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Introduction: The rapid increase in sea-water temperatures and frequency of

extreme thermal events have amplified the risk of functional extinction of

Mediterranean species such as the endemic long-lived seagrass Posidonia

oceanica. Because of the valuable ecological functions and ecosystem

services the species provides, understanding the life-stage specific thermal

vulnerability is crucial to accurately predict the consequences of current and

future global climate change and to protect and conserve existing meadows.

Methods: To this end, here we report a study on the ontogeny-specific thermal

sensitivity of important physiological functions (i.e. respiration and net production)

of three different early life history stages of P. oceanica, namely seed, seedling (4-

month-old individuals) and 16-month-old plantlet by measuring thermal

performance curves (eleven temperatures treatments between 15-36°C with n=8).

Results: All three stages examined showed photosynthetic activity during light

exposure with similar optimal temperatures for both net and gross production.

Gross photosynthesis increased with rising temperature up to 28-30°C,

subsequently declining at higher temperatures until complete inhibition at 36°C.

The metabolic response of seeds was found to be temperature-dependent up to

26°C, while respiration of seedlings and plantlets was almost stable up to 28-30°C,

but increased markedly at higher temperatures, resulting in a negative whole-plant

C balance at temperatures above 32°C. Overall, our results show that seedlings and

plantlets tolerate a wider temperature range (15 - 32°C) than seeds, which

experience metabolic and physiological dysfunction from 26-28°C onwards.
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Discussion: These findings suggest that the impact of warming on recruitment in P.

oceanica meadows may vary depending on the timing of marine heatwaves (i.e.

mid-spring to mid-autumn) and provide useful knowledge to inform restoration

programs using early life stages of the species. In conclusion, the study of

physiological responses during the early life stages of species is key to identify life

history stages that are particularly vulnerable to climate change, which is vital

knowledge for ecosystem management and conservation.
KEYWORDS

dark respiration, extreme climate events, gross photosynthesis, net production, resilience
Introduction

The importance of the Mediterranean Sea as a hotspot for

climate change has long been recognized, as this sea is a semi

enclosed basin highly sensitive to the influences from surrounding

land masses and local and global climate-induced drivers (Rilov

et al., 2021). According to the IPCC (2022) latest report, the

Mediterranean basin is warming at an average rate 20% faster

than the global annual mean sea surface temperature and it is

strongly experiencing the effects of global warming, especially in the

form of heat waves, whose frequency and intensity are expected to

increase in the coming decades (Darmaraki et al., 2019).

The impacts of climate change in this area are also exacerbated

by strong non-climatic environmental stressors, such as pollution,

unsustainable use of marine space and spread of non-indigenous

species (Cramer et al., 2018; Ramıŕez et al., 2018), which further

increase the risk of functional extinction or even decline of

Mediterranean species (Coma et al., 2009; Garrabou et al., 2009).

The Mediterranean endemic seagrass Posidonia oceanica is

considered highly vulnerable (Marbà and Duarte, 2010;

Boudouresque et al., 2021) and its meadows are currently facing

alarming regression with major impact on both their extent and the

ecosystems services they provide (Orth et al., 2006; Campagne et al.,

2015; Telesca et al., 2015; Blanco-Murillo et al., 2022). Recent

estimates project habitat losses of up to 75% by 2050 and even

worst scenarios for 2100 (Chefaoui et al., 2018; IPCC, 2022).

Although P. oceanica meadows cover a very small area

worldwide compared to other marine angiosperms, they are

considered among the most valuable costal ecosystems in the

Mediterranean (Personnic et al., 2014). The massive supra-littoral

deposit of leaf litter from P. oceanica (i.e. banquettes) contribute to

reduce coastal erosion, protect from sea level rise and storming

events and, because of the structural complexity of the meadows,

they 1) support high biodiversity serving as refuge and/or nursery

ground for many vertebrates and invertebrates’ species and 2)

enhance water quality by trapping suspended matter and limiting

the negative effects associated with resuspension events (McKenzie,

2008; Campagne et al., 2015; Ruiz-Frau et al., 2017; Pergent et al.,

2018). Over the last decades, P. oceanica meadows have earned

more attention in terms of their role in Blue Carbon fixation and
02
sequestration, which in many cases has been compared to or even

