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Climate driven range shifts are driving the redistribution of marine species and threatening the functioning and stability of marine ecosystems. For species that are the structural basis of marine ecosystems, such effects can be magnified into drastic loss of ecosystem functioning and resilience. Rhodoliths are unattached calcareous red algae that provide key complex three-dimensional habitats for highly diverse biological communities. These globally distributed biodiversity hotspots are increasingly threatened by ongoing environmental changes, mainly ocean acidification and warming, with wide negative impacts anticipated in the years to come. These are superimposed upon major local stressors caused by direct destructive impacts, such as bottom trawling, which act synergistically in the deterioration of the rhodolith ecosystem health and function. Anticipating the potential impacts of future environmental changes on the rhodolith biome may inform timely mitigation strategies integrating local effects of bottom trawling over vulnerable areas at global scales. This study aimed to identify future climate refugia, as regions where persistence is predicted under contrasting climate scenarios, and to analyze their trawling threat levels. This was approached by developing species distribution models with ecologically relevant environmental predictors, combined with the development of a global bottom trawling intensity index to identify heavily fished regions overlaying rhodoliths. Our results revealed the importance of light, thermal stress and pH driving the global distribution of rhodoliths. Future projections showed poleward expansions and contractions of suitable habitats at lower latitudes, structuring cryptic depth refugia, particularly evident under the more severe warming scenario RCP 8.5. Our results suggest that if management and conservation measures are not taken, bottom trawling may directly threaten the persistence of key rhodolith refugia. Since rhodoliths have slow growth rates, high sensitivity and ecological importance, understanding how their current and future distribution might be susceptible to bottom trawling pressure, may contribute to determine the fate of both the species and their associated communities.
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INTRODUCTION

In a world where climate is changing rapidly affecting the distribution of marine species (Cheung et al., 2009; Leadley et al., 2010; Poloczanska et al., 2013; Pecl et al., 2017), climate refugia, i.e., regions with stable habitat conditions through variable time intervals, may play a fundamental role in enabling population persistence, preserving local ecosystem functioning and serving as sources for the replenishment of impacted regions (Hewitt, 2004; Provan and Bennett, 2008; Keppel et al., 2012). This is particularly relevant for low dispersive species whose limited ability to track climate change by migration to new suitable regions may result in regional extinctions (Assis et al., 2017b). Climate change impacts may be greater when affecting ecosystem structuring species that support rich and diverse communities (Hoegh-Guldberg and Bruno, 2010). A collapse of such species, already observed for coral reefs (Carpenter et al., 2008; Hudges et al., 2018), kelp forests (Wernberg et al., 2015; Assis et al., 2017a) and seagrass meadows (Marbà and Duarte, 2010; Arias-Ortiz et al., 2018), has produced cascading effects reducing local biodiversity levels and disrupting ecosystem services (García Molinos et al., 2015; Pecl et al., 2017). In this scope, climate refugia function as regions of climate stability providing effective conservation of global biodiversity (inter and intra-specific) under climate change (Keppel et al., 2012; Morelli et al., 2016, 2020).

Despite the potential role of climate refugia, additional localized stressors may still compromise the future fate of ecosystems (Halpern et al., 2008; O’Leary et al., 2017). Cumulative effects of localized disturbances can act in synergy, accelerating or exacerbating the outcomes of climate change alone, and decreasing overall ecosystem resilience (Carilli et al., 2010; Costello et al., 2010; Halpern et al., 2015). For instance, bottom trawling has particularly destructive effects on benthic communities, decreasing biomass and eroding biogenic structures on the sea bottom (de Groot, 1984; Thrush and Dayton, 2002; Tillin et al., 2006; Olsgard et al., 2008). Conversely, reducing disturbance can have direct short or middle term impacts on ecosystems, in contrast to global climate change mitigation that can only be achieved in the long-term (Gurney et al., 2013; Strain et al., 2015). Nonetheless, analyses show that there are almost no pristine or unaffected ecosystems left globally, with overfishing and pollution being the primary threats to biodiversity (Costello et al., 2010; Halpern et al., 2015).

