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Seagrasses have experienced major losses globally mostly attributed to human impacts. Recently they are also associated with marine heat waves. The paucity of information on seagrass mortality thermal thresholds prevents the assessment of the risk of seagrass loss under marine heat waves. We conducted a synthesis of reported empirically- or experimentally-determined seagrass upper thermal limits (Tlimit) and tested the hypothesis that they increase with increasing local annual temperature. We found that Tlimit increases 0.42± 0.07°C per°C increase in in situ annual temperature (R2 = 0.52). By combining modelled seagrass Tlimit across global coastal areas with current and projected thermal regimes derived from an ocean reanalysis and global climate models (GCMs), we assessed the proximity of extant seagrass meadows to their Tlimit and the time required for Tlimit to be met under high (RCP8.5) and moderate (RCP4.5) emission scenarios of greenhouse gases. Seagrass meadows worldwide showed a modal difference of 5°C between present Tmax and seagrass Tlimit. This difference was lower than 3°C at the southern Red Sea, the Arabian Gulf, the Gulf of Mexico, revealing these are the areas most in risk of warming-derived seagrass die-off, and up to 24°C at high latitude regions. Seagrasses could meet their Tlimit regularly in summer within 50-60 years or 100 years under, respectively, RCP8.5 or RCP4.5 scenarios for the areas most at risk, to more than 200 years for the Arctic under both scenarios. This study shows that implementation of the goals under the Paris Agreement would safeguard much of global seagrass from heat-derived mass mortality and identifies regions where actions to remove local anthropogenic stresses would be particularly relevant to meet the Target 10 of the Aichi Targets of the Convention of the Biological Diversity.
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Introduction

Seagrass rank among the most threatened habitats in the biosphere, with about 19% to 29% of the global monitored area lost since the 1940’s (Waycott et al., 2009, Dunic et al., 2021). The bulk of losses are attributable to the wasting disease that devastated Zostera marina meadows in the 1930’s (Tutin 1942) and eutrophication-driven losses (Orth et al., 2006). However, there are growing reports of seagrass mortality associated with marine heat waves, including mortality of Posidonia oceanica in the Western Mediterranean following the 2003 heat wave (Díaz-Almela et al., 2009; Marbà and Duarte, 2010), mass mortality of Amphibolis antarctica in Shark Bay following an unprecedented marine heat wave in 2010/2011 (Thomson et al., 2015), and warming has been implicated in recent mass mortality of shallow Thalassia testudinum meadows in Florida Bay (Carlson et al., 2018) and Zostera marina and Ruppia maritima in Chesapeake Bay (Moore and Jarvis, 2008; Moore et al., 2014).

Knowledge on warming induced mortality on seagrasses is lagging behind that for other marine organisms (e.g. corals, Hughes et al., 2018; Lough et al., 2018), in part because reports of seagrass mass-mortality events are more recent. However, there is evidence that these impacts are propagating across the ocean and that marine heat waves will become more prevalent and intense (Frölicher et al., 2018; Oliver et al., 2018). A first step, required to determine the risk of seagrass mortality under marine heat waves, is to determine the thermal thresholds for seagrass mortality and morbidity. In contrast to reef-building corals, whose distribution is restricted to the subtropics and tropics and, therefore, experience relatively narrow climatic conditions and comparatively uniform thermal niches (Spalding et al., 2001), seagrasses occur from polar regions (in the northern hemisphere) to the Equator, thereby experiencing broad thermal regimes (e.g. Lee et al., 2007; Olesen et al., 2015). For shallow marine species, both upper and lower thermal limits generally decrease with latitude toward the poles and with decreasing seawater temperature (Stuart-Smith et al., 2017). This pattern has been observed to be consistent with respect to both fundamental thermal limits (i.e. based on laboratory experiments; Sunday et al., 2011), and realized thermal limits (i.e. based on species distributions; Stuart-Smith et al., 2017), across a range of animal taxa including fishes, benthic and pelagic invertebrates (Sunday et al., 2011; Stuart-Smith et al., 2017). To date, however, large-scale geographic patterns in the thermal limits of marine plants remain untested.