considered higher than that of terrestrial forests (e.g. Costanza et al.,

1997; Vassallo et al., 2013). It has been suggested that carbon

sequestration by P. oceanica accounts for a significant portion of

the CO2 emission/release of various Mediterranean countries

(Pergent-Martini et al., 2021). In addition, P. oceanica meadows

can buffer seawater acidification through their intense metabolic

activity, benefiting the calcifying organisms living within the

meadows (Hendriks et al., 2014). Therefore, despite being

identified as potential victim of climate change, P. oceanica can

also play a key role in coping with the effects of climate change,

mitigating its impacts and contributing to future climate adaptation

(Gattuso et al., 2018).

P. oceanica is a slow-growing, long-lived species that reproduces

both asexually (i.e. clonal growth through rhizome propagation)

and sexually (i.e. through flowering and seeds). Sexual reproduction

of the species begins in autumn with the appearance of the first

inflorescences, which, once pollinated, develop relatively large fruits

(sea olives) that, when ripen, are released from the mother plant in

the spring of the following year (Balestri, 2004). These fruits are

buoyant and travel for some time, carried by winds and currents,

before dehiscence and the release of the single non-dormant seed

they contain, which sinks to the sea bottom where it germinates and

roots (Guerrero-Meseguer et al., 2018). A particularity of P.

oceanica seeds is their photosynthetic capacity, which is key for

their germination and subsequent seedling development, as it

contributes to satisfy part of the energy demand needed during

this early life stage of the species (Celdrán and Marıń, 2013;

Guerrero-Meseguer et al., 2018). Sexual reproduction is vital to

preserve genetic variability and thus the resilience of meadows to

environmental changes (Procaccini et al., 2007), as well as to

colonize new areas (McMahon et al., 2014). Flowering in natural

populations, which is highly variable in space and time, has

increased in frequency and intensity in correlation with warming

in recent decades (Diaz-Almela et al., 2007) and the induction of

flowering by heat has recently been experimentally demonstrated

(Ruiz et al., 2018). Hence, the species could be more plastic and

potentially more resilient than previously thought, offering a more

hopeful future for its potential to adapt to ocean warming (Marıń-

Guirao et al., 2019; Martıńez-Abraıń et al., 2022). However, the
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early life stages of the species are apparently more vulnerable to

increased temperatures than adults, which could affect population

recruitment rates, with potential consequences for the species’

ability to adapt and survive in a future scenario of climate change

(Guerrero-Meseguer et al., 2017; Hernán et al., 2017).

Exposure to heat reduces growth and carbohydrate content,

while increasing leaf senescence and seedling mortality as

consequence of the physiological and metabolic alterations

produced in the seedlings by extreme temperatures (Guerrero-

Meseguer et al., 2017; Hernán et al., 2017). In seagrasses, indeed,

exposure to high temperatures increases respiration rate in

comparison to photosynthesis, and consequently reduces the

photosynthesis/respiration ratio, leading to carbon unbalances

that can impact plant growth and survival (Lee et al., 2007;

Nguyen et al., 2021).

P. oceanica is particularly sensitive to alterations in its carbon

balance as the species relies on carbon stocks to meet its metabolic

and growth needs during the winter season (Alcoverro et al., 2001).

Since these reserves for long-term use are produced and stored

during the spring-summer period, when abnormally high

temperatures are most likely to occur, any warming-induced

alterations on plant carbon metabolism during this critical phase

of the species’ annual cycle could compromise its long-term survival

(Marıń-Guirao et al., 2018). In this case, although the whole energy

production (i.e. gross production) may increase under warming

conditions, most of this energy would be allocated to maintenance

processes (i.e. respiration), resulting in an overall decrease in the

energy available for storage (i.e. net production). In this perspective,

metabolic rates and thermal performance (i.e. thermal reaction

norms for organismal performance; Huey and Stevenson, 1979) of

plants adequately reflect the energetic costs of adaptation to a

particular thermal niche and not just a simple response to

temperature (Magozzi and Calosi, 2015; Schulte, 2015). As a main

consequence, it is imperative to disclose the functional response of

the early life stages of P. oceanica to provide more accurate

predictions about the resilience of this species to future climate

trends and to inform about restoration strategies using seeds

and seedlings.

