences of the United States of America 104(40): 15777–80.
https://doi.org/10.1073/pnas.0703476104.

Marín-Guirao, L., J. Bernardeau-Esteller, R. García-Muñoz, A.
Ramos, Y. Ontoria, J. Romero, M. Pérez, J. M. Ruiz, and G.
Procaccini. 2018. “Carbon Economy of Mediterranean
Seagrasses in Response to Thermal Stress.” Marine Pollution
Bulletin 135: 617–629. https://doi.org/10.1016/j.marpolbul.
2018.07.050.

Matzelle, A., G. Sarà, V. Montalto, M. Zippay, G. C. Trussell, and B.
Helmuth. 2015. “A Bioenergetics Framework for Integrating
the Effects of Multiple Stressors: Opening a “Black Box” in Cli-
mate Change Research.” American Malacological Bulletin 33(1):
150–160. https://doi.org/10.4003/006.033.0107.

Mazarrasa, I., N. Marbà, C. E. Lovelock, O. Serrano, P. S. Lavery,
J. W. Fourqurean, H. Kennedy, et al. 2015. “Seagrass
Meadows as a Globally Significant Carbonate Reservoir.”
Biogeosciences 12(16): 4993–5003. https://doi.org/10.5194/bg-
12-4993-2015.

McGill, B., B. Enquist, E. Weiher, and M. Westoby. 2006. “Rebuild-
ing Community Ecology from Functional Traits.” Trends in
Ecology & Evolution 21(4): 178–185. https://doi.org/10.1016/j.
tree.2006.02.002.

Meunier, C. L., M. Boersma, R. El-Sabaawi, H. M. Halvorson, E. M.
Herstoff, D. B. Van de Waal, R. J. Vogt, and E. Litchman.
2017. “From Elements to Function: Toward Unifying Ecologi-
cal Stoichiometry and Trait-Based Ecology.” Frontiers in

Environmental Science 5: 1–10. https://doi.org/10.3389/fenvs.
2017.00018.

Moreira-Saporiti, A., M. Teichberg, E. Garnier, J. H. C. Cornelissen,
T. Alcoverro, M. Björk, C. Boström, et al. 2023. “A Trait-Based
Framework for Seagrass Ecology: Trends and Prospects.” Fron-
tiers in Plant Science 14(March): 1–17. https://doi.org/10.3389/
fpls.2023.1088643.

Odum, H. T. 1956. “Primary Production in Flowing Waters1.” Lim-
nology and Oceanography 1(2): 102–117. https://doi.org/10.
4319/lo.1956.1.2.0102.

Padfield, D., H. O’Sullivan, and S. Pawar. 2021. “rTPC and nls.
multstart: A New Pipeline to Fit Thermal Performance Curves
in r.” Methods in Ecology and Evolution 12(6): 1138–43. https://
doi.org/10.1111/2041-210X.13585.

Pecl, G. T., M. B. Araújo, J. D. Bell, J. Blanchard, T. C. Bonebrake,
I. Chen, T. D. Clark, et al. 2017. “Biodiversity Redistribution
under Climate Change: Impacts on Ecosystems and Human
Well-Being.” Science 355: 9214. https://doi.org/10.1126/
science.aai9214.

Pergent, G., C. Pergent-Martini, A. Bein, M. Dedeken, P. Oberti, A.
Orsini, J. F. Santucci, and F. Short. 2015. “Dynamic of
Posidonia oceanica Seagrass Meadows in the Northwestern
Mediterranean: Could Climate Change be to Blame?” Comptes
Rendus - Biologies 338(7): 484–493. https://doi.org/10.1016/j.
crvi.2015.04.011.

Pergent-Martini, C., G. Pergent, B. Monnier, C. F. Boudouresque,
C. Mori, and A. Valette-Sansevin. 2021. “Contribution of
Posidonia oceanica Meadows in the Context of Climate
Change Mitigation in the Mediterranean Sea.” Marine Envi-
ronmental Research 165(August 2020): 105236. https://doi.org/
10.1016/j.marenvres.2020.105236.

Pergent-Martini, C., B. Monnier, L. Lehmann, E. Barralon, and G.
Pergent. 2022. “Major Regression of Posidonia oceanica
Meadows in Relation with Recreational Boat Anchoring: A Case
Study from Sant’amanza Bay.” Journal of Sea Research 188-
(August): 102258. https://doi.org/10.1016/j.seares.2022.102258.

Piazzolla, D., S. Scanu, F. P. Mancuso, M. Bosch-Belmar, S.
Bonamano, A. Madonia, E. Scagnoli, et al. 2024. “An Inte-
grated Approach for the Benthic Habitat Mapping Based on
Innovative Surveying Technologies and Ecosystem Function-
ing Measurements.” Scientific Reports 14(1): 5888. https://doi.
org/10.1038/s41598-024-56662-6.

Pörtner, H. O., and A. P. Farrell. 2008. “Physiology and Climate
Change.” Science 322(5902): 690–92. https://doi.org/10.1126/
science.1163156.

Rinaldi, A., M. Martinez, F. Badalamenti, G. D’Anna, S. Mirto, L.
Marín-Guirao, G. Procaccini, and V. Montalto. 2023. “The
Ontogeny-Specific Thermal Sensitivity of the Seagrass Posidonia
oceanica.” Frontiers in Marine Science 10(July): 1–11. https://
doi.org/10.3389/fmars.2023.1183728.

