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 34 

Abstract  35 

1. Global warming and overexploitation both threaten the integrity and resilience of 36 

marine ecosystems. Many calls have been made to at least partially offset climate 37 

change impacts through local conservation management. However, a mechanistic 38 

understanding of the interactions of multiple stressors is generally lacking for habitat-39 

forming species; preventing the development of sound conservation strategies. 40 

  41 

2. We examined the effectiveness of no-take marine protected areas (MPAs) at enhancing 42 

structural complexity and resilience to climate change on populations of an 43 

overexploited and long-lived octocoral. We used long-term data over eight populations, 44 

subjected to varying levels of disturbances, and Integral Projection Models to 45 

understand how the interaction between overfishing and mass-mortality events shapes 46 

the stochastic dynamics of the Mediterranean red coral Corallium rubrum.  47 

 48 

3. MPAs largely reduced colony partial mortality (i.e. shrinkage), enhancing the structural 49 

complexity of coral populations. However, there were no significant differences in 50 

individual mortality or population growth rates between protected and exploited 51 

populations. In contrast, warming had detrimental consequences for the long-term 52 

viability of red coral populations, driving steady declines and potential local extinctions 53 

due to sharp effects in survival rates. Stochastic demographic models revealed only a 54 

weak compensatory effect of MPAs on the impacts of warming.  55 

 56 

4. Policy implications. Our results suggest that marine protected areas (MPAs) are an 57 

effective local conservation tool for enhancing the structural complexity of red coral 58 

populations. However, MPAs may not be enough to ensure red coral’s persistence 59 

under future increases in thermal stress. Accordingly, conservation strategies aiming to 60 
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ensure the persistence and functional role of red coral populations should include 61 

management actions at both local (well-enforced MPAs) and global scales (reductions 62 

in greenhouse gas emissions). Finally, this study unravels the divergent demographic 63 

consequences that can arise from multiple stressors and highlights the key role of 64 

demography in better understanding and predicting the consequences of combined 65 

impacts for vulnerable ecosystems.  66 

 67 

Keywords: Marine Protected Areas, Climate Change, Integral Projection Models, Multiple 68 

Stressors, Heat waves, overfishing Mediterranean Sea, Corallium rubrum, red coral 69 
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 83 

Introduction  84 

The cumulative effects of multiple stressors acting at both local and global scales threaten 85 

the integrity and resilience of virtually all ecosystems, and have been particularly of 86 

concern for marine ecosystems and their associated services (Worm et al., 2006; Halpern et 87 

al., 2008; Ainsworth et al., 2016). The rapid rate of marine biodiversity loss caused by 88 

overexploitation and climate change is raising major concerns about the effectiveness of 89 

current conservation strategies (Hughes et al., 2010). Global policy agreements to reduce 90 

greenhouse gas emissions are urgently needed to slow down the current rate of warming 91 

and other drivers of global change such as ocean acidification (Kennedy et al., 2013; 92 
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Anthony et al., 2015). Nonetheless, at local scales, conservation management tools such as 93 

fishing restrictions and marine protected areas (MPAs) may enhance ecosystem function 94 

and resilience to climate change (Mumby & Harbone, 2010; Bozec et al., 2016; Mellin et 95 

al., 2016, Wolff et al., 2018). Given this dichotomy, there are multiple calls for the use of 96 

enhanced local conservation efforts to compensate for delayed and ineffective efforts to 97 

slow or reverse climate change impacts (Hughes et al., 2010; Roberts et al., 2017).  98 

 99 

At a global scale, climate-induced mass bleaching and mortality events are among the 100 

greatest threats faced by tropical and temperate marine benthic ecosystems (Garrabou et al., 101 

2009; Wernberg et al., 2016; Hughes et al., 2018). Several comprehensive studies have 102 

reported the immediate detrimental impacts of positive thermal anomalies on habitat-103 

forming species such as corals and sponges (Garrabou et al., 2009; Hughes et al., 2017), but 104 

much less is known about the long-term consequences of these recurrent events. Individual-105 

based demographic data and modelling tools such as structured population models can 106 

improve predictions of the effects of global warming, as well as provide a framework to 107 

understand how these effects interact with other stressors.  108 

 109 

In a context of rapid environmental change, a critical uncertainty is how effective local 110 

management tools such as no-take marine protected areas (MPAs) are in enhancing the 111 

resilience of benthic ecosystems to recurrent warming impacts. Some studies suggest 112 

positive effects of MPAs on coral cover and complexity (Linares et al., 2010; Selig & 113 