To this end, here we report a study on the ontogeny-specific

thermal sensitivity of important physiological functions (i.e.

respiration and net production) of three different early life history

stages of P. oceanica, namely seed, seedling (4-month-old

individuals) and 16-month-old plantlet by measuring

photosynthesis rate and respiration to build stage-dependent

thermal performance curves, that is the explicit relation among

the changes in temperature and the changes in the organisms

performance (Kingsolver and Buckley, 2020).
Materials and methods

Samplings collection and
experimental design

For this study, more than 400 P. oceanica seeds were extracted

from beach-cast fruits in late May 2021 and 2022 along the coast of
Frontiers in Marine Science 03
Isola delle Femmine (Northern Sicily; N 38.187948, E 13.239630).

According to genetic assignment (i.e. measures of genetic distance)

and Lagrangian modelling (Procaccini et al., 2023), Posidonia fruits

found in the area mostly derive from the extensive meadow growing

nearby on different types of substratum.

After collection, seeds were immediately transported to the

laboratory and transferred to tanks with continuous flow-through

of natural seawater under a 12 h:12 h light:dark photoperiod (80

umol q m-2s-1), where they germinated and grew to obtain about

200 plantlets older than 1 year (i.e. 16-month- old plantlets starting

from seed collected in 2021) and almost 200 4-month-old seedlings.

In May 2022, a new sampling was carried out to obtain another 200

seeds from beach-collected fruits. Seeds were placed in experimental

tanks under constant conditions (T 20°C; salinity 35-36 psu; 80

umol q m-2s-1) where they were left to acclimate for a few days to

carry out physiological measurements prior to germination and

seedling development. Seedling and plantlets were acclimated into

60-L aquaria, each equipped with lamps and connected to a heating/

cooling system to maintain homogeneous conditions. During the

acclimation period salinity and pH were monitored daily using a

multiparameter probe.

Before starting metabolic and physiological measurements,

individuals of the three developmental stages (i.e. seeds, seedlings

and plantlets) were progressively warmed/cooled from the

acclimation temperature (20°C; according to the sea surface

temperatures [SST] measured about 1 meter below the surface by

the Italian Oceanographic Buoy Network; www.mareografico.it;

Supplementary Figure 1) to their respective experimental

temperature using a temperature ramping of 1°C per day (Said

et al., 2021). Once the experimental temperature was reached,

eight individuals of similar size from each stage were selected,

gently cleaned of epiphytes and used for physiological and

metabolic measurements.

To assess the thermal tolerance of early life stages of P. oceanica,

metabolic (respiration) and photosynthetic rates were measured

after 24 hours of exposure to 11 different temperatures (15, 18, 20,

22, 24, 26, 28, 30, 32, 34 and 36°C). The maximum temperature

used for the seeds was 30°C, as higher temperatures are considered

outside the current and projected thermal range of the period when

the seeds of the species are released (May).
Physiological and metabolic measurements

Photosynthesis and respiration
Oxygen production/consumption was estimated for eight

individuals of each developmental stage incubated in sealed,

transparent glass chambers filled with filtered seawater (filter

porosity 0.45 µm): 33 ml for seeds, 275 ml for seedlings and

560 ml for plantlets. Eight independent chambers were used for

physiological measurements, each containing either one seed,

seedling or plantlet of P. oceanica, while four additional control

chambers, containing only filtered seawater, were used to correct for

possible changes in oxygen concentration. To perform physiological

and metabolic measurements, each replicate was tested against one

temperature treatment only. As some assays were repeated, the
frontiersin.org
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number of replicates could vary. Chambers were placed in a seawater