Roth, F., C.Wild, S. Carvalho, N. Rädecker, C. R. Voolstra, B. Kürten, H.
Anlauf, Y. C. El-Khaled, R. Carolan, and B. H. Jones. 2019. “An In
Situ Approach for Measuring Biogeochemical Fluxes in Structur-
ally Complex Benthic Communities.”Methods in Ecology and Evo-
lution 10(5): 712–725. https://doi.org/10.1111/2041-210X.13151.

Sarà, G., C. Giommi, A. Giacoletti, E. Conti, C. Mulder, and M. C.
Mangano. 2021. “Multiple Climate-Driven Cascading Ecosys-
tem Effects after the Loss of a Foundation Species.” Science of

ECOLOGICAL APPLICATIONS 15 of 16

 19395582, 2026, 3, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.70235 by M

ar D
el M

ar B
osch-B

elm
ar - U

niversity D
egli Studi D

i Pale , W
iley O

nline L
ibrary on [29/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.marpol.2024.106033
https://doi.org/10.1086/284635
https://doi.org/10.1086/284635
https://doi.org/10.1016/j.marpolbul.2013.07.038
https://doi.org/10.7717/peerj.13116
https://doi.org/10.5061/dryad.x69p8czzz
https://doi.org/10.5061/dryad.x69p8czzz
https://doi.org/10.3354/meps08970
https://doi.org/10.3354/meps08970
https://doi.org/10.1016/j.biocon.2014.05.024
https://doi.org/10.1016/j.biocon.2014.05.024
https://doi.org/10.1073/pnas.0703476104
https://doi.org/10.1016/j.marpolbul.2018.07.050
https://doi.org/10.1016/j.marpolbul.2018.07.050
https://doi.org/10.4003/006.033.0107
https://doi.org/10.5194/bg-12-4993-2015
https://doi.org/10.5194/bg-12-4993-2015
https://doi.org/10.1016/j.tree.2006.02.002
https://doi.org/10.1016/j.tree.2006.02.002
https://doi.org/10.3389/fenvs.2017.00018
https://doi.org/10.3389/fenvs.2017.00018
https://doi.org/10.3389/fpls.2023.1088643
https://doi.org/10.3389/fpls.2023.1088643
https://doi.org/10.4319/lo.1956.1.2.0102
https://doi.org/10.4319/lo.1956.1.2.0102
https://doi.org/10.1111/2041-210X.13585
https://doi.org/10.1111/2041-210X.13585
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1016/j.crvi.2015.04.011
https://doi.org/10.1016/j.crvi.2015.04.011
https://doi.org/10.1016/j.marenvres.2020.105236
https://doi.org/10.1016/j.marenvres.2020.105236
https://doi.org/10.1016/j.seares.2022.102258
https://doi.org/10.1038/s41598-024-56662-6
https://doi.org/10.1038/s41598-024-56662-6
https://doi.org/10.1126/science.1163156
https://doi.org/10.1126/science.1163156
https://doi.org/10.3389/fmars.2023.1183728
https://doi.org/10.3389/fmars.2023.1183728
https://doi.org/10.1111/2041-210X.13151


the Total Environment 770: 144749. https://doi.org/10.1016/j.
scitotenv.2020.144749.

Savva, I., S. Bennett, G. Roca, G. Jordà, and N. Marbà. 2018. “Ther-
mal Tolerance of Mediterranean Marine Macrophytes: Vulner-
ability to Global Warming.” Ecology and Evolution 8(23):
12032–43. https://doi.org/10.1002/ece3.4663.

Serra, I. A., A. M. Innocenti, G. Di Maida, S. Calvo, M. Migliaccio,
E. Zambianchi, C. Pizzigalli, et al. 2010. “Genetic Structure in
the Mediterranean Seagrass Posidonia oceanica: Disentangling
Past Vicariance Events from Contemporary Patterns of Gene
Flow.” Molecular Ecology 19(3): 557–568. https://doi.org/10.
1111/j.1365-294X.2009.04462.x.

Sunday, J. M., A. E. Bates, M. R. Kearney, R. K. Colwell, N. K.
Dulvy, J. T. Longino, and R. B. Huey. 2014. “Thermal-Safety
Margins and the Necessity of Thermoregulatory Behavior
across Latitude and Elevation.” Proceedings of the National
Academy of Sciences of the United States of America 111(15):
5610–15. https://doi.org/10.1073/pnas.1316145111.

Telesca, L., A. Belluscio, A. Criscoli, G. Ardizzone, E. T. Apostolaki,
S. Fraschetti, M. Gristina, et al. 2015. “Seagrass Meadows
(Posidonia oceanica) Distribution and Trajectories of Change.”
Nature Publishing Group 3303: 1–14. https://doi.org/10.1038/
srep12505.

Thomson, A. M., K. V. Calvin, S. J. Smith, G. P. Kyle, A.
Volke, P. Patel, S. Delgado-Arias, et al. 2011. “RCP4.5: A
Pathway for Stabilization of Radiative Forcing by 2100.”
Climatic Change 109(1): 77–94. https://doi.org/10.1007/
s10584-011-0151-4.

Traganos, D., C. B. Lee, A. Blume, D. Poursanidis, H. Čižmek, J.
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