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ABSTRACT

Posidonia oceanica meadows, which underpin Mediterranean coastal ecosystems, are undergoing accelerated decline, partly

driven by thermal stress. While previous quantitative studies have identified temperature thresholds beyond which seagrass

mortality increases sharply, we assess the cumulative and sublethal impacts of prolonged warming under fluctuating subthresh-

old conditions. To capture these effects, we introduce Stress Degree Days (SDD), a physiologically grounded index derived from
an experimentally derived mortality rate function. Using sea surface temperature (SST) data, we quantified the cumulative ther-
mal exposure across the Mediterranean Basin from 2000 to 2020. Leveraging high-resolution satellite imagery and deep learn-

ing-based habitat mapping, we linked SDD-derived thermal exposure to meadow fragmentation, which is a proxy for seagrass
health. Our results show that high thermal stress (> 50%) is concentrated along the southern and eastern Mediterranean, where
meadows exhibit more than 40% cover loss and elevated fragmentation, even though maximum SSTs remained below lethal

limits (LT, =28.9°C). This finding suggests that chronic sublethal thermal stress might play an important role in meadow struc-
tural degradation. Scenario-based projections under the RCP8.5, “business as usual”, and the more moderate RCP4.5 climatic
scenarios suggest basin-wide regression, with expected cover losses of approximately 80% and 40%, respectively, by 2100, and a

strong contraction of suitable thermal conditions in southern regions. Consequently, fragmentation indices are projected to in-

crease substantially, potentially affecting clonal connectivity, sediment retention, and oxygen export. In summary, by integrating

physiological mechanisms, large-scale remote sensing, and climate modeling, the SDD framework identifies thermal hotspots,

reveals emergent vulnerability patterns, and offers a risk-assessment tool to guide conservation strategies in warming oceans.

1 | Introduction

Seagrass meadows are foundational coastal ecosystems that
sustain marine environments across all continents except
Antarctica. These ecosystems provide essential services for
human health, livelihoods, biodiversity, and climate regulation
(Millennium Ecosystem Assessment 2005; Barbier et al. 2011;
Duarte et al. 2025). The dense canopies of seagrass meadows
support coastal biodiversity by providing food and habitat for nu-
merous marine species, including commercially valuable ones.
Moreover, seagrasses play a crucial role in sediment stabilization

and coastal protection by reducing wave and current impacts
(Granata et al. 2001; Koch et al. 2006), promoting sediment deposi-
tion (Gacia and Duarte 2001; Bos et al. 2007; Hendriks et al. 2008),
and anchoring the seabed through extensive rhizome networks
(Madsen et al. 2001). Furthermore, seagrasses are among the most
effective natural carbon sinks on Earth, sequestering atmospheric
CO, in both above- and belowground biomass and in long-lived
sediment pools (Duarte and Chiscano 1999; Mcleod et al. 2011;
Duarte, Sintes, and Marba 2013). Despite their immense ecolog-
ical and economic value, seagrass meadows are declining glob-
ally, with approximately one-third of the global area lost since
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World War IT (Duarte et al. 2025; Duarte, Losada, et al. 2013). The
Mediterranean Basin has been particularly affected by local stress-
ors impacting seagrass meadows, including eutrophication, habi-
tat degradation, and mechanical disturbances, which are further
compounded by climate change (Waycott et al. 2009).

The Mediterranean Sea is warming faster than the global ocean av-
erage, threatening endemic species such as Posidonia oceanica, the
region's dominant seagrass species (Marba and Duarte 2010; Jorda
et al. 2012). Climate projections predict that rising sea surface tem-
peratures (SST), particularly under the RCP8.5 scenario, will dras-
tically reduce suitable habitats for P. oceanica, with niche models
forecasting losses exceeding 75% by 2050 and potential func-
tional extinction by 2100 (Chefaoui et al. 2018; Jorda et al. 2020).
However, these estimates may be conservative, as they rely pri-
marily on the maximum tolerable temperatures (thermal limits)
for species survival, thereby neglecting cumulative sublethal ther-
mal stress (Bennett et al. 2022). Seagrass thermal responses are
typically inferred from laboratory experiments that expose plants
to prolonged, constant temperatures to assess mortality and phys-
iological performance (Savva et al. 2018). While these controlled
experiments reveal fundamental thermal tolerance limits, they
may not capture the cumulative stress imposed by the dynamic
and fluctuating conditions that seagrasses encounter in the wild.
In situ, seagrasses experience temporally variable temperature re-
gimes, and mortality is likely the result of integrated stress over
time rather than instantaneous threshold exceedance.

Recent advances in artificial intelligence (AI) and machine learn-
ing (ML) have enabled seagrass mapping using airborne and
satellite imagery (Duarte et al. 2025), yielding promising but geo-
graphically constrained results (Chand and Bollard 2022; Jeon
et al. 2021; Poursanidis et al. 2018; Traganos et al. 2018; Traganos
and Reinartz 2018; Bakirman and Gumusay 2020; Kellaris
et al. 2019; Chowdhury et al. 2024). Most existing models are de-
signed for local applications and struggle to generalize across the
diverse environmental conditions of the Mediterranean Basin,
limiting their scalability for large-scale monitoring. Recently,
however, a convolutional neural network model (CAMELE) has
been developed to overcome this limitation (Giménez-Romero
et al. 2025). CAMELE was trained on a geographically diverse
benthic habitat dataset spanning the Balearic Islands, accounting
for variations in water depth, water turbidity, and satellite view-
ing geometry, and was validated across independent regions. It
achieved consistent segmentation performance for Posidonia
oceanica cover at ecologically meaningful spatial scales, with an
Intersection over Union (IoU) of 77.30% in regions substantially
different from the training domain and up to 95.22% across the en-
tire dataset. Because IoU jointly penalizes false positives and false
negatives in the spatial overlap between predicted and reference
masks, it is a more stringent metric for segmentation performance
than overall classification accuracy (Rahman and Wang 2016). In
semantic segmentation, IoU values above 50% are generally con-
sidered to indicate acceptable predictions (Dai et al. 2016). This
open-source framework enables basin-wide assessments of sea-
grass distribution and structural changes, providing a baseline for
evaluating climate-driven impacts, such as ocean warming and
habitat fragmentation.

In this study, we integrated high-resolution remote-sensing-
derived habitat maps from over 30 satellite images spanning

diverse Mediterranean regions, generated using the CAMELE
model, with historical sea surface temperature (SST) time series
and experimental physiological data to resolve the impacts of
cumulative thermal stress on P. oceanica meadows across the
Mediterranean Sea. We introduce Stress Degree Days (SDD),
a metric that quantifies thermal exposure by convolving daily
SST data with an experimentally derived mortality rate curve,
thereby capturing integrated thermal stress across natural vari-
ability. Using Al-driven habitat classifications, we computed
seagrass cover and fragmentation across the Mediterranean Sea,
revealing structural differences at basin-wide scales. Our results
show that thermal stress is strongly associated with reduced
cover and increased fragmentation, even though maximum
SSTs remained below lethal limits, highlighting how sublethal
thermal stress might affect ecosystem resilience. This integrated
approach, which combines physiology, remote sensing, and
modeling, provides a physiologically informed risk-assessment
framework to understand seagrass decline in warming oceans,
identifying emergent patterns beyond simplistic thresholds, and
guiding targeted conservation initiatives amid escalating biodi-
versity threats.