tank (150 L) connected to a chiller-heater unit (Hailea HC 300A), to

keep the experimental temperature stable ( ± 0.5 °C) during the

measurements. Light was provided by natural spectrum trisphosphor

lamp units (Solarmax 20 W) suspended at a fixed height above the

chambers to produce a homogeneous light field of 95 ( ± 5) mmol

photons s-1m-2 and monitored throughout the whole experiment by

means of the HOBO pendant MX2202 dataloggers. The water inside

the chambers was continuously mixed by magnetic stirrers and

dissolved oxygen concentrations were measured using Bare optical

fiber REDFLASH technology sensors (Pyroscience) inserted through

the chamber wall and connected via a 4-channel meter to a computer

recording mg l-1 of O2. Before starting the oxygen recordings, the

individuals inside the chambers were acclimatized to darkness for

15 min to limit the photorespiration (i.e. the process by which plants

consume oxygen and release carbon dioxide during photosynthesis;

Tait and Schiel, 2010). Dissolved oxygen concentration was then

monitored every second for at least 30 min after the slope of dissolved

oxygen versus time was stabilized, and then the light was turned on

and photosynthetic rates were measured for another 30 min

(Figure 1). Oxygen production (net primary production, NP) and

respiration (Rd) were measured respectively under light and dark

conditions in individuals and were calculated from the slope between

the initial and final concentrations of oxygen, standardized by the

incubation time, the volume of water within each chamber and the
Frontiers in Marine Science 04
dry weight of incubated individuals. Gross-photosynthesis (GP) was

calculated as the sum of NP and Rd, i.e. GP = NP + Rd (e.g Falkowski

and Raven, 2013). Before each incubation, the oxygen electrodes were

calibrated using the manufacturer’s 1-point method (100% air

saturated water).

At the end of the incubations, individuals were removed from

the chambers and their wet and dry weights (48 h at 60°C) were

determined (precision ±0.0001 g). For seedlings and plantlets,

above-ground (leaves) and below-ground (roots and rhizomes)

tissues were dissected to measure their weights separately.
Data analysis

Exponential regressions were used to fit the temperature-

dependent respiration curves by using the software program

OriginPro 2022 (OriginLab Corporation, Northampton MA,

United States).

Thermal performance curves were estimated using the package

rTPC (Padfield et al., 2021) in R environment, launching and

comparing a total of 9 different non-linear least squares TPC

models chosen as they include (at least) the T optimum as a

parameter in the equation (Supplementary Figure 2). Whenever

the experimental individuals were less responsive, they were

omitted from the analysis.
FIGURE 1

Schematic rappresentation of the physiological measurements performed on seeds, seedlings and plantlets. Curves are obtained by averaging the
thermal response of each life stage within one hour interval recordings. Shaded areas represent the interval of 10 mins excluded in analyzing
respiration data while the orange line indicate the time each life stage needed to respond to light stimulus (as indicated by the change in the slope)
after light was turned-on.
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Among the models satisfying such a criterion, the parameters

obtained from model fitting were only kept by comparing the

goodness of fit (i.e. presenting the lowest Akaike Information

Criterion score) and if the predicted temperatures are close to the

temperature range of the experiment (i.e., 15-36°C). Bootstrapping

was used to calculate 95% prediction limits for the selected TPC

model and confidence intervals around its optimum temperature.
Results

The analysis of photosynthetic thermal performance curves

(TPC) selected the Joehnk et al. (2008) model as the best fit for

seed gross photosynthesis (GP) data, while the Lobry-Rosso-

Flandros (LRF; Rosso et al., 1993) model and the Thomas et al.

(2012) model were the best fits to seedlings and plantlets GP

respectively (Figure 2; Supplementary Tables 1A–C). In general,

gross photosynthesis increased with increasing temperature up to a

threshold after which it began to decrease. In seeds, this threshold

was observed at 26°C with an average rate of 0.168 ± 0.020 O2 mg

gDW
-1 h-1, but higher for seedlings and plantlets where GP rates

respectively doubled and quadrupled (28-30°C; Figure 2). GP rates
Frontiers in Marine Science 05
were only negative at the maximum experimental temperatures,

between 34-35°C for seedlings and between 35-36°C for plantlets

(Figure 2). In all three examined stages of the seagrass, the modelled

TPCs indicated the optimum temperatures for GP values slightly

above 26°C and predicted the maximum critical temperature of

32.1°C, 34.7°C and 35.5°C respectively in seeds, seedlings and

plantlets (Table 1). Regardless of the model used, both the

predicted thermal breadths (i.e. the range of temperatures over

which a curve’s rate is at least 0.8 of peak) and the safety margin

values (as expressed by the difference between the CTmax and the

Topt) were higher in plantlets compared to the other two stages.