Here we test the hypothesis that seagrass upper thermal limits increase with geographically increasing annual mean seawater temperature populations are exposed to, and assess the proximity of extant seagrass meadows to their upper thermal limits as well as the time required for these thermal limits to be met under “business as usual” and moderate emission scenarios of greenhouse gases emissions (RCP8.5 and RCP4.5, respectively; Collins et al., 2013). The “business as usual” emission scenario is the one more closely reflecting realized emission trajectories. We do so by combining a synthesis of reported empirically- or experimentally- determined thermal limits for seagrass with current and future thermal regimes derived from an ocean reanalysis and global climate models (GCMs).



Materials and Methods

We compiled the available seagrass upper thermal limits (Tlimit) published in the literature by conducting a search using Web of Knowledge with the keywords combinations seagrass AND (temperature OR warming) and seagrass AND (“thermal limit” OR “thermal threshold” OR “critical temperature” OR “thermal niche”) and by screening the reference list of relevant papers found in these searches. We only included data of seagrass populations growing submersed within their native geographical range. We excluded the few studies of intertidal meadows because available evidence suggests they have higher thermal tolerance than submersed ones in order to cope with atmospheric temperatures (e.g. Massa et al., 2009). Tlimit were derived from empirical observations of seagrass die-off events attributed to heat waves, in combination with other simultaneous stressors (hypersalinity, Carlson et al., 2018; low light availability, Moore and Jarvis, 2008; Moore et al., 2014), or mesocosm experiments (Table 1). Seagrasses in mesocosm experiments were exposed to at least 2 temperature treatments above average in situ summer temperature that extended the experimental thermal range beyond the Tlimit. Seagrasses were exposed to experimental temperatures for 6 to 120 days depending on the study (see Dataset, Marbà et al 2022). The Tlimit was defined as: a) the upper temperature at which shoot survival, shoot growth or biomass above optimal temperature started to decline in experimental studies; or b) the seawater temperature during the heat wave that triggered die-off events. We assume that the thermal limit for growth is close to the temperature that induces mortality.


Table 1 | Seagrass species, location and coordinates of the population studied, metric assessed, approach used to estimate the upper thermal limit (0: experimental, 1: mass die-off observation) and data source.



For each study, the compiled dataset (Marbà et al 2022) includes the species name, location and coordinates of the population studied, the Tlimit, the approach (i.e. experimental or empirical), the year the study was conducted and the data source. For experimental studies, the dataset also includes the temperature treatments seagrasses were exposed to. For each population studied, we obtained mean annual seawater temperature values for the 5 years before the thermal tolerance experiment or observation was conducted (Marbà et al 2022) from the ORAS4 ocean reanalysis (Balmaseda et al., 2013), which provides monthly 3D temperature global fields from 1958 to present with a spatial resolution of 1° in the horizontal and ~10 m in the vertical. Those temperatures aim at representing the regional characteristics, rather than the local features which cannot be captured by the coarse spatial resolution of ORAS4. We used least square regression analysis to fit the relationship between in situ 5 yr-mean annual temperature (x) and the seagrass Tlimit (y) and assess the deviation from the overall trend of temperate and tropical affinity seagrass floras by examining the residuals of this relationship. We used this empirical relationship to estimate Tlimit for seagrasses globally given in situ mean annual thermal regimes at present in all the locations potentially suitable for seagrass survival in terms of light availability as defined by Gattuso et al. (2006).