Under such serious threats to the future of marine biodiversity, maintenance of ecosystem functions will be very dependent on the persistence of ecosystem structuring species, such as seagrass, kelp, mangroves, corals (Hoegh-Guldberg and Bruno, 2010; Sasaki et al., 2015; O’Leary et al., 2017). Among such structural species, free-living calcareous algae commonly designated rhodoliths (of the orders Corallines, Hapalidiales and Sporolithales), are globally distributed, from the intertidal down to 270 m depth (Abella et al., 1998; Amado-Filho et al., 2012a; Riosmena-Rodriguez et al., 2017). Their three-dimensional structure provides habitat complexity creating biodiversity hotspots of highly diverse assemblages, while acting as shelters for invertebrates and other organisms, and as seed banks for algae (Abella et al., 1998; Amado-Filho, 2010; Fredericq et al., 2019; Veras et al., 2020). Additionally, they are important carbonate factories, contributing to the global carbon cycling (Amado-Filho et al., 2012a; van der Heijden and Kamenos, 2015). Although their ecological value has been acknowledged since the 19th century (Gran, 1893; Pruvot, 1897), rhodolith habitats are globally decreasing, mostly as a result of bottom fishing disturbance, and are expected to continue to decrease under the upcoming environmental changes, especially ocean warming and acidification (Hall-Spencer and Moore, 2000; Noisette et al., 2013; Martin and Hall-Spencer, 2017; Bernard et al., 2019). Anticipating and reducing the cumulative impacts on these rich and important ecosystems could improve their resilience, and in turn, promote and guide well-informed conservation and management of marine biodiversity.

This study aims to investigate the global future distributional shifts of the rhodolith biome under different climate change scenarios, using species distribution models, to identify crucial refugial regions providing persistent suitable habitat in the long-term. The major goal is to compare such persistent refugial habitat locations with their primary local threat, bottom trawling. This is done by quantifying global intensity of bottom trawling and overlaying it on predicted rhodolith distributions and their future climate refugia, in order to identify key regions of high conservation priority.



MATERIALS AND METHODS


Environmental and Occurrence Data

In order to examine the potential consequences of future climate change on the rhodolith biome, a set of environmental predictors were selected based on their biological relevance to the rhodolith physiology (Carvalho et al., 2020). Benthic predictors for the annual average values of temperature (minimum and maximum), pH, light, nitrate, phosphate, salinity and currents, were downloaded from Bio-ORACLE (Tyberghein et al., 2012; Assis et al., 2017b) for the present and for two contrasting best and worst future scenarios: the Representative Concentration Pathway (RCP) 2.6 characterized by a large reduction of greenhouse emissions over time and RCP 8.5, where emissions are predicted to continue to increase over time (Moss et al., 2010). Additionally, to account for sediment and pollutant load that may negatively influence the presence of rhodoliths (Wilson et al., 2004; Villas-Bôas et al., 2014), we developed environmental predictors accounting for the distance from major coastal cities (population >75th percentile of the distribution of population)1 and the distance from river deltas (Global Estuaries Database; UNEP + Sea Around Us, 2003) as a proxy. Distances were produced as raster layers matching the resolution of Bio-ORACLE.

Rhodolith data were compiled by selecting species that primarily form rhodoliths (Supplementary Material 1). This conservative approach was preferred to a more extensive selection of species, as information about the form of records (e.g., rhodoliths or crustose) is not available in the major online repositories and/or because of major taxonomic issues resulting to erratic records (e.g., the case of Lithophyllum stictiforme, where numerous species are passing under that name; Pezzolesi et al., 2019). Detailed georeferenced occurrence records of the selected species were compiled from OBIS (2020) and GBIF.org (2020). Additional records were extracted from a systematic search of the literature on the Web of Knowledge using each species name as a searching criterion (Supplementary Material 2). The compiled dataset was subjected to pruning by removing records on land, and outside known geographical and depth distributions (max 270 m; Riosmena-Rodriguez et al., 2017). Further, potential spatial autocorrelation was reduced by estimating the minimum correlated distance of the environmental predictors and leaving only one occurrence record within such distance.

As the biogeographical affinities and distributions of the selected species differed greatly (e.g., from polar to tropical species) with likely differences in physiological responses, the data were divided into two separate datasets for species distribution modeling: (1) polar-cold temperate and (2) tropical-warm temperate affiliated species (Supplementary Material 1).