2 | Results

2.1 | Quantifying Thermal Stress in
the Mediterranean Sea

We developed a physiological model to estimate the cumulative
thermal stress experienced by Posidonia oceanica meadows
across the Mediterranean Sea. The model integrates daily sea
surface temperature (SST) data with an experimentally derived
mortality-rate function to compute a time-accumulated index
of thermal exposure, which we term Stress Degree Days (SDD)
(Figure 1a,b; Section 4). Using experimental data from 25-day
exposures of P. oceanica shoots to constant temperature con-
ditions, the accumulated SDD values were linked to observed
shoot mortality through a logistic relationship (Figure 1c).
When applied to spatially and temporally resolved SST data, the
resulting quantity—hereafter referred to as thermal stress—is a
model-based proxy for the expected shoot mortality associated
with cumulative thermal exposure.

By integrating both the magnitude and duration of supra-optimal
temperatures, this metric captures the progressive physiolog-
ical burden imposed by warming under naturally fluctuating
field conditions. In this sense, the SDD approach is similar to
the degree heating weeks and days metric of stress, developed
to predict the risk of bleaching and mortality in corals, which
provides the basis for many models projecting future coral loss
cover under climate change (Klein et al. 2024).

In contrast to traditional threshold-based approaches, which
treat thermal stress as a discrete exceedance of fixed tempera-
ture limits, our framework explicitly accounts for the cumu-
lative nature of thermal stress over time. The model shows
that the maximum monthly average temperature (SST,__ ), a
commonly used proxy for thermal stress, exhibits a logistic
relationship with the SDDs (Figure 1d). However, our find-
ings indicate that focusing exclusively on lethal temperature
thresholds, such as the experimentally derived LT, =28.9°C,
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FIGURE1 | Temperature-dependent mortality model for Posidonia oceanica. (a) Experimental survival of Posidonia oceanica shoots after 25 days
of exposure to constant temperatures, based on data from (Savva et al. 2018). The dashed-dotted red line denotes the threshold below which mortality
was not observed and is used to compute thermal stress. The orange dashed line, LT, corresponds to the lethal temperature threshold employed in
previous studies to quantify the mortality risk in Posidonia oceanica based on the maximum SST (Savva et al. 2018). (b) Stress Degree Days (SDD) as
a function of temperature with a threshold of T=26°C recalculated from the experimental data, which showed negligible mortality below 26°C and
a steep increase at higher temperatures. (c) Logistic fit of experimentally measured shoot mortality after 25days under constant temperature condi-
tions to SDD, computed from the experimental temperatures. (d) Thermal stress (expressed as predicted shoot mortality) as a function of the maxi-
mum SST across a 5km grid in the Mediterranean Sea (green dots), showing a logistic relationship (pink line). We observe that the commonly used
thermal limit LT, captures only the highest percentile of thermal stress. (e) Spatial distribution of the average thermal stress in the Mediterranean
Sea in the period 2000-2020.

provides an incomplete view of the stress dynamics. These concentrated along the southern and eastern coasts of the
thresholds capture only the uppermost tail of the thermal Mediterranean, particularly off Tunisia, Libya, Egypt, Gaza,

stress distribution (above the 90th percentile). In contrast, Lebanon, Syria, and Turkey (Figure 1e). According to our analy-
substantial cumulative stress can still accumulate in regions sis, these regions correspond to zones where sustained exposure
where SST_  remains below the lethal limits. This high- to elevated temperatures has already exceeded the physiologi-
lights the importance of accounting for sublethal and time- cal tolerance limits inferred from experimental data, suggesting
dependent effects when assessing the vulnerability of seagrass that these meadows may approach critical thresholds of decline
ecosystems to warming. under future climate conditions.

Using the dependence of thermal stress on SDDs, we gener-

ated spatially explicit maps of thermal stress across the en- 2.2 | The Impact of Thermal Stress in Posidonia
tire Mediterranean Basin, utilizing daily SST data from the oceanica

Copernicus Climate Change Service (C3S) for the period 2000-

2020 (see Section 4). Our spatial analysis showed that areas =~ We integrated satellite-derived habitat classifications with
of high cumulative thermal stress (i.e., >50%) are currently = the SDD metric generated by our physiological model to
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examine the relationship between cumulative thermal stress
and the spatial structure of Posidonia oceanica meadows across
the Mediterranean Basin. To this end, for each study site, P. oce-
anica cover was estimated using our deep learning framework
(Giménez-Romero et al. 2025), which provides spatially consis-
tent estimates of the extent of seagrass from multispectral satel-
lite imagery (see Figures S1-S3 for examples of habitat mapping).
Meadow fragmentation was quantified using two complemen-
tary indices that capture distinct aspects of spatial configuration:
(i) a gap-weighted fragmentation index (FI) sensitive to the size
and shape of internal sand gaps within meadows and (ii) a com-
posite fragmentation index derived from standardized landscape
metrics describing patch density, subdivision, and compactness
(see Section 4). Together, these metrics of fragmentation provide

complementary quantification of meadow structure across spatial
scales and environmental settings.

Our results revealed a clear correspondence between cumulative
thermal stress and seagrass landscape configuration (Figure 2).
The distribution of thermal stress across the Mediterranean Sea
(Figure le) was broadly aligned with the landscape configura-
tion of the seagrass meadows. Areas of elevated stress were con-
centrated along the southern and eastern coasts, particularly in
the Levantine and Tunisian regions (Figure 2a), where sampled
meadows tended to show lower seagrass cover and higher frag-
mentation (Figure 2b,c). These results suggest that meadows ex-
posed to sustained sublethal warming exhibit marked structural
degradation.

Thermal stress (%)
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FIGURE 2 | Relationship between sea surface temperature, thermal stress, and Posidonia oceanica cover. (a) Locations where satellite imagery

was obtained. The color indicates the estimated thermal stress for Posidonia oceanica meadows based on the historical SST data. (b) Scatter plot of
seagrass cover versus thermal stress, showing a clear negative correlation. (c) Scatterplot of seagrass fragmentation versus thermal stress, showing
a clear positive correlation. (d) The distribution of thermal stress across all sites highlights two stress groups identified from the empirical distribu-
tion of thermal stress values: Low (green) and high (red) stress (separated by a thermal stress level of 40%), which were used to categorize the sam-
pling locations. (e) Violin plots of the distribution of seagrass cover and fragmentation in the two identified regions of thermal stress in our dataset.
Regression statistics (R?, p-values) are indicated where applicable.
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Categorizing the sites further quantified the relationship be-
tween thermal stress and meadow conditions into low- and
high-stress regimes based on the bimodal distribution of SDD
values (Figure 2d). Both P. oceanica cover and the two frag-
mentation indices differed significantly between these regimes
(Kruskal-Wallis test: p <0.001; Figure 2e). On average, mead-
ows located in high thermal stress regions displayed a reduction
in cover exceeding 40% relative to low thermal stress areas, to-
gether with an increase of more than two-fold in fragmentation
scores. The two meadow fragmentation metrics yielded consis-
tent results, with both the gap-weighted FI and composite index
showing a monotonic increase with cumulative thermal stress
(Figure S10).