We characterised the present thermal conditions of coastal areas using the ORAS4 ocean reanalysis (Balmaseda et al., 2013). The mean maximum summer temperature (Tmax), defined as the temperature of the warmest month of the year at the model grid point closer to each location (in geographical coordinates and water depth), has been computed for all locations and averaged for the 1980-2005 period. For the future conditions we used 25 simulations from the CMIP5 ensemble of global climate simulations (Taylor et al., 2012) under the RCP8.5 (“business as usual”) and RCP4.5 (moderate) scenarios of greenhouse gases emissions. The temperature change projected by each model has been computed as the difference between the mean maximum summer temperature in the period 2075-2100 and 1980-2005. The ensemble of 3D anomaly fields was then interpolated to the suitable locations and averaged among models. This provides the most likely future mean maximum summer temperature at each location under the RCP8.5, which best reflects the emission trajectory to-date, and RCP4.5 scenarios.

We calculate the thermal safety margins of seagrass populations at present as the difference between the estimated population Tlimit and mean maximum summer temperature for the period 1980-2005 (Tmax, °C). We estimate the vulnerability of seagrass populations to global warming under RCP4.5 and RCP8.5 as the time (years) needed for in situ mean maximum summer temperature to equal population Tlimit.



Results

The data set on seagrass thermal limits compiled included 35 estimates of Tlimit of seagrass species, of which 6 were empirical, determined from the seawater temperature at which die-offs were observed, and 29 were derived experimentally, under temperature-controlled experiments (Table 1). These estimates correspond to 15 species distributed from the subarctic (Zostera marina) to the tropics (e.g. Thalassodendron ciliatum, Thalassia hemprichii, Cymodocea serrulata and Enhalus acoroides) (Figure 1 and Table 1).




Figure 1 | Average upper thermal limits, empirically- and experimentally- determined, across seagrass species with temperate (squares) and tropical (circles) affinity. Overall values for tropical and temperate affinity seagrasses are also provided. The number of observations (N) per species is indicated within brackets. Error bars show the standard error of the mean (N≥3) or standard deviation (N=2).



The observed Tlimit (°C) ranged 13°C, from 25°C to 38°C, across the data set, and increased strongly with in situ mean annual seawater temperature experimental and empirical populations were exposed to (Tannual, °C, Figure 2) as described by the fitted linear regression equation,




However, the upper thermal limits of seagrass flora of temperate (N=24) and tropical (N=11) affinity deviate by -1.15 ± 0.44°C and +2.53 ± 0.57°C (average ± SE) respectively, from those predicted by the overall seagrass flora relationship (Eq.1).





Figure 2 | The relationship between local annual temperature (°C) (average 5 years before plant experiment/observation) and reported upper thermal limits (°C) of seagrass species with temperate (squares) and tropical (circles) affinity. The solid line represents the fitted regression line (Eq. 1), and the colours represent estimates for different seagrass species: AA, Amphibolis antarctica; AG, A. griffithii; CN, Cymodocea nodosa; CS, C. serrulata; EA, Enhalus acoroides; HS, Halophila stipulacea; PO, Posidonia oceanica; SF, Syringodium filiforme; TH, Thalassia hemprichii; TT, T. testudinum; TC, Thalassodendron ciliatum; ZJ,  Zostera japonica; ZM, Z. marina; ZMu, Z.muelleri and ZM and RM, Z. marina and Ruppia maritima.






This equation (Eq.1) allows determination of Tlimit for seagrass meadows globally (Figure 3A), as well as the thermal scope with future climate change (i.e. current thermal safety margin or the degrees of warming required to reach Tlimit, Figure 3B) provided the mean maximum summer temperatures at present (1980-2005, Tmax °C, Supplementary Figure 1). This difference has a strong dependency on latitude (Supplementary Figure 2), as the realized Tmax is more than 20°C cooler than Tlimit at high latitude regions like the Barents and Labrador Seas or Patagonia (Figure 3B). Whereas the modal temperature gap between present Tmax and Tlimit is 5°C (Figure 3C), some regions have realized Tmax much closer (< 3°C) to the expected Tlimit. These regions include the Arabian Gulf, the Red Sea, the northern part of the Gulf of Mexico and the coasts of Florida and California (Figure 3B), where the risks of mass-mortality associated with warming are greatest for seagrass species.