Species Distribution Modeling

Species distribution models were developed using two machine learning algorithms: boosted regression trees (BRT; De’ath, 2007) and Adaptive Boosting (AdaBoost; Hothorn et al., 2010). Because these models use both presence and absence data (not available), a number of pseudo-absences equal to the number of presences were generated and chosen randomly from a kernel probability surface developed with the occurrence records (e.g., Assis et al., 2018). Cross-validation interactions (CV) were developed to optimize model parameters and assess for potential transferability by partitioning the occurrence records (presences and pseudo-absences) into independent random blocks (Valavi et al., 2019). Models were fitted with all combinations of model parameters for BRT (tree complexity: 1–6; learning rate: 0.01, 0.005, and 0.001; number of trees: 50–1,000, step 50) and AdaBoost (shrinkage: 0.25–1, step 0.25; number of interactions: 50–250, step 50; degrees of freedom: 1–12) and their predictive performance was evaluated by one withheld block at a time. For each model, a predictive map was developed and reclassified into a binary presence-absence surface, based on a threshold maximizing true skill statistics (Allouche et al., 2006). Model performance was assessed by AUC (Area Under Curve; Fielding and Bell, 1997) and sensitivity (true positive rate). Overfitting of final predictive models was reduced by using the parameters retrieving higher performance in CV and by forcing monotonic responses (e.g., negative for maximum temperatures and positive for all other environmental variables; Elith et al., 2008; Boavida et al., 2016; Assis et al., 2018).

In order to determine the relative contribution of each environmental predictor to the model, the mean increase in deviance (i.e., goodness of fit) was computed by adding a given predictor at a time to all alternative models (e.g., Assis et al., 2018). The significance of the models was estimated as the relative contribution of each environmental predictor to the model performance (Elith et al., 2008). Limiting thresholds were extracted from the individual fitting function of each predictor alone while averaging the effect of all alternative predictors, and were then compared with available literature for physiological limits (Assis et al., 2018). Reduced models with less predictors and higher potential for transferability were built by interactively removing one predictor at a time from the full model (i.e., all predictors), starting from the least to the highest contributing variable, until the difference in deviance between full and reduced model was higher than zero (Elith et al., 2008; Boavida et al., 2016; Assis et al., 2018). Final distribution maps for polar—cold temperate and tropical—warm temperate species were produced from the respective reduced models, averaging the BRT and AdaBoost with the highest predictive performance (Araújo and New, 2007). Forecasts for future refugia, contraction and expansion regions were inferred by comparing present and future predictions. In order to address conclusions at the biome level, these regions were aggregated into a unique map describing refugia, contraction and expansion areas for both polar—cold temperate and tropical—warm temperate species.



Bottom Trawling Overlay Estimation

Global data for bottom trawling reported for 2012–2016 (in days of activity per year) were downloaded from the Global Fishing Watch (Kroodsma et al., 2018). This information was used to generate a layer of “mean bottom trawling activity per year” matching the resolution and extent of Bio-ORACLE. This was used to infer the potential trawling impacts on rhodoliths globally, along the present and future distributions (local impacts on regions of refugia, contraction, and expansion). Areas were estimated per marine biogeographic realm (Spalding et al., 2007) after aggregating final distribution maps of polar—cold temperate and tropical—warm temperate species.

Species distribution modeling, trawling overlay area calculations and final maps were produced in R (R Development Core Team, 2018) using the packages blockCV, dismo, EMNeval, gbm, gdata, gstat, leaflet, mboost, parallel, raster, rgeos, rgdal, SDMTools, ggplot, and sp.



RESULTS

The initial 19,477 georeferenced occurrence records compiled for the rhodolith biome resulted into a final pruned dataset of 802 occurrences (Supplementary Figure 1). The models developed to predict the occurrence of rhodoliths retrieved a good performance for both warm and cold affiliated species (AUC: 0.87 and 0.92; sensitivity: 0.73 and 0.87, respectively) and showed distributions mostly determined by light availability (relative contribution: 33.35 ± 9.29), maximum (18.81% ± 5.11) and minimum temperature (19.45% ± 9.67) and pH (6.32 ± 4.78; Figure 1). The partial dependency plots showed suitable conditions for the warm affiliated species where light was above ∼2 × 10–4 E ∗ m2 ∗ yr–1, temperature range 4–34°C and pH above 7.7 (Supplementary Figure 2); and for cold affiliated species where light was ∼ 2 × 10–4 E ∗ m2 ∗ yr–1, temperature range −1.7–31°C and pH 7.9, respectively (Supplementary Figure 3). Global suitable rhodolith area for present-day conditions was estimated to ∼4.1 million km2, distributed between 1 and 300 m depth (Figure 2 and Supplementary Figure 4). The largest suitable areas were predicted in the temperate northern Atlantic (∼46% of the total distribution), followed by the Temperate Australasia (∼15%) and Temperate South America realms (∼15%; Supplementary Table 1).
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FIGURE 1. Benthic environmental predictors used in adaptive boosting (light gray) and boosted regression trees (dark gray) and their relative contribution to the models’ predictions for tropical—warm temperate and polar—cold temperate affiliated species.
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FIGURE 2. Upper panel: global present-day rhodolith distribution as inferred for polar—cold temperate (green) and tropical—warm temperate affiliated species (red). Regions of overlap are depicted in blue. Bottom panel: bottom trawling intensity (days per year) overlaying rhodolith suitable habitats for present day distribution. Results were aggregated for better visualization. High resolution maps can be found in Supplementary Material.