Bruno, 2010), recruitment (Mumby et al., 2007) and resilience (Michelli et al., 2012; Olds 114 

et al, 2014; Mellin et al., 2016). But null (Toth et al., 2014; Bruno & Valdivia, 2016; Cox et 115 

al., 2016) or even negative relationships between local protection and resistance to climatic 116 

disturbances have also been reported (Graham et al., 2008; McClanahan, 2008; Hughes et 117 

al., 2017). Developing better methods to assess how local management shapes the 118 

stochastic dynamics and structural complexity of habitat-forming species is thus a key 119 

research need.   120 

 121 

The success of local conservation efforts in effectively mitigating for climate change effects 122 

will depend on the extent to which different impacts are additive, synergistic or 123 
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compensatory in their combined effects (Figure 1). In marine coastal systems, ecological 124 

synergies between fishing and climate change have been commonly hypothesized, but 125 

meta-analyses and empirical evaluations have suggested that they are less frequent than 126 

expected (Darling et al., 2008; Côté et al., 2016). However, most prior work has been 127 

carried out through correlational approaches, preventing a clear dissection of the effects of 128 

individual drivers. For example, losses of percent cover in corals, or many other easy to 129 

monitor measures of impact, can arise from different processes and lead to counter-intuitive 130 

interactions between stressors (Darling et al., 2010). Thus, we still need better mechanistic 131 

frameworks for understanding how multiple stressors interact to mitigate or exacerbate 132 

their negative consequences on vulnerable ecosystems (Côté et al., 2016).  133 

 134 

While there are different levels of mechanistic analysis, one that can uncover at least some 135 

synergies or other interactions is demographic modelling, which tries to tie stressors to 136 

impacts on particular vital rates. Yet, obtaining individual-based demographic data can be 137 

methodologically challenging in the marine realm, and there are few long-term datasets that 138 

allow for an in-depth exploration of the interactive effects of multiple drivers. Here, we 139 

apply a demographic analysis to look at the impact of two major threats – ocean warming 140 

and fishing– to populations of a long-lived octocoral. We show that, because of their 141 

contrasting effects on different vital rates, these threats do not have the strong synergies or 142 

compensatory effects that might in theory be expected. Focusing on the Mediterranean red 143 

coral, Corallium rubrum, which is a precious long-lived octocoral with an important 144 

structural role in Mediterranean hard-bottom communities, we first (1) quantify the effects 145 

of fishing (local stressor) and warming-driven mass mortality events (global stressor) to 146 

specific vital rates. Then, we (2) predict the long-term consequences of these two different 147 

threats. Finally, we (3) evaluate the interactive effects of global change and local protection 148 

on the fate of red coral populations. Our results reveal detrimental effects of climate change 149 

on red coral dynamics and challenge previous assumptions of MPA capacity to buffer 150 

climatic impacts. We also provide insights into how local protection can shape the 151 

structural complexity and dynamics of a long-lived octocoral. Our approach highlights how 152 

population models can be used to integrate individual-based demographic data on different 153 

impacts to predict the stochastic dynamics of populations threatened by multiple stressors. 154 
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 155 

Materials and Methods 156 

Study System 157 

The Mediterranean red coral, Corallium rubrum, is an iconic and long-lived precious 158 

octocoral with an important structural role in Mediterranean hard-bottom communities 159 

(Ballesteros, 2006; Garrabou et al., 2017). During the last several decades, there has been a 160 

growing concern about the conservation of the Mediterranean red coral and other precious 161 

corals worldwide due both to unsustainable fishing practices (Tsounis et al., 2010; 162 

Bruckner, 2014; Montero-Serra et al., 2015) and to multiple mortality events associated 163 

with recent warming in the Mediterranean Sea (Cerrano et al., 2000; Garrabou et al., 2001; 164 

2009; Coma et al., 2009).  As a result, this species has recently been listed as an endangered 165 

species in the IUCN Mediterranean Red List of Threatened Species due to the risks 166 

associated with overexploitation and climate change (Otero et al., 2017).  167 

 168 

Study area & coral monitoring 169 

Eight red coral populations located in different locations in the NW Mediterranean Sea at 170 

relatively shallow depths (15 to 25m), were monitored during periods ranging from 3