Figure 3 | (A) Distribution of predicted thermal limits around potential seagrass sites; (B) the temperature difference between the predicted thermal limits and the present mean maximum summer temperature around potential seagrass sites; and (C) the frequency distribution (expressed as percentage of global coastal area) of this difference.



Global climate simulations, under the current “business as usual” scenario, project sea-surface warming by 2100 ranging from about 1°C to 4 °C in potential seagrass habitat (Figure 4A). Calculation of the time required, under the “business as usual” scenario, for seawater annual maximum summer temperature in seagrass meadows to reach Tlimit ranges from decades to more than 300 years at high latitude areas (Figure 4B), being on average 187 years with a standard deviation of 70 years (Figure 4C), although the estimates for long-periods are less accurate (Supplementary Figure 3) because numerical simulations rarely exceed year 2100. The seagrass regions where Tmax will meet Tlimit sooner under “business as usual” emission scenarios are, as expected, the Arabian Gulf and southern Red Sea, along with the Gulf of Mexico and the coast of Florida, where Tlimit will be reached within 50-60 years (Figure 4B). In addition, Tlimit will be reached, on average, every summer before end of the 21st Century across the entire Coral Triangle, extending from northern Australia across SE Asia, as well the Arabian Sea and the Bay of Bengal, the Pacific coast of Central America, the Eastern Mediterranean and the Adriatic Sea. On the other hand, seagrass meadows growing in the boreal and subarctic regions will not meet their Tlimit within the next 200 years. Because the deviation of temperate and tropical affinity seagrass species from the overall relationship between seagrass Tlim and Tannual (Eq. 1), the time required for seawater mean maximum summer temperature to reach Tlim under the “business as usual” scenario in coastal areas where both floras co-exist (e.g. Mediterranean Sea, Queensland) will vary depending on species thermal affinity (Supplementary Figure 4). Conversely, under a moderate scenario of greenhouse gases emissions (RCP 4.5) climate models project Tmax will meet Tlim within few decades only in the Arabian Gulf and during the 21st Century in the Gulf of Mexico and South of the Red Sea (Supplementary Figure 5). In regions where temperate and tropical affinity flora co-exists, the time for Tmax meeting Tlim of temperate affinity seagrasses projected under a moderate warming scenario exceeds 100 years in most of the potential seagrass sites (Supplementary Figure 6).




Figure 4 | (A) Predicted mean maximum summer temperature increase under the RCP8.5 scenario in 2100 relative to present; (B) the time (in years) to reach Tlimit at the warming rates predicted under the RCP8.5 scenario around potential seagrass sites; and (C) frequency distribution (expressed as percentage of global coastal area) of the time to reach Tlimit at the warming rates predicted under the RCP8.5 scenario.





Discussion

Experimental and empirical assessments confirm that Tlimit, the thermal tolerance limit of seagrasses, varies from 25°C to 38°C. The distribution of residuals in the relationship between seagrass Tlimit and Tannual shows considerable variability in Tlimit in regions where in situ annual temperatures are between 16°C and 22°C (Figure 2). This corresponds to higher thermal limits than expected for the species of tropical affinity, such as Cymodocea nodosa, growing in the Mediterranean Sea. This variability is expected to drive major shifts in seagrass flora in regions where temperate and tropical affinity floras co-exist such are the Mediterranean Sea and the Eastern coast of Queensland, particularly under a “business as usual” scenario of greenhouse gases emissions (Supplementary Figures 4, 6). Indeed, recent projections, based on empirical thermal niche models, predict that Posidonia oceanica will be functionally extinct in the Mediterranean Sea, while C. nodosa will spread into some regions (Chefaoui et al., 2018), consistent with the higher Tlimit for this species.