Specifically, as shown in Table 1, the thermal breadth was 11.63°C

and the thermal safety margin covered a range of 9.05°C, while the

same values never exceeded 7.97°C and 9.86°C in seedlings.

Seed respiratory metabolic activity increased with increasing

temperature up to 26°C, where the maximum rate was 0.339 ±

0.013 O2 mg gDW
-1 h-1, while respiration of seedlings and plantlets

remained almost stable up to 28-30°C. Specifically, the average rate of

respiration across the range of temperatures 15-30°C was 0.205 O2

mg gDW
-1 h-1 and 0.249 O2 mg gDW

-1 h-1 respectively for seedlings

and plantlets. At higher temperatures, however, the rate increased

exponentially to 2- and 3-fold higher values at 36°C (Figure 2).
FIGURE 2

Respiration rate (R[d], n = 4-16; left) and gross photosynthesis (GP, n = 3-15; right) of the three life stages of P. oceanica at increasing temperatures.
Rates were base on total Dry Weight (DW), including roots. R[d] and GP data where fitted with exponential growth equations and a set of nonlinear
least square regression models, respectively, see Methods for details; thick lines represent the regression while the faded bands represent the 95%
confidence interval. R[d] indicates that respiration data are showed in absolute value. In seeds, respiration rates measured at temperatures of 28-30°
C were removed from data fit since they represents the critical treshold and indicates the failure of compensatory mechanisms supporting the
thermal response.
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Net production, as an indicator of plant carbon balance,

remained stable in seeds throughout the experimental

temperature range (15-30°C), but rates were always negative.

In the case of seedlings and plantlets, NP remained positive up to

30°C and 32°C respectively, becoming negative at higher

temperatures (Figure 3).
Frontiers in Marine Science 06
Discussion

The analysis of metabolic and (photo)physiological thermal

performance of three early life stages of the iconic seagrass P.

oceanica (seeds, 4-month-old seedlings and 16-month-old

plantlets) along a comprehensive temperature gradient showed
TABLE 1 Parameter estimation for GP modelled for each life stage. rmax = maximum rate; Topt, optimum temperature; CTmin, critical thermal
minimum; CTmax, Critical thermal maximum; e, activation energy; eh, deactivation energy; Q10, Q10 value.

Parameters

Gross Production

SEEDS SEEDLINGS PLANTLETS

estimate conf_lower conf_upper estimate conf_lower conf_upper estimate conf_lower conf_upper

rmax 0.145 0.128 0.167 0.378 0.300 0.473 0.699 0.644 0.780

Topt 27.225 24.728 28.829 26.766 24.986 28.045 26.435 24.142 27.669

CTmin 7.867 -2.456 11.902 6.906 -6.938 11.907 -5.489 -5.742 8.480

CTmax 32.134 30.537 41.805 34.737 34.247 35.140 35.489 35.247 35.710

e 0.577 0.339 0.948 0.386 -0.005 0.998 0.257 -0.409 0.638

eh 0.634 -0.389 1.328 2.337 1.468 4.462 1.705 1.061 2.824

Q10 2.165 1.573 3.550 1.674 1.016 3.782 1.414 0.958 1.936

thermal_safety_margin 4.909 1.794 15.415 7.971 6.966 9.646 9.054 7.783 10.659

thermal_tolerance 24.267 19.550 33.782 27.831 22.822 41.897 40.978 26.928 41.483

breadth 8.071 6.232 11.216 9.865 8.549 12.657 11.635 10.147 13.908

skewness -0.057 -0.837 1.149 -1.951 -4.004 -0.892 -1.448 -2.245 -0.882
fr
FIGURE 3