Notably, these spatial patterns emerged even in locations where
the maximum monthly sea surface temperature (SST, ) re-
mained below the experimentally determined lethal tempera-
ture threshold (LT,) for P. oceanica (Figure S8). This suggests
that substantial structural deterioration of meadows can occur
under persistent sublethal thermal conditions, as captured by
the cumulative stress metric. Overall, the basin-wide analysis
revealed a clear spatial separation in meadow condition along a
thermal stress gradient, supporting the utility of the SDD-based
approach for identifying areas where cumulative warming is as-
sociated with reduced meadow integrity.

As an independent consistency check, we compared site-level
SDD estimates with published field observations of P. oceanica
decline across the Mediterranean (Marba et al. 2013, 2014).
Although these datasets differ in sampling design, response
variable, temporal window, and local disturbance context,
they provide an external test of whether higher cumulative
thermal exposure is associated with observed meadow de-
terioration (Supporting Information Section 3). Across the
available field metrics, the relationships were generally in the
expected direction: higher SDD and thermal stress values were
associated with reduced shoot density and increased meadow
loss or degradation (Figures S5-S7). Despite the limitations of
this comparison, shoot density change showed weak but sta-
tistically significant negative correlations with both SDD and
SDD-derived thermal stress (R = —0.32 and R = —0.24, respec-
tively; p <0.05 and n = 58), whereas several other field metrics
exhibited larger absolute correlations but were not statistically
significant.

2.3 | Projecting Seagrass Regression Under
Climate Change

We then used the empirical relationship between meadow
landscape configuration indices and thermal stress to estimate
the trajectory of Posidonia oceanica meadows under projected
Mediterranean warming conditions. We computed future ther-
mal stress from projected SST data under two Representative
Concentration Pathways (RCPs): RCP4.5, representing an in-
termediate emissions scenario, and RCP8.5, a high-emissions
pathway assuming continued reliance on fossil fuels by the end
of the century (“business-as-usual” scenario). These projections,
derived from the Copernicus Marine Biogeochemistry dataset
(Copernicus Climate Change Service 2020) (Section 4), enabled

us to estimate cumulative thermal stress and the associated im-
pacts on seagrass cover and fragmentation from 2006 to 2100.

Spatially resolved projections for 2100 revealed a pronounced
projected escalation in thermal stress across the Mediterranean
Basin, with the most severe impacts concentrated in the south-
ern and eastern regions (Figure 3a). Under RCP4.5, thermal
stress values are expected to exceed 80% along the coasts of
Tunisia, Libya, Egypt, and the Levantine Sea, encompassing
areas that currently support extensive P. oceanica meadows.
This intensification of thermal stress translates to substantial
habitat degradation, with potential reductions in seagrass cover
exceeding 60% in these high-stress zones relative to present-day
estimates (Figure 3b). Beyond the expected hotspots of thermal
stress in the southern and eastern Mediterranean (Chefaoui
et al. 2018; Litsi-Mizan et al. 2023), our projections revealed the
development of intense, geographically constrained thermal
hotspots and highlighted the critical importance of thermal re-
fugia across the basin (Figure 3a). Even under the less severe
RCP4.5 scenario, areas with previously low stress are projected
to experience a sharp increase in cumulative thermal stress,
potentially leading to meadow degradation. Notably, projec-
tions for 2100 show the emergence of new high-stress centers
in the northern Mediterranean, particularly around the Balearic
Islands and the southwestern coasts of Italy, where the cumula-
tive thermal stress is expected to exceed the 50% threshold by a
considerable margin. This northward and eastward expansion
of thermal stress is therefore expected to contribute to the future
spatial pattern of meadow degradation. Conversely, certain areas
maintained remarkably low SDD values, even under the high-
emissions RCP8.5 pathway (Figures S14 and S15). These include
the coasts of southern Spain (Alboran Sea), southern France
(Gulf of Lion), and parts of the Aegean Sea, suggesting that these
regions could function as critical thermal refugia for P. ocean-
ica, potentially safeguarding its presence in the Mediterranean.
These areas are projected to warm less than other areas because
of their distinct oceanographic regimes. The Alboran Sea is a
frontal zone where the surface Atlantic and Mediterranean wa-
ters converge and often experience intense mixing due to several
processes (Sanchez-Garrido and Nadal 2022), similar to the Gulf
of Lion, which is affected by strong mistral winds leading to con-
vective mixing (Schott et al. 1996), while the Aegean thermal
refugia arise due to the interface cooling due to mixing by cy-
clones (Romanski et al. 2014). However, the persistence of these
potential refugia will depend on future changes in circulation,
stratification and vertical mixing, which may alter local thermal
buffering.

The empirical link between high cumulative stress and meadow
structural deterioration suggests that extensive areas projected
to experience high SDD values could shift from relatively
continuous meadows towards more fragmented landscapes
(Figure S16). Previous work indicates that such configurations
may be associated with reduced connectivity, altered meadow
functioning, and lower resilience (Ruiz-Reynés et al. 2017; van
de Vijsel et al. 2023), and this transition could be particularly
acute in current and emerging thermal hotspots. By 2100, under
the high-emissions scenario, the projected increase in struc-
tural fragmentation would imply a widespread shift towards
lower-cover, higher-fragmentation seascapes across much of the
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FIGURE 3 | Projected thermal stress and changes in Posidonia oceanica meadows under future climate scenarios. (a) Spatial distribution of cu-
mulative thermal stress (SDD) across the Mediterranean Sea in 2100 under RCP4.5. (b) Potential change in seagrass cover (%) in 2100 under RCP4.5,
relative to the 2020 baseline estimates. (c) Temporal evolution of the fraction of high-stress areas (> 50%) from 2020 to 2100 under RCP4.5 (green)
and RCP8.5 (red). (d) Projected basin-wide seagrass cover from 2020 to 2100 under RCP4.5 (green) and RCP8.5 (red) emission scenarios. (¢) Projected
fragmentation index from 2020 to 2100 under RCP4.5 (green) and RCP8.5 (red). (f) Cumulative change in seagrass cover (%) from 2020 to 2100 un-
der RCP4.5 (green) and RCP8.5 (red). Projections are based on SST data from the Copernicus Marine Biogeochemistry dataset (Copernicus Climate

Change Service 2020), integrated with the SDD framework.

Mediterranean basin, with the greatest potential for persistent
continuous cover concentrated in northern regions identified as
relative thermal refugia (Figures S14-S16).

However, the specific fragmentation thresholds at which these
structural changes translate into functional decline or collapse
in Mediterranean P. oceanica meadows remain to be quantified.
Therefore, these projections should be interpreted as indicators

of increasing structural risk rather than as predictions of ecosys-
tem functional collapse.

Projected temporal dynamics underscore progressive deteri-
oration, with the fraction of high-stress areas (>50%) expand-
ing nonlinearly over the next few decades (Figure 3c). Under
RCP4.5, this fraction is projected to increase from approximately
10% in 2020 to over 40% by 2100, whereas RCP8.5 accelerates
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this trend, potentially affecting more than 50% of the basin by
mid-century and approaching near-ubiquitous stress (>70%)
by 2100. Concomitantly, basin-wide seagrass cover is expected
to decline steadily, with RCP4.5 yielding a 30%-40% reduction
and RCP8.5 leading to estimated losses exceeding 70% by the
end of the century (Figure 3d,f). Fragmentation indices mirror
this regression, exhibiting a twofold to threefold increase under
RCP4.5 and even steeper amplification under RCP8.5, consistent
with an increasing tendency towards meadow disassembly into
isolated patches (Figure 3e).