The very high thermal limits (25°C) of subarctic seagrass, Zostera marina, are somewhat unexpected, given the low maximum seawater temperatures (9°C to 15°C) in western Greenland where eelgrass occurs (Olesen et al., 2015). The general pattern that species tend to have thermal optima close to the mean maximum temperature in the habitats they occupy (e.g. Thomas et al., 2012) does not apply to Z. marina in western Greenland. Indeed, the thermal limit of 25°C of Zostera marina in western Greenland is similar to that in Denmark, where summer temperature is 5-10°C warmer. Similarly, the thermal limit of Z. marina in western Greenland is only 5°C lower than the temperature reported to cause Z. marina die-off in Chesapeake Bay, where average summer temperatures (26-27°C, Moore and Jarvis, 2008; Moore et al., 2014) are 12 -18°C higher than those in Greenland. Comparable Tlimit of Z. marina in western Greenland to northern Europe is consistent with the inference that the subarctic stands are relatively recent (Marbà et al., 2018), and imply that future warming will propel the expansion of these meadows in the subarctic (Krause-Jensen and Duarte, 2014; Olesen et al., 2015), as supported by recent evidence that these meadows are indeed expanding (Marbà et al., 2018). However, common garden and transplant experiments with Z. marina have shown that equator-ward populations may recover faster from similar heat shock than pole-ward ones (Franssen et al., 2011; Jueterbock et al., 2016) and, therefore, these differences could alter seagrass vulnerability to warming. The information on how differences in recovery and resilience may affect seagrass vulnerability to warming is still scarce and a greater understanding of these dynamics will improve estimates of seagrass population risk of mortality at finer spatial and temporal scales.

The data set used to derive the in situ annual temperature-dependence of seagrass Tlimit suffers from a number of limitations, in terms of the number of species assessed (15 species out of some 60 extant seagrass species), the level of replication for species growing under different conditions of temperature (only Amphibolis antarctica, C. nodosa, P. oceanica, T. testudinum, and Z. marina were assessed across multiple locations), variability in experiment duration and the precision of the experimental and empirical Tlimit estimates, which respectively depend on the temperature interval experimentally assessed and population monitoring frequency. Despite these limitations, the current estimates represent the first effort at providing seagrass Tlimit estimates, which need be refined with additional estimates in the future, but are likely robust, since experimentally determined Tlimit estimates were comparable to empirically-determined ones for the same species when exposed to similar thermal regimes (P. oceanica, T. testudinum, Z marina, Marbà et al 2022). For instance, three experimentally-determined Tlimit estimates are available for P. oceanica shoots (Bennett et al., 2022, Olsen et al., 2012, Savva et al., 2018) and two estimates were derived from field monitoring observations (Díaz-Almela et al., 2009; Marbà and Duarte, 2010), with a very close agreement among them. Whereas Tlimit estimates are available for only one in 4 seagrass species, the species included in our study represent the dominant species across many regions (e.g. P. oceanica in the Mediterranean, Z. marina in the Atlantic, T. testudinum in the Caribbean, and Enhalus acoroides and T. hemprichii in the Indo-Pacific).

The thermal limits of tropical and subtropical seagrass species (34.7 ± 0.51°C, range 32 to 38°C, Figure 1) are somewhat warmer than those for reef-building corals, which are generally assumed to experience bleaching and mortality with seawater temperatures in excess of 29°C to 30°C (Hoegh-Guldberg, 1999). Indeed, we are not aware of any report of mass mortality of seagrass meadows in the Great Barrier Reef during the 2015/2016 massive coral bleaching that devastated much of the corals in this region (Hughes et al., 2017). In fact, Eq. 1 indicates that the Tlimit of the seagrasses growing at the region of the Great Barrier Reef would be 33.9°C given the average summer seawater temperature in the region for the period 1980 - 2016 (28.8°C, Hughes et al., 2017). Hence, we suggest that seagrass habitats are comparatively more robust to warming than reef-building coral are. Yet, mass mortalities of shallow seagrass meadows have been reported since the turn of the century, affecting Posidonia oceanica following the 2003 heat wave in the Western Mediterranean (Díaz-Almela et al., 2009; Marbà and Duarte, 2010), mass mortality of Amphibolis antarctica in Shark Bay following an unprecedented marine hat wave in 2010/2011 (Thomson et al., 2015; Arias-Ortiz et al., 2018), and shallow Thalassia testudinum meadows in Florida Bay in 2015 (Carlson et al., 2018) and Zostera marina and Ruppia maritima in Chesapeake Bay in 2005 (Moore and Jarvis, 2008; Moore et al., 2014.).