Photosynthesis (net primary production, NP; n = 4-16, mean ± SE) vs temperature obtained from oxygen measurements performed under light
conditions for the three life stages of P. oceanica. Rates were base on total Dry Weight (DW), including roots.Values positioned below the dashed
lines indicate the temperatures at which the carbon balance was negative.
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that vulnerability to rising temperatures is age-dependent as it

varies with the developmental stage of individuals (Figure 4). The

metabolic activity and physiology of the three stages show a close

relationship with temperature, with photosynthetic yield and

respiratory activity increasing following the rising of temperature,

thus maintaining unaltered carbon balances over a relatively wide

range of temperatures. However, at stage-specific thermal

thresholds, which progressively increases during ontogenesis, the

photosynthetic performance begins to decline, while respiration

acutely rises in seedlings and plantlets. This heat sensitivity is likely

due to heat-induced damage on the structure and functioning of the

photosynthetic apparatus, inactivation of photosynthetic enzymes

(rubisco activase) and/or pigments degradation (Wahid et al.,

2007). Once these thermal thresholds are exceeded, the

product ion rates (net photosynthesis) are impacted ,

compromising the carbon balance of individuals and threatening

their survival. Notably, as the age of the individuals increases, this

thermal threshold occurs at progressively higher temperatures. Our

results confirmed that P. oceanica seeds are photosynthetically

active (Celdrán and Marıń, 2011; Celdrán and Marıń, 2013;

Guerrero-Meseguer et al., 2018) and highlighted an increase in

gross photosynthetic rates up to a maximum at 26°C, and a

subsequent decrease at higher temperatures. Interestingly, the

respiratory metabolic activity of seeds showed a similar trend,

responding positively to increasing temperature and decreasing at
Frontiers in Marine Science 07
the same temperature threshold (26°C). The reduction in metabolic

consumption rates along with the decrease in photosynthetic

performance likely reflect the onset of an energetically

conservative response rather than mitochondrial disfunction; in

fact the temperature at which respiration peaks is usually much

higher than the temperature at which photosynthesis peaks (Crous

et al., 2022) as seen for seedlings and plantlets. A similar

homeostatic response has been observed in adults of the same

species subjected to increasing temperature as a possible strategy to

conserve energy reserves, required by the species to overwinter,

while maintaining an efficient response to cope with the effect of

heat stress (Marıń-Guirao et al., 2018). In seeds, energy reserves

(starch) are fundamental during the first months of seedling

development, contributing to up to 65% and 47% leaf and root

biomass respectively (Celdrán and Marıń, 2011) until a stage of

maturity capable of fully supporting the carbon demands of the

plant is reached (Celdrán and Marıń, 2013). Therefore, regulating

the process involved in respiration would provide the seeds the

possibility to keep their production rates (net P) unaltered, and to

spare their energy reserves, over the temperature range studied.

Indeed, although net photosynthetic rates were negative at all

experimental temperatures since the rate of oxygen production

was lower than the rates of oxygen consumption, the resulting

photosynthetic activity of the seeds not only helps to prevent the

depletion of starch reserves and the initial development of the
FIGURE 4

Summary model of the stage-specific photosynthetic performance under increasing temperature. The figure shows age-dependent photosynthetic
thermal range as indicated by the orange arrows for the seeds, seedlings and plantlets of P. oceanica. The photosynthetic performances were
progressively higher during the development (blue arrow). The photosynthetic thermal tolerance of seedlings and plantlets was higher than that of
seeds, increasing at rising temperature until complete inhibition (Lethal Thermal Threshold, red box). The green box reveals that the optimum
Photosynthetic performance is consistent across all examined developmental stages (images are modified from vecta.io and actaplantarum.org).
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seedlings, but it is also key to their germination (Celdrán and Marıń,

2011; Guerrero-Meseguer et al., 2018). This vital role of

photosynthesis for P. oceanica seeds, together with the high

sensitivity of this process to rising temperatures, suggest that

warming or extreme heat events during the period when they are

released from fruits could affect viability, by shrinking the window

suitable for germination. It is therefore possible that in a future

climate change scenario, seeds could represent a bottleneck for

natural recruitment rates of P. oceanica meadows or the

colonization of new areas.