The preceding analysis focused on basin-scale average im-
pacts; however, it is critical to recognize that thermal stress is
inherently depth-dependent. As P. oceanica meadows can ex-
tend down to 50m, we investigated how the projected cumu-
lative thermal stress varies with depth under both RCP4.5 and
RCP8.5 scenarios (Figures 4 and S17). Our results indicate that
the shallowest depths (e.g., <10 m) are projected to experience
greater thermal stress than deeper zones (e.g., >20 m) by 2100

(Figure 4a,b). While thermal stress values at 10 m frequently ex-
ceeded 70% across large areas, they were markedly attenuated
at 20 m. This differential warming is quantified by the percent-
age of the Mediterranean seabed area falling into the high-stress
category (>50%) as a function of depth (Figure 4c). This analy-
sis revealed a profound increase over time in the extent of high-
stress zones, but with a sharp decline in vulnerability beyond
approximately 20 m depth. For the period 2090-2100, the extent
of the high-stress area is nearly four times greater at 10 m than at
30 m. A similar pattern is observed under the RCP8.5 scenario,
albeit with a more pronounced increase in high-stress areas at
shallower depths (Figure S17).

3 | Discussion
Our findings show that cumulative thermal stress, quantified

using the Stress Degree Days (SDD) metric, provides a physi-
ologically informed indicator of Posidonia oceanica meadow

Thermal stress at 10 m depth in 2100 (RCP 4.5)
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0.4

0.2

Year

=2 (c) =@= 2006-2016
s == 2020-2030
v 50 =@= 2040-2050
o =@= 2080-2090
S == 2090-2100

15
(9]
n
g
+ 10
(92}
ey
D2 5
T

0 ° °

0 10 20 30 40 50

Depth (m)

FIGURE 4 | Projected thermal stress across depths under the RCP4.5 scenario. (a) Spatial distribution of cumulative thermal stress (SDD) at
10m depth in 2100 under the RCP4.5 scenario. The redder areas indicate higher thermal stress, ranging from 0 (no stress) to 1 (maximum stress). (b)
Spatial distribution of cumulative thermal stress (SDD) at 20m depth in 2100 under the RCP4.5 scenario, showing a reduced intensity compared to

10m. (c) Average percentage of high-stress areas (> 50%) across the Mediterranean Sea as a function of depth for different time periods (2006-2016,
2020-2030, 2040-2050, 2080-2090, and 2090-2100). The plot illustrates a projected increase in high-stress areas over time, with a sharp decline in
their extent beyond 20-30m depth, highlighting the shallow-water vulnerability.
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degradation across the Mediterranean Sea. By integrating ex-
perimental mortality data with temporally varying sea surface
temperatures, the SDD approach effectively captures sublethal
thermal stress, which is overlooked by traditional absolute-
threshold-based metrics. This distinction is critical in naturally
fluctuating marine environments, where prolonged exposure to
moderately elevated temperatures induces progressive physio-
logical damage, manifested as reduced shoot density, impaired
growth, and potential meadow fragmentation. Recent empirical
evidence supports this hypothesis. Marine heatwaves (MHWs)
exacerbated by climate change impose cumulative sublethal
stress on P. oceanica, triggering stress-induced adaptive re-
sponses such as profuse flowering, a stress-induced reproduc-
tive strategy (Marin-Guirao et al. 2019; Chimienti et al. 2025).
Moreover, ontogeny-specific vulnerabilities reveal that seeds
exhibit heightened sensitivity to thermal events (Rinaldi
et al. 2023), reinforcing the importance of cumulative metrics,
such as SDD, that integrate impacts across developmental stages.
Consequently, our approach extends beyond previous threshold
and thermal niche models, which likely underestimate the con-
tribution of sublethal thermal stress to species decline (Catucci
and Scardi 2020; Marba et al. 2022).

The spatial patterns revealed in our analysis correspond closely
with the documented declines in P. oceanica meadows in the
southern and eastern Mediterranean (Litsi-Mizan et al. 2023),
where warming rates are increasing most rapidly. Regions such
as Tunisia, Libya, and the Levantine coast exhibit high SDD
values and a prevalence of fragmented meadows with over 40%
loss of cover, even where maximum temperatures remain below
lethal limits. This indicates that chronic cumulative stress pro-
gressively undermines meadow resilience through processes
such as inhibited clonal expansion and heightened vulnera-
bility to feedback mechanisms (Ruiz-Reynés et al. 2017, 2023).
Transcriptomic analyzes of simulated MHWs further revealed
differential gene expression across stress intensities (Stipcich
et al. 2024), reinforcing the notion that prolonged sublethal
thermal stress can induce a physiological response, potentially
leading to structural degradation. The ecological consequences
of fragmentation extend beyond structural decline and affect
ecosystem metabolism and resilience. Recent field evidence
from Mediterranean P. oceanica meadows shows that moderate
fragmentation (FI >3.4), combined with enhanced hydrody-
namic flow, significantly increases dissolved oxygen concentra-
tions through improved lateral advection and reduced boundary
layer thickness, thereby enhancing both gross primary produc-
tion and net community oxygenation (Mayol et al. 2026). This
suggests a counterintuitive adaptive mechanism: while initial
fragmentation accelerates clonal disconnection, it also boosts
local productivity and oxygen export, which may support neigh-
boring benthic communities and delay hypoxia-driven feed-
back in warming coastal embayments. However, this metabolic
advantage is likely transient; as thermal stress intensifies and
fragmentation exceeds critical thresholds, declining canopy
complexity and rhizome connectivity ultimately impair carbon
sequestration, sediment stabilization, and long-term resilience.

Projections under the RCP4.5 and RCP8.5 scenarios estimate
severe habitat regression, with potential cover loss exceeding
70% under high-emission conditions. Such declines would likely
increase meadow fragmentation and may increase the risk of

severe regional functional loss, particularly in the southern ba-
sins (Jorda et al. 2012; Chefaoui et al. 2018). These projections
align with broader trends across Mediterranean ecosystems,
where synergistic stressors, including sea-level rise, invasive
species, and marine heatwaves, can contribute to cascading
biodiversity losses and reduce carbon sequestration (Marba
et al. 2015). Sustained warming may progressively simplify
meadow architecture, with potential consequences for clonal
connectivity and rhizome-mediated resource sharing. This
breakdown can accelerate local extinction dynamics while
eroding the genetic diversity essential for long-term adaptation
(Kendrick et al. 2017). As canopy density declines, sediment
retention capacity weakens, increasing erosion and turbidity
and potentially inhibiting recolonization, thereby reinforcing
feedback loops that strengthen habitat degradation. In semi-
enclosed coastal systems, these structural losses could reduce
the role of meadows as metabolic hotspots, diminishing oxygen
export to adjacent habitats and weakening support for associ-
ated fauna. The convergence of thermal stress with co-occurring
pressures ultimately risks pushing P. oceanica meadows beyond
critical tipping points, fragmenting once-continuous seascapes
into lower-functioning patches with diminished ecological roles
(Ruiz-Reynés et al. 2023).