Future projections varied depending on the climatic scenarios used, with RCP 8.5 causing the most profound distributional changes (Figures 3, 4). Shifts to boreal and deeper areas were estimated to cause ∼19–50% range expansion, mostly in regions of the Temperate Northern Pacific (e.g., Japan, Okhotsk and Bering Seas) and the Artic (e.g., Labrador, Greenland and Norwegian Seas; Supplementary Table 1). At the same time, approximately 26–44% range contraction was estimated, particularly affecting shallower and tropical regions. Specifically, the tropical regions of the Eastern and Western Indo-Pacific were predicted to lose most of their rhodolith suitable habitats (67–80% and 62–81%, respectively; Supplementary Table 1). Taken together, these projections allowed to locate climatic refugia, i.e., regions providing suitable conditions for the present and the future (Figures 3, 4). These represented 56–74% of the present distribution and were mostly located in the temperate regions of Northern Atlantic (∼1.1–1.4 million km2), South America (∼346–353 thousands km2) and Australasia (∼219–496 thousands km2; Supplementary Table 1).
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FIGURE 3. Upper panel: global projected future distribution for rhodoliths under RCP 2.6 scenario. Blue, red, and green colors depict regions of refugia, range contraction and range expansion, respectively. Bottom panel: bottom trawling intensity (days per year) overlaying rhodolith suitable habitats under RCP 2.6. Results were aggregated for better visualization. High resolution maps can be found in Supplementary Material.
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FIGURE 4. Upper panel: global projected future distribution for rhodoliths under RCP 8.5 scenario. Blue, red, and green colors depict regions of refugia, range contraction and range expansion, respectively. Bottom panel: bottom trawling intensity (days per year) overlaying rhodolith suitable habitats under RCP 8.5. Results were aggregated for better visualization. High resolution maps can be found in Supplementary Material.



Bottom Trawling and Rhodolith Distribution

Overlaying global bottom trawling data with the distribution predicted for the present, revealed that ∼684 thousand km2 of rhodolith suitable habitats are currently being trawled (Figure 2 and Supplementary Table 2). The majority of trawling takes place on refugia (60–78%) located mostly in the Temperate Northern Atlantic (∼629 thousand km2; Supplementary Table 2), with an overall estimated intensity of ∼140,000 days per year (Supplementary Table 3). Projected boreal expansions show an increase of suitable habitats in areas of current intensive bottom trawling activity, especially for the Temperate Northern Pacific, where suitable conditions in intensively trawled regions are estimated to increase by 900–1.750% depending on the RCP scenario (Supplementary Table 2).



DISCUSSION

Our analyses showed that rhodolith potential suitable area is ∼4.1 million km2, widely distributed around the world’s coastal regions. Future distribution areas are projected to undergo poleward and depth range shifts, coupled with a 26–44% range contraction in the shallower and tropical regions, a pattern highly dependent on the climate scenario considered. Projected refugia are mostly situated in temperate regions, with broader areas in the Northern Atlantic. Despite their ecological, conservational and evolutionary importance, refugia are currently under great local stress by intense bottom trawling, reaching up to ∼140,000 days, annually. Such localized and intense disturbances, acting in synergy with ongoing and projected climate changes, are likely to compromise the fate of the whole biome and its associated communities, since long lasting or irreversible impacts have already been observed in previously dredged regions, on the scale of years post-dredging (Hall-Spencer and Moore, 2000; Bernard et al., 2019).