The breadth of thermal performance for photosynthesis of

seedlings and plantlets was larger than that of seeds, reaching

maximum photosynthetic rates at 28-30°C and then decreasing to

complete inhibition at 34-36°C. The photosynthetic TPC models,

indeed, showed a clear age-dependent photosynthetic thermal

sensitivity as indicated by the values of thermal tolerance, thermal

safety margins, critical maximum temperatures (CT_max) and

safety margin values, which were progressively higher with the

developmental stage of the individuals (seeds < 4-month-old

seedlings < 16-month-old plantlets; Table 1).

The thermal impact on gross photosynthesis of seedlings and

plantlets at high temperatures could be associated with heat stress-

induced damage to photosystems II (PSII) as significant reductions

in photochemical rates of 5-month-old seedlings have been

described at temperatures ≥ 31°C along with increases in basal

fluorescence (F0) (Guerrero-Meseguer et al., 2017). Our results also

suggest that juvenile stages of P. oceanica are more sensitive to

increased temperatures than adult individuals, as the latter tolerate

temperatures of 30-32°C without showing evidence of significant

photosynthetic alterations or damage to the photosynthetic

apparatus (Marıń-Guirao et al., 2016; Ontoria et al., 2019),

although this could vary depending on the local adaptation of the

plants to their natural thermal environments (Marıń-Guirao et al.,

2017; Marıń-Guirao et al., 2018; Bennett et al., 2022; Stipcich et al.,

2022a). Deterioration of the photosynthetic apparatus when the

temperature exceeds tolerance thresholds can lead to an increase in

seedlings necrotic surfaces, as it has been described in 3 and 5-

month-old seedlings after longer exposures (1-3 months) to

temperatures between 29-33°C (Guerrero-Meseguer et al., 2017;

Hernán et al., 2017; Pereda-Briones et al., 2019; Guerrero-Meseguer

et al., 2020). These seedlings also showed a significant reduction in

growth rates, biomass and leaf area, as well as in their root system,

all symptoms of reduced energy status as a consequence of

prolonged exposure to high temperatures (Wahid et al., 2007;

Bita and Gerats, 2013). In our study, simultaneously with the

reduction in photosynthetic yield, seedlings and plantlets

exponentially increased their metabolic demands, resulting in a

negative plant C balance. This suggests that exposures to

temperatures above 32°C for more than 24h could represent a

critical point for the maintenance of metabolic needs and thus for

their longer-term survival. Increased metabolic demands at high

temperatures (> 29°C) led to a significant reduction in the starch

content of seedlings after several weeks, ultimately leading to

increased mortality (Guerrero-Meseguer et al., 2017; Hernán

et al., 2017).
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Our results also indicate that the lethal temperature for early

stages of P. oceanica should be between 34°C and 36°C. Indeed,

within these temperatures range, seedling and plantlet showed a

marked change in the responses. Specifically, no recovery signs were

recorded after light was turned-on (i.e. NP was negative, as

indicated by the slope of the respiration vs temperature curve;

Supplementary Figure 3) and the water within the experimental

chambers became viscous. Also, the leaves presented symptoms of

deterioration losing their green colour, in some cases with the tips

that were becoming transparent and overall resulting in a whole

negative C-balance for both stages (Figure 3; Supplementary

Figures 3, 4). Beyond that thermal threshold, no recovery was

observed neither in those individuals re-acclimated at 20°C after

one month from exposure to experimental temperature of 36°C

(Supplementary Figure 5).

Temperature is widely known to be one of the main ecological

factors that determines seagrass performance, survival and

distribution limits. Temperatures close to the threshold of 30°C

have been shown to negatively affect seedlings development, leaf

formation rates and leaf biomass as well as to increase the

vulnerability of newly germinated seedlings to extreme events

(Olsen et al., 2012; Guerrero-Meseguer et al., 2017; Mutlu et al.,

2022). High water temperatures significantly affect the

photosynthetic rate of seagrass, decreasing oxygen production

(Rasmusson et al., 2020), PSII performance and growth rates

(Ontoria et al., 2019), while increasing leaf necrosis and mortality

events (Collier and Waycott, 2014; Pazzaglia et al., 2022b). Raising

temperatures may also alter seagrass distributions and meadow

density, directly affecting flowering dynamics (Diaz-Almela

et al., 2007).