Extrapolation, using the relationship between seagrass Tlimit and Tmax, of the thermal scope of seagrass meadows worldwide showed a modal difference of 5°C between present Tmax and seagrass Tlimit. However, this comparison identifies the southern Red Sea, the Arabian Gulf, the Gulf of Mexico and the coast of Florida as the areas most at risk of warming-derived seagrass die-off. Because of their lower thermal thresholds, the time for coral reefs to approach seawater warming levels causing widespread mortality is far more proximal, if not reached already, than that of seagrass, which will meet their thermal limits regularly in summer in 50-60 years, for the areas most at risk, to more than 200 years for the Arctic under “business as usual” scenario of ocean warming. Seagrass vulnerability to global warming in the areas most at risk, however, will be largely reduced under a moderate scenario of greenhouse gases emissions. Hence, meeting the targets of the Paris agreement is likely to help prevent major losses from warming-derived die-off in seagrass meadows.

Our analysis, however, is focused on the mean maximum summer temperature and does not consider the intensity and duration heat waves, which have thus far generated mass die-off of seagrass (e.g. Thomson et al., 2015; Smale et al., 2019). Heat waves are indeed projected to become more frequent and intense in the future (Frölicher et al., 2018; Oliver et al., 2018) and knowledge on biological responses to heat wave physical attributes may refine future projections of seagrass mortality risk. However, this enhancement of heat waves will be mainly due to the increase in the mean temperature, while changes in the intra-seasonal variability are expected to play a secondary role (Jordà et al., 2012; Darmaraki et al., 2019). Therefore, a modelling approach based on mean maximum temperature is sound in terms of providing expectations for the future, where indeed episodic die-off events will become increasingly common. We used the “business as usual” (RCP8.5, IPCC, 2014) warming scenario and a more benign scenario consistent with the expectations of the Paris Agreement (RCP4.5), despite five years after this agreement was reached there is no evidence that emissions are curving below those in 2015 and indeed emissions reached a historical maximum in 2017 (Olivier et al., 2017; IEA, 2018). However, our results demonstrate that implementing the goals under the Paris Agreement will help safeguard much of global seagrass from heat-derived mass mortality. Moreover, our assessment does not consider the likely poleward migration of species, whether through natural propagation or assisted by human introductions. For instance, the occurrence of the exotic Halophila stipulacea from the Red Sea (Tlimit 38°C) in the Eastern Mediterranean may ensure continuity of ecological functions and services (Wesselmann et al., 2021) associated with seagrass habitats against the predicted loss of Posidonia oceanica (average Tlimit 28°C) with future warming (Jordà et al., 2012; Chefaoui et al., 2018). Moreover, the decadal time scales involved before seagrass reach Tlimit values even under the “business as usual” scenario, may allow adaptation, particularly so for the small, fast-growing species, such as Z. noltii or Halophila species (Duarte et al., 2018; Wesselmann et al., 2020). The vulnerability of P. oceanica to further Mediterranean warming is unlikely to be mitigated by rapid evolution, due to the very long generation times and slow evolutionary rates of this species (Aires et al., 2011; Arnaud-Haond et al., 2012). However, C. nodosa, also growing in the Mediterranean, has Tlimit values 4°C to 6°C above those of P. oceanica, and may, if warming continues to progress following “business as usual” trajectories, replace areas from which P. oceanica may be lost (Chefaoui et al., 2018). The likelihood that species losses may be compensated by climate migrants adapted to warmer regimes, and thus wider thermal safety margins, does not apply, however, to the regions identified as closest to reaching Tlimit values, such as the southern Red Sea, Arabian Gulf and Gulf of Mexico, which flora is already of tropical origin and present the highest Tlimit values among the seagrass flora.