Although our model represents a significant advancement in
quantifying cumulative thermal stress on Posidonia ocean-
ica meadows by integrating experimental mortality data with
satellite-derived sea surface temperature (SST) records, several
limitations must be acknowledged to contextualize its applica-
bility and guide future refinements. First, reliance on SST as a
thermal proxy assumes uniform heat transfer to benthic habi-
tats; however, this approach overlooks vertical thermal stratifi-
cation. Deeper meadows, which often extend to 40m or beyond
(Telesca et al. 2015), may experience substantially cooler and
more stable conditions than surface waters, potentially leading
our model to underestimate the resilience of bathymetrically di-
verse sites. Our depth-resolved model reveals depth-dependent
vulnerability, with shallow (<10 m) meadows likely to experi-
ence greater thermal stress and landscape fragmentation than
deeper ones. Hence, our results suggest that shallow P. ocean-
ica meadows are critically threatened by climate change and
are likely to be the first to undergo severe structural fragmen-
tation. Deeper meadows may provide refuge within particular
regions, offering a narrow but increasingly important window
of persistence for the species. However, shallow, <10 m, P. oce-
anica meadows play a disproportional role in coastal protection
(Ondiviela et al. 2014). Accordingly, even where P. oceanica per-
sists, reductions in shallow meadow cover could substantially
weaken its coastal protection benefits.

The model was based on experimental data from the western
Mediterranean (Balearic Islands) and may not necessarily apply
to the entire range of P. oceanica. Unfortunately, the lack of
controlled thermal experiments testing mortality responses to
increasing temperatures precludes the testing of these models
elsewhere. The existence of a thermal gradient reflected in in-
creasing maximum temperatures from the western towards
the eastern Mediterranean basin could imply the a priori ex-
pectations of eastern Mediterranean P. oceanica meadows are
more resistant to thermal stress than those in the western
Mediterranean. However, existing evidence does not suggest
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the existence of such variability. For instance, reconstruction of
growth dynamics in Greek P. oceanica populations concluded
that maximum temperatures above 26.5°C caused a sharp de-
crease in production (Litsi-Mizan et al. 2023), indicating a
threshold for sublethal thermal stress similar to that empiri-
cally resolved for western Mediterranean populations (Savva
et al. 2018). Likewise, reciprocal transplant experiments across
the western, central, and eastern Mediterranean (Bennett
et al. 2024) and across cool subthermocline environments to
warmer, shallower environments (Stipcich et al. 2023) did not
show any correspondence between the thermal origin of the
transplants and their performance. Hence, existing evidence
does not reject the assumption of a consistent thermal response
of P. oceanica across its entire distribution range.

Another limitation of our framework is that it does not explicitly
account for the multi-stressor interactions prevalent in coastal
ecosystems. Synergistic effects between warming and eutro-
phication can amplify nutrient toxicity and reduce plant perfor-
mance under chronic co-exposure (Ontoria et al. 2019; Helber
et al. 2021), while nocturnal hypoxia could lead to sulfide poi-
soning in seagrasses (Borum et al. 2005; Harald 2023). Similarly,
herbivory may intensify under elevated temperatures, poten-
tially exacerbating fragmentation through selective grazing
(Santana-Garcon et al. 2023), while ocean acidification coupled
with marine heatwaves (MHWSs) impairs photosynthetic effi-
ciency and seedling survival (Ravaglioli et al. 2024; Pazzaglia
et al. 2025). These interactions could substantially modulate
SDD estimates but remain unmodeled in the current frame-
work, as they require local level knowledge of current and fu-
ture stressors, which is lacking. However, increased awareness
of the importance of P. oceanica is driving conservation efforts,
particularly on the northern coast of the Mediterranean Basin
(Rigo et al. 2021). Enhanced conservation management should
reduce the local pressures exerted on these ecosystems, further
supporting increased restoration efforts (Pansini et al. 2022).

The precision of the model reported here is further limited by
constraints imposed by remote sensing. Our deep-learning-
based habitat mapping is constrained by satellite imagery lim-
itations, including atmospheric interference, water turbidity,
depth-dependent light attenuation, and spectral confusion
among benthic classes. Although CAMELE showed strong
segmentation performance in independent validation and was
robust across heterogeneous conditions (Giménez-Romero
et al. 2025), these factors can substantially reduce segmentation
performance. Turbidity, in particular, can obscure benthic fea-
tures and increase the uncertainty in habitat classifications, es-
pecially in deeper or more dynamic coastal environments. This
uncertainty in the predicted habitats can propagate to derived
estimates of cover and fragmentation. This limitation is partic-
ularly relevant at meadow boundaries, around small internal
gaps, and in spectrally ambiguous transition zones between
P. oceanica, sand, macroalgae, and other benthic vegetation.
Moreover, the 3-4m resolution of PlanetScope data may fail to
resolve fine-scale fragmentation patterns such as small canopy
gaps or patchy die-offs, while fragmentation metrics are sensi-
tive to the spatial scale at which they are calculated. Temporal
mismatches between historical SST records (2000-2020) and
recent imagery (2023) introduce additional uncertainty when

linking current meadow states to past thermal stress, potentially
overlooking recovery dynamics and lagged mortality responses.
Finally, future projections under RCP4.5 and RCP8.5 inherit
uncertainties from climate models (Power et al. 2017). The as-
sumptions of static species distributions ignore potential range
shifts, selection, and adaptive evolution (Jahnke et al. 2019),
which may shift thermal sensitivity curves under future climate
change, as reported for corals (Klein et al. 2024). This could lead
to an overestimation of the decline in resilient populations or an
underestimation of compounding factors, such as invasive spe-
cies, that accelerate degradation.

More generally, a key limitation of our study is its focus on loca-
tions selected as relatively pristine, which was intended to reduce
the confounding influence of direct human disturbance. Some
sites may not be as undisturbed as presumed, and low-intensity
or cryptic anthropogenic pressures—such as occasional anchor-
ing, historical degradation, or diffuse coastal impacts—may still
contribute to fragmentation patterns in ways not captured by
our screening criteria. Consequently, while our results support
an association between cumulative thermal stress and spatial
degradation, the influence of undetected local disturbances can-
not be ruled out entirely. Because the basin-wide relationships
between SDD and meadow structure remain observational, de-
finitive causal attribution of meadow fragmentation to thermal
stress will require temporal replication, independent long-term
monitoring, and ideally experimental or quasi-experimental
tests that disentangle warming from local anthropogenic
disturbances. In addition, while our study covers the entire
Mediterranean basin, the validation was biased to the Western
Mediterranean, where most of the data were present. Hence, we
call for efforts to further validate the model, especially for the
Eastern Mediterranean basin, which will require new data sets
and collaborative efforts. Finally, our focus on minimally im-
pacted sites implies that our estimates represent a conservative
lower bound for the basin-wide drivers of degradation. In more
heavily affected areas, where thermal stress interacts synergis-
tically with local anthropogenic pressures, fragmentation rates
may be higher, and ecological thresholds are likely to be reached
more rapidly.

Addressing these limitations through integrated approaches,
including in situ validation, multi-depth thermal profiling, cou-
pled multi-stressor experiments, and the deployment of higher-
resolution sensors, will substantially enhance the predictive
accuracy. Likewise, future applications of this framework should
explicitly integrate quantified gradients of human impact to disen-
tangle better the interacting roles of warming and local stressors in
seagrass fragmentation. Overall, we expect our modeling frame-
work to inform adaptive management strategies for conserving
this keystone species under accelerating climate change.