Despite the recognized sensitivity of the species to warming, the

modelled thermal optima and limits used here showed that

sensitivity could vary among the different life stages of this

species confirming that in seagrass ecosystems, intraspecific

variation is likely to play a more important role for successful

distribution than in terrestrial ecosystems, to compensate their low

species richness worldwide (Moreira-Saporiti et al., 2023)

Specifically, the relatively narrower tolerance and safety margin

for seeds and seedlings compared to adults confirmed that these life

stages may be more vulnerable to projected increases in

temperature for the Mediterranean basin (Balestri et al., 2009;

Guerrero-Meseguer et al., 2020), particularly considering their

important role in ensuring dispersal, colonization of new sites

and the establishing of new genotypes in existing seagrass

populations (Balestri and Cinelli, 2003; Martı ́nez-Abraı ́n
et al., 2022).

Since the beginning of 2000’s the Mediterranean Sea has

experienced strong marine heat waves over more than 75% of its

surface. As a result, several Mediterranean coastal species are

increasingly subject to greater heat stress, increasing the risk of

mortality. However, the experimental thermal limits used here are

derived from seagrass physiological responses to temperature

conditions and no other stressors, while instead we recognize that

other additive interactions e.g. herbivory) or other sources of

disturbance (e.g. anchoring) are commonly reported in seagrass
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studies and that species thermal limits could vary under multiple

stressing conditions (e.g. Pereda-Briones et al., 2019; Guerrero-

Meseguer et al., 2020).

Moreover, response to thermal stress can vary according to the

environmental quality of single populations, where patches exposed

to higher nutrient load can suffer more to increased water

temperature (Pazzaglia et al., 2020; Pazzaglia et al., 2022b).

Also, as both adults and juveniles of P. oceanica have been

shown to have thermal stress memory and epigenetic memory,

growth in extreme environments would make the species more

resilient to ocean warming with important repercussions for future

restoration programs (Nguyen et al., 2020; Pazzaglia et al., 2022a;

Stipcich et al., 2022b). Indeed, since sensitivity to warming

decreases with age, the timing of a heat wave may have a different

impact on new Posidonia recruits, i.e. the later in the autumn the

extreme temperature event occurs, the lesser could be the impact.

Additionally, marine heatwaves have occurred more frequently in

recent years and are predicted to become more frequent as a result

of the long-term warming SST, increasing the threat to marine

ecosystems and socioeconomic activities that depend on them

(Marbà and Duarte, 2010; Morley et al., 2017; Frölicher et al.,

2018; Wernberg et al., 2021; Stipcich et al., 2022c).

In conclusion, our findings suggest that the impact of marine/

ocean warming on recruitment in P. oceanica meadows may vary

depending on the timing of marine heatwaves (i.e. mid-spring to

mid-autumn) and provide useful knowledge to inform restoration

programs using early life stages of the species. Therefore, the study

of physiological responses during the early life stages of species is

key to identify life history stages that are particularly vulnerable to

climate change, which is vital knowledge for ecosystem

management and conservation.
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Celdrán, D., and Marıń, A. (2013). Seed photosynthesis enhances Posidonia oceanica
seedling growth. Ecosphere 4, 149. doi: 10.1890/ES13-00104.1

Chefaoui, R. M., Duarte, C. M., and Serrão, E. A. (2018). Dramatic loss of seagrass
habitat under projected climate change in the Mediterranean Sea. Glob. Change Biol.
24, 4919–4928. doi: 10.1111/gcb.14401

Collier, C. J., and Waycott, M. (2014). Temperature extremes reduce seagrass growth
and induce mortality. Mar. Poll. Bull. 83, 483–490. doi: 10.1016/j.marpolbul.2014.03.050
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