The vulnerability of seagrass meadows to global warming is assessed here considering the thermal sensitivity of seagrass growth and survival and future scenarios of global seawater temperature. However, the demographic dynamics of seagrass populations, despite being clonal plants, also relies on sexual reproduction. The response of seagrass reproductive effort to warming has been examined for few species with contrasting results. Examination of sensitivity Z marina reproduction to global warming for the period (2002-2018) in Korea (Qin et al., 2020) demonstrated a negative trend in reproductive intensity with increasing temperature and experimental evidence suggests that warming may limit seed-based recruitment of H. ovalis (Statton et al., 2017). Conversely, field (Díaz-Almela et al., 2007) and experimental (Ruiz et al., 2018) observations demonstrated that P. oceanica flowering (and recruitment of new clones) was enhanced by increasing temperature when the upper thermal limit for seagrass survival is exceeded. However, the temperature-driven increase of P. oceanica sexual recruits was far insufficient to compensate for adult mass mortality (Díaz-Almela et al., 2007). Despite current evidence suggests little scope for reproductive effort to compensate seagrass mass-mortality driven by climate change, improved understanding of thermal dependence of reproductive effort across seagrass flora is needed to improve predictions of seagrass vulnerability to climate change, particularly for fast-growing species with clones rapidly spreading and shorter generation times that may allow for thermal adaptation within few decades (Wesselmann et al., 2020).

The experimental thermal limits used here are derived from seagrass growth and survival responses to temperature under full light conditions and no other stressors. However, there is evidence of additive or synergetic seagrass responses to temperature and irradiance (Moreno-Marín et al., 2018), salinity (e.g. Koch et al., 2007; Ontoria et al., 2020), sediment sulphide concentration (e.g., Koch and Ersike, 2001; García et al., 2012) or nutrient availability (Moreno-Marín et al., 2018) suggesting that seagrass thermal limits could vary under other stressing conditions. Indeed, thermal tolerance of Z. marina decreases when sediment sulphides increase (Pulido and Borum, 2010) and under low light availability (Beca-Carretero et al., 2018).

The in situ temperature-dependence of seagrass thermal limits reported here represents a useful resource to assess the risk of warming-derived die-offs of seagrass meadows. The seagrass meadows most at risk are also identified here at a coarse, regional, level. Within these regions, shallow meadows often experience temperatures close to their Tlimit sooner than deep meadows, although rapid downward penetration of warm surface isotherms is also threatening deeper habitats (Jorda et al., 2020). This may require adapting monitoring programs to encompass this risk, as monitoring programs across Europe and other regions focus on the depth limit of seagrass meadows, since this is most vulnerable to eutrophication, the main driver of seagrass decline in the past 40 years (Orth et al., 2006). The Target 10 of the Aichi Targets of the Convention of the Biological Diversity calls for reducing multiple anthropogenic pressures on ecosystems vulnerable to be impacted by climate change, so as to maintain their integrity and functioning by 2015 (https://www.cbd.int/sp/targets/). Our assessment also serves this goal by identifying regions (the southern Red Sea, Arabian Gulf and Gulf of Mexico), where seagrasses are closest to their Tlimit. Hence removing anthropogenic stresses, such as pollutants derived from industrial and domestic sources as well as mechanical damages from fishing and coastal development, is particularly important in these areas.
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