4 | Methods
4.1 | Temperature Data
We used sea surface temperature (SST) data from two comple-

mentary sources to quantify thermal exposure in the Posidonia
oceanica meadows. For the historical analysis, we employed the

Global Change Biology Communications, 2026

9o0f 16

3SUBD|T SUOWIWOD dA a1 3|qedl|dde au Aq pausenob ake sajpile YO ‘38N Jo Sajnl oy A%eiqiT auluQ 431\ UO (SUONIPUOD-PUR-SLLLIBIWIOD" A3 1M Ale.d 1 BU I UO//STNY) SuoiIpuoD pue s | 3Y) 39S *[9202/20/90] Uo ARlqiauluo 8|1 ‘(Pepiues ap 0LBISIUI) UOSIAOIY [eUOIRN aURIY00D UsiUedS Ag TE00. v0oB/200T OT/I0p/wod 8| 1M Aiq 1 pul|uo//sdiy Wwol) papeoumod ‘€ ‘9202 ‘0026990



dataset “Sea surface temperature daily data from 1981 to pres-
ent derived from satellite observations” (Copernicus Climate
Change Service (C3S) 2019) provided by Copernicus Climate
Change Service (C3S). This product provides daily global SST
estimates derived from multiple infrared satellite sensors and
processed using optimal interpolation techniques. The data-
set merges multi-sensor inputs to produce spatially complete
gap-free temperature fields on a regular 0.05° grid (~5 km res-
olution), ensuring consistent and homogeneous coverage across
space and time.

For future climate projections, we used temperature data from
the Copernicus dataset “Marine biogeochemistry data for the
Northwest European Shelf and Mediterranean Sea from 2006
to 2100 derived from climate projections” (Copernicus Climate
Change Service 2020). This dataset is based on simulations
produced using the European Regional Seas Ecosystem Model
(ERSEM v15.06) coupled with the regional ocean circulation
models POLCOMS and NEMO through the FABM framework.
The models account for physical processes (e.g., temperature,
salinity, and currents) and biogeochemical cycles (e.g., nutrients
and oxygen) and are forced by downscaled CMIP5 climate pro-
jections using the RCA4 atmospheric model. SST was extracted
under two Representative Concentration Pathways (RCPs):
RCP4.5 and RCP8.5. These projections were used to estimate
future thermal stress values and assess potential impacts on
seagrass fragmentation under climate change scenarios. The
dataset provides daily temperature data on a regular 0.1° lati-
tude-longitude grid (~10 km resolution) over the Mediterranean
Basin for the period 2006-2100 at different depths.

For the surface-based historical analysis and for the main
basin-scale projections of cover and fragmentation, we used
the first available depth level (z=0.5 m), to maintain con-
sistency with the satellite-derived SST product used for the
historical period. In addition, because the climate-projection
dataset provides temperature fields across multiple depth
levels, we repeated the future thermal-stress calculations
across all available depths to assess the depth dependence
of projected exposure. These depth-resolved analyzes were
performed for both RCP4.5 and RCP8.5 and are presented in
Figures 4 and S17.

4.2 | Modelling Seagrass Thermal Stress

To model the impact of thermal stress on P. oceanica cover, we used
the experimental results from Savva et al. (2018), which quantified
shoot mortality as a function of prolonged exposure to a constant
temperature. Specifically, the authors reported the percentage of
shoot mortality after 25days of exposure to a constant tempera-
ture at multiple thermal levels. Thus, the results of the experiment
represent the cumulative effect of a temperature-dependent mor-
tality rate u(T), which is constant over time in the experimental
setup. However, seagrasses are exposed to time-varying tempera-
tures throughout their lifetime; therefore, a model that accounts
for the dynamic nature of thermal stress is necessary.

We modeled the thermal stress as the cumulative effect of a
temperature-dependent mortality rate u(T(f)). We consider that,

under stress, the shoot density of a seagrass population follows
the dynamics

dp

= = — u(T()P, 1

o=~ HTO) W
so that the shoot density at time ¢ is obtained by solving the dif-

ferential equation

t

P =P,exp| — / u(T(t))dt | = Py exp( — SDD). @)
0

Thus, Equation (2) models the potential exponential decrease
in Posidonia oceanica shoot density as a function of cumulative
temperature-dependent mortality SDD = fot u(T(t))dt, hereafter
called Stress Degree Days.

The temperature-dependent mortality rate u(T) was extrapolated
from the experimental results of Savva et al. (2018) by considering
no stress below a certain threshold and a linearly increasing mor-
tality rate with temperature above the threshold. Altogether, this
is modeled using a nonlinear piecewise function,

e 0 if T<=T~ O.T—T%
= =max(0, T - T* 3
H T-T* if T>T* ®
The value of the threshold, T*, corresponds to the lowest tem-
perature at which there is no mortality in the experiments of
Savva et al. (2018), that is, T=26°C (Figure 1a,b).

Finally, the accumulation of SDD was linked to the thermal
stress by fitting a logistic curve to the experimental results of
Savva et al. (2018) (Figure 1c). Because all experiments were
performed for the same amount of time, At=25days, and at
different constant temperatures, the SDD of each experiment is
easily computed as,

t

SDD = / M(T(t))dt =25- ﬂ(Texperiment) =25 - max (0’ Texperiment - 26)'
0

@

Finally, the relationship between SDD and experimentally-
derived mortality is described by a logistic function, which
allows the translation of the accumulated stress into an esti-
mate of potential mortality (Figure S4), thereby named “ther-
mal stress”,

1
thermal stress = W . (5)

Details of the comparison between site-level SDD estimates and
independent field observations of P. oceanica decline are pro-
vided in Supporting Information Section 3.

4.3 | Thermal Stress From SST Data

In practice, the integral of the time-varying mortality rate is ob-
tained computationally from temperature data by approximat-
ing the integral by a summation,
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t

N N
SDD=/;4(T(t))~ Zy(Ti)z Zmax (0, T; - 26),
i=1 i=1

0
©)

where T, corresponds to the daily SST values.

4.4 | Bathymetry Data

Bathymetry data were obtained from the European Marine
Observation and Data Network (EMODNET) (Martin Miguez
et al. 2019). EMODnet Bathymetry provides a service for viewing
and downloading a harmonized Digital Terrain Model (DTM) for
European sea regions. The data consisted of GeoTIFF layers with
~100 m pixel resolution of mean depth values, which were interpo-
lated to the satellite imagery resolution.

4.5 | Satellite Data

Satellite imagery was obtained from Planet under the Education
and Research Program, which provides limited, noncommercial
access to PlanetScope and RapidEye imagery (Planet Team 2017).
In particular, we acquired PlanetScope images from the Super
Dove (PSB.SD) instrument, which includes Coastal Blue, Blue,
Green I, Green, Yellow, Red, Red Edge, and NIR, beginning in
2020. Surface Reflectance (SR) products were selected to ensure
consistency across varying atmospheric conditions, thereby min-
imizing uncertainty in the spectral response across time and lo-
cation. Thus, these multispectral imagery products are specially
designed for temporal analysis and monitoring applications. SR is
derived from the standard Analytic Product (radiance), which is
processed to top-of-atmosphere reflectance and then atmospheri-
cally corrected to bottom-of-atmosphere reflectance.

We acquired 33 satellite images covering 1233km? of
Mediterranean coastal areas and islands for 2023 (see Supporting
Information, Table S1). Images were acquired over several days
under clear-sky conditions between June and September, when
seagrass and algal biomass were abundant. The chosen sites
were selected to minimize evident local human disturbance,
thereby reducing the potential confounding influence of direct
anthropogenic impacts on fragmentation patterns.