Models showed that the distribution of rhodoliths is mainly shaped by light availability (above a minimum threshold), maximum and minimum temperature and pH (above a minimum threshold); environmental predictors that are directly linked with the physiology of photosynthetic calcifying organisms (Carvalho et al., 2020). While at the species level, limiting thresholds differ between rhodolith species (Martin and Hall-Spencer, 2017), our aim was a model-based inference of suitable habitats for the warm and cold rhodolith biomes (e.g., Jayathilake and Costello, 2018). The use of the newly developed pH benthic layers (Assis et al., 2017b) allowed to account for the potential role of ocean acidification, a well-described threat for rhodoliths (Kroeker et al., 2010; Noisette et al., 2013; Qui-Minet et al., 2019). Models inferred limiting thresholds (pH 7.7–7.9) closely corroborated ecophysiological experiments performed on rhodolith species, such as Lithothamnion glaciale (Büdenbender et al., 2011) and Lithothamnion corallioides (Noisette et al., 2013). However, contrasting responses between and within rhodolith species have been reported due to many complex and occasionally site-specific conditions (Sañé et al., 2016; Qui-Minet et al., 2019). Such conditions cannot be fully incorporated into large-scale modeling due to lack of regional data, resulting in frequent interpolation of presence data into regions of suitable habitat, where species do not occur or are not known to occur. In this scope, models’ predicted suitable habitats can overestimate the potentially realized coverage. In pursuit of reducing potential overestimation, a selection of the most relevant, meaningful and available benthic predictors was used to achieve the best possible predictions at global scales (Carvalho et al., 2020). Our approach successfully identified well-known rhodolith banks, such as those in the northern Atlantic, Mediterranean, Caribbean, Australia and Brazil (Steller et al., 2003; Hall-Spencer et al., 2010; Amado-Filho et al., 2012a; Basso et al., 2016; Harvey et al., 2017), as well as recently discovered ones (e.g., South Africa; Adams et al., 2020). Additionally, by modeling the whole biome, we provide a first-order estimate of the potentially suitable rhodolith habitat globally, matching in scale that of macroalgae and exceeding by 10-fold the seagrass area (Short et al., 2007; Krause-Jensen and Duarte, 2016; Unsworth et al., 2019).

Our results further anticipate how future climate change might substantially affect the extent and geographical distribution of rhodoliths, particularly drastically under RCP 8.5. In line with global trends for marine biodiversity (e.g., Poloczanska et al., 2013; Beaugrand et al., 2015), the rhodolith biome is expected to undergo boreal and depth range shifts, coupled with habitat contractions at lower latitudes. Broader expansions are predicted along the Northern Pacific and Atlantic coasts (both east and west) and the Arctic, followed by smaller expansions in the southern hemisphere, constrained around the limited coastline of the few available islands. However, predicted expansions may be held back by the rhodolith limited dispersal and very slow growth rate (Blake and Maggs, 2003; Bosence and Wilson, 2003; Amado-Filho et al., 2012b; Pardo et al., 2019). Even if establishment is achieved, rhodoliths may affect the ecological balance and structure of the native communities (Ehrenfeld, 2010). Whereas, at the lower latitudes, depth range shifts might partially safeguard habitat suitability, extensive range contractions are predicted for many tropical and shallow regions.

Our models suggest that range contractions will intensify under the combination of high temperatures and ocean acidification (e.g., in the Gulf of Mexico and the Caribbean Sea), corroborating previous experimental evidence with temperate (Noisette et al., 2013; Qui-Minet et al., 2019; Sordo et al., 2020) and tropical populations (Steller et al., 2007). Even in colder regions, such as the North Sea, the anticipated increase in acidification and temperature regimes is expected to result in range contraction (Supplementary Figure 5). The extensive projected losses may threaten regions of higher conservation value, with rich genetic and species diversity (Bittner et al., 2011; Basso et al., 2015; Gabrielson et al., 2018). Additionally, as rhodolith genetic and species diversity are still greatly underestimated (Twist et al., 2019; Caragnano et al., 2020), putative diversity losses may occur undetected, leading to potentially misperceived assessments of the rhodolith biome diversity and phylogeography, and gene pool conservation status (i.e., shifting genetic baselines; Assis et al., 2014). The exact ramifications of climate change on rhodolith ecosystems are hard to predict, as new insights on their role as bio-engineers and their complex relationships with associated species are only starting to be discovered (Steller et al., 2003; Horta et al., 2016; Gabara et al., 2018; Fredericq et al., 2019; Carvalho et al., 2020). For example, recent insights indicate that rhodoliths may be functioning as banks of microscopic stages (equivalent to seedbanks) for marine biodiversity, safeguarding species after local environmental stress incidents, as in the case of the 2010 Deepwater Horizon Oil Spill (Fredericq et al., 2019). As climate change is threatening the ecological balance of the complex and dynamic relationships shaped within the rhodolith ecosystems, potential cascading effects caused by species turnover (e.g., predominance of competitive fleshy algae) may lead to substantial biodiversity and biomass reduction of their entire ecosystem (Horta et al., 2016; Legrand et al., 2017; Gabara et al., 2018).