4.6 | Data Pre-Processing

The NIR band, which is strongly attenuated by water, was used to
mask land pixels using a simple clustering algorithm (K-means)
and was subsequently replaced with bathymetry data. We then
masked all pixels with depths greater than 30m, as the AI mod-
el's performance is significantly reduced beyond this threshold
(Giménez-Romero et al. 2025). The resulting processed satellite
images were used as input data to obtain habitat estimates.

4.7 | Habitat Estimates

We employed the deep learning framework developed by Giménez-
Romero et al. (2025) to estimate the spatial cover of different

benthic habitats, including Posidonia oceanica, across 33 selected
coastal locations in the Mediterranean Sea. The framework, based
on convolutional neural networks (CNNs), classifies each pixel of
the pre-processed satellite imagery into one of four ecologically
meaningful benthic classes: (1) rocks and brown algae, (2) sandy
bottoms, (3) Posidonia oceanica, and (4) other green plants (e.g.,
Cymodocea nodosa). The model was trained on an extensive,
georeferenced dataset of benthic habitat maps spanning diverse
environmental conditions across the Balearic Sea, achieving ro-
bust generalization with a mean Intersection over Union (IoU) of
77.30% for the P. oceanica class in independent cross-regional val-
idation and a median IoU of 95.22% in the final consensus model
trained on the full dataset (Giménez-Romero et al. 2025).

We applied the final, fully trained model to the 33 Planet surface
reflectance images. Each image was processed at a native 3-4m
resolution, yielding high-fidelity habitat maps that resolve fine-
scale meadow boundaries, internal patch structures, and frag-
mentation patterns (see Figures S1-S3 for some examples). The
resulting habitat maps, covering a cumulative coastal area of
1233 km?, served as the base dataset for all subsequent analyzes.

4.8 | Estimation of Posidonia oceanica Cover

The cover of Posidonia oceanica in each satellite image was com-
puted as follows:

C= APosidonia , (7)
AIOZ
where A, represents the area of Posidonia oceanica, and A, , is
the total area of the studied zone, that is, the area of the satellite
image that is classified as any of the benthic categories.

4.9 | Fragmentation Analysis

To quantify the spatial fragmentation of Posidonia oceanica
meadows, we computed two complementary fragmentation in-
dices designed to capture distinct ecological aspects of the sea-
grass spatial structure.

We first calculated a gap-weighted fragmentation index (FI)
adapted from the urban fragmentation metric (De Montis
et al. 2020, 2021) and applied it to seagrass systems to assess the
ecological impact of discontinuities on productivity (Swadling
et al. 2023). This index accounts for both the area of bare sand
within a defined landscape unit and the spatial configuration of
gaps within the seagrass matrix.

P
FI=Q1-C)——=%

8
(A —A ®

vee)

Here, A, is the total area considered, AVeg is the vegetated area,
and P_  represents the contact perimeter between the vegetated
and unvegetated areas. The first term captures the proportion of
the landscape that is unvegetated, whereas the second term de-
scribes the geometric complexity of the gaps, weighted by their
perimeter-to-area relationship. This index ranges from 0 (fully

continuous meadow) to 1 (highly fragmented meadow) and is
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sensitive to both the abundance and spatial configuration of
non-vegetated patches embedded within the meadow.

To complement this measure, we computed a composite fragmen-
tation index based on a suite of landscape-level metrics widely
used in landscape and seascape ecology (Sleeman et al. 2005;
McGarigal et al. 2005; Santos et al. 2016). These metrics were cal-
culated from binary habitat maps using the 1andscapemetrics
package in R (Hesselbarth et al. 2019) and included the following:

« Patch density (PD)—number of discrete seagrass patches
per unit area, reflecting the degree of habitat subdivision.

« Landscape division index (LD)—the probability that two
randomly chosen locations in the landscape belong to dif-
ferent patches, increasing with fragmentation.

« Area-weighted mean perimeter-to-area ratio (AWMPAR) —
a measure of patch compactness and edge complexity.

« Mean radius of gyration (GYRATE) - describes the average
distance between cells within a patch, serving as a proxy for
patch cohesion.

« Number of holes — quantifies internal perforations within
seagrass patches and is calculated using the ‘Union’ tool in
ArcGIS. This value was normalized per hectare of seagrass
to account for variations in overall coverage.

All metrics were standardized (min-max normalization) and
integrated into a single composite fragmentation index (Santos
et al. 2016, 2022). Following this previous composite fragmenta-
tion indicator, standardized metrics were combined using equal
weights because no independent empirical basis was available to
assign differential weights to the individual landscape metrics.
Sensitivity to alternative weighting schemes therefore remains a
methodological uncertainty of the composite index. The result-
ing index ranged from 0 (low fragmentation) to 1 (high fragmen-
tation), providing a unified metric for cross-site comparisons.

Together, these two approaches provide complementary per-
spectives on seagrass fragmentation: one emphasizes the in-
fluence of internal bare-sand gaps, whereas the other captures
broader changes in patch configuration. We used both indices
to assess the relationship between fragmentation and thermal
stress across the study sites.

To assess whether the fragmentation patterns were robust to index
choice, we compared the two indices in two complementary ways
(Supporting Information Section 5). First, we related each index to
the number of isolated P. oceanica patches, a direct and interpre-
table proxy for spatial fragmentation (Figure S9). Second, we com-
pared the site rankings obtained from each index to test whether
both metrics produced a consistent ordering of sites along the frag-
mentation gradient (Figure S11). Both analyzes revealed a strong
correlation between the two indices and a consistent ranking of
sites, supporting the robustness of our fragmentation assessments.

410 | Data and Code Availability

The CAMELE deep learning model used to estimate Posidonia
oceanica cover is openly available at (Giménez-Romero 2024).

Because satellite imagery was obtained from Planet under the
Education and Research Program, which provides limited
non-commercial access to PlanetScope and RapidEye imag-
ery, we cannot share the raw images. However, all scripts and
workflows used to compute Stress Degree Days (SDD), thermal
stress, fragmentation indices, and seagrass cover are publicly
available in a GitHub repository (Giménez-Romero 2025a)
and archived in Zenodo (Giménez-Romero 2025b). All data-
sets generated in this study, including the predicted P. ocean-
ica habitat maps for the selected regions, SDD and thermal
stress values for the Mediterranean Sea (historical period
2000-2020), and projected values under RCP4.5 and RCP8.5
scenarios (2006-2100), are available through the Zenodo
repository.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Table S1: Satellite images used for habitat classifica-
tion. A summary of the PlanetScope satellite imagery dataset used to esti-
mate Posidonia oceanica cover across the Mediterranean Sea. The table
reports the geographic coordinates (to the 4th decimal) and acquisition
dates for each site. All images correspond to the summer months (June-
September), when seagrass biomass is highest. Figure S1: Example of
deep learning-based benthic habitat classification for Posidonia oceanica.
(a) True-color composite of high-resolution PlanetScope satellite imagery
(3-4m resolution) for the coast of Alexandria. (b) Corresponding CNN
model prediction showing classified habitats: P. oceanica (green), bare sed-
iment (yellow), macroalgae/rock (brown), and other green plants (cyan).
Figure S2: (a) True-color composite of high-resolution PlanetScope satel-
lite imagery (3—-4m resolution) for the coast of Sicily. (b) Corresponding
CNN model prediction showing classified habitats: P. oceanica (green),
bare sediment (yellow), macroalgae/rock (brown), and other green plants
(cyan). Figure S3: (a) True-color composite of high-resolution PlanetScope
satellite imagery (3-4m resolution) for the coast of Sardinia. (b)
Corresponding CNN model prediction showing classified habitats: P. oce-
anica (green), bare sediment (yellow), macroalgae/rock (brown), and
other green plants (cyan). Figure S4: Logistic fit relating SDD to observed
shoot mortality under constant temperature conditions derived from the
experiments from Savva et al. (2018). Figure S5: Spatial distribution of
independent field observations used to evaluate the consistency of the
Stress Degree Days (SDD) framework with reported Posidonia oceanica
decline across the Mediterranean Sea. Points indicate the locations of
field-derived observations of meadow deterioration compiled from inde-
pendent studies. Colors indicate the estimated thermal stress at each loca-
tion, computed from the SDD framework using historical sea surface
temperature records. This dataset provides an external field-based com-
parison for the thermal exposure metric, although its spatial coverage,
sampling design, and response variables are heterogeneous. Figure S6:
Relationship between Stress Degree Days (SDD) and independent field-
derived indicators of Posidonia oceanica deterioration across the
Mediterranean Sea. Each panel shows the association between site-level
SDD and a different field response variable: shoot density change, percent
area lost, percent area degraded, percent area affected, absolute extent

change, and cover change. Correlation coefficients and associated p-values
are shown within each panel. Overall, field indicators of meadow deterio-
ration tend to vary in the expected direction with increasing cumulative
thermal exposure, with the clearest relationship observed for shoot density
change. Because the compiled field datasets differ in sampling design,
temporal window, response variable, and local environmental context,
these comparisons should be interpreted as an external consistency check
rather than as a causal validation of the SDD-mortality relationship under
natural field conditions. Figure S7: Relationship between SDD-derived
thermal stress and independent field-derived indicators of Posidonia oce-
anica deterioration across the Mediterranean Sea. Thermal stress was ob-
tained by transforming accumulated SDD values through the logistic
mortality function parameterized from experimental thermal-response
data. Each panel shows the association between estimated thermal stress
and a different field response variable: shoot density change, percent area
lost, percent area degraded, percent area affected, absolute extent change,
and cover change. Correlation coefficients and associated p-values are
shown within each panel. The results are broadly consistent with those
obtained using raw SDD values, supporting the interpretation of the SDD
framework as a physiologically informed exposure metric. However, these
relationships remain observational and should not be interpreted as defin-
itive field validation of the laboratory-derived mortality function. Figure
S8: Relationship between the maximum temperature and seagrass condi-
tion. (a) Relationship between maximum monthly sea surface tempera-
ture (T,,) and P. oceanica cover across Mediterranean sites. (b)
Relationship between T, , and the fragmentation index. The dashed or-
ange line indicates the lethal temperature threshold (LT,,=28.9°C) as re-
ported by Savva et al. (2018). Both panels show that while mortality-based
thresholds capture the upper limit of thermal stress, substantial degrada-
tion in meadow condition occurs well below LT . Figure S9: Comparison
between the two fragmentation indices. Correlation between the gap-
weighted fragmentation index (FI, following Mayol et al. 2026) and the
composite landscape fragmentation index (Swadling et al. 2023). Both in-
dices exhibited strong positive correlations with the number of meadow
patches, indicating consistent sensitivity to structural discontinuities.
Regression statistics (R? and p values) are shown for each relationship.
Figure S10: Relationship between thermal stress and fragmentation.
Scatterplot showing the relationship between cumulative thermal stress
(SDD) and composite fragmentation index. Fragmentation increases with
thermal stress, consistent with an association between cumulative sub-
lethal warming and meadow spatial disaggregation. Figure S11: Rank
consistency between the two fragmentation indices. Each point represents
one study site, ranked independently according to the gap-weighted frag-
mentation index and the composite landscape fragmentation index. The
dashed line indicates the 1:1 relationship expected if both indices pro-
duced identical site rankings. The strong positive association indicates
that the two indices provide broadly consistent ordering of sites along the
fragmentation gradient, while deviations from the 1:1 line reflect their
sensitivity to complementary aspects of meadow spatial structure. Figure
$12: Patch size and inter-patch distance distributions. (a) Probability den-
sity function of patch size across all study sites, showing a broad, heavy-
tailed distribution characteristic of spatial fragmentation processes. The
slope of the fitted power-law (8=1.56) reflects scale-invariant structure in
meadow patchiness. (b) Distribution of inter-patch distances, which also
follows an approximate power-law (8=2.38), consistent with self-
organized spatial clustering in P. oceanica meadows. Figure S13:
Projected thermal stress under climate change scenarios. Spatial distribu-
tion of cumulative thermal stress (SDD) in the Mediterranean Sea under
future climate projections. Maps correspond to RCP4.5 and RCP8.5 sce-
nariosbased onsimulations from the Copernicus “Marine Biogeochemistry
Data for the Northwest European Shelf and Mediterranean Sea” dataset
(Copernicus Climate Change Service 2020). The depicted projections cor-
respond to the average results from the indicated time periods. The results
highlight a northward expansion of high-stress areas, indicating potential
large-scale degradation of P. oceanica meadows under continued warm-
ing. Figure S14: Projected seagrass cover under climate change scenarios.
Projected Posidonia oceanica cover under RCP4.5 (left column) and
RCP8.5 (right column) scenarios for 2006, 2050, 2080, and 2099 (rows
from top to bottom). Maps show the projected cover derived from the cor-
relation between current SDD and observed seagrass cover across the
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Mediterranean. Figure S15: Projected seagrass cover change under cli-
mate change scenarios. Projected Posidonia oceanica cover change under
RCP4.5 (left column) and RCP8.5 (right column) scenarios for 2006, 2050,
2080, and 2099 (rows from top to bottom). Maps show the projected change
in cover derived from the correlation between current SDD and observed
seagrass cover across the Mediterranean. Figure S16: Projected seagrass
fragmentation under climate change scenarios. Projected Posidonia oce-
anica fragmentation under RCP4.5 (left column) and RCP8.5 (right col-
umn) scenarios for 2006, 2050, 2080, and 2099 (rows from top to bottom).
Maps show the projected fragmentation derived from the correlation be-
tween current SDD and observed seagrass fragmentation across the
Mediterranean. Figure S17: Projected thermal stress across depths under
the RCP8.5 scenario. (a) Spatial distribution of cumulative thermal stress
(SDD) at 10m depth in 2100 under the RCP8.5 scenario. The redder areas
indicate higher thermal stress, ranging from 0 (no stress) to 1 (maximum
stress). (b) Spatial distribution of cumulative thermal stress (SDD) at 20m
depth in 2100 under the RCP8.5 scenario, showing a reduced intensity
compared to 10m. (c) Average percentage of high-stress areas (>50%)
across the Mediterranean Sea as a function of depth for different time pe-
riods (2006-2016, 2020-2030, 2040-2050, 2080-2090, and 2090-2100).
The plotillustrates a projected increase in high-stress areas over time, with
a sharp decline in their extent beyond 20-30m depth, highlighting the
shallow-water vulnerability.
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