Combining distributional predictions through time yielded an estimate of climate refugia, i.e., key regions presenting suitable conditions for rhodoliths to thrive in both the present and future (Morelli et al., 2020). As rhodoliths support and promote high levels of biodiversity (Teichert, 2014; Gabara et al., 2018; Fredericq et al., 2019), their refugia may become important biodiversity hotspots and, therefore, high-priority conservation regions (Hoegh-Guldberg and Bruno, 2010; Groves et al., 2012). Such refugia were mainly predicted to persist in cold—temperate regions of the world, namely northern Mediterranean, northeast Atlantic and Pacific and south America (Figures 3, 4). In the tropical regions, limited rhodolith suitable habitats may still be safeguarded by depth, particularly under the RCP 8.5 scenario, but, the mitigation of climate change impacts may not ensure persistence, if other, more localized disturbances (such as trawling) are acting in synergy with climate change (Halpern et al., 2008; O’Leary et al., 2017).

Rhodolith refugia are under great local threat from intensive bottom trawling (∼79,000–114,000 days annually), requiring urgent conservation management measures and regulation of this activity. Bottom trawling causes massive mortality of rhodoliths and their associated organisms, as it crushes, buries and eliminates any natural bottom features, while the plume of sediments lifted by trawling reduces light availability, blocks photosynthesis and contributes to additional losses of nearby, non-trawled rhodoliths (Hall-Spencer and Moore, 2000; Thrush and Dayton, 2002; Steller et al., 2003; Wilson et al., 2004; Gabara et al., 2018; Bernard et al., 2019). Such profound impacts are mostly irreversible and damages can still be observed for years post-trawling (Hall-Spencer and Moore, 2000; but see Barberá et al., 2017; Ordines et al., 2017). The limited rhodolith growth rate confers them an almost non-renewable resource status over human-relevant timescales (Blake and Maggs, 2003; Bosence and Wilson, 2003; Wilson et al., 2004).

Although rhodoliths are listed as an endangered landscape and trawling is prohibited over two of the most common species in Europe (Lithothamnion coralliodes and Phymatolithon calcareum; Barbera et al., 2003), we show that globally, the rhodolith biome may be lacking efficient protection. All the more, our findings might be underestimating the extent of trawled rhodoliths, since not all countries have or report fishing data and because the available trawling data were just a snapshot of the global fishing activity between 2012 and 2015 (Anticamara et al., 2011; Kroodsma et al., 2018). In fact, bottom trawling has been going on for centuries and especially around Europe (de Groot, 1984; Thurstan et al., 2014), where most of the long-term suitable rhodolith habitats are predicted. Such evidence indicates that trawling could have already caused broad-scale habitat disturbance on the European rhodolith ecosystems.

To our knowledge, our findings provide the first global estimate of the (present and future) rhodolith biome distribution, while discussing the potential combined effects of local stressors and future climate change. The identification of key climate refugia areas can guide future conservation management strategies and help prioritize areas for conservation in which populations will persist under climate change (Groves et al., 2012; Morelli et al., 2016). Extensive range shifts are already being observed, but more aggressive changes are expected. Considering the uncertainty of climate scenarios and the difficulty of ensuring international cooperation to meet the goals of the Paris agreement to reduce the rate of emissions (UN Framework Convention on Climate Change), reducing stressors in the local scale is an effective way to successfully mitigate some of the major impacts these ecosystems face. This can be achieved in the short/mid-term by governmental regulations to change fishing grounds or replace highly destructive fishing gears. Such actions may contribute to a rapid reduction of the direct destruction of these ecosystems, determining the fate of important biomes to sustain marine biodiversity in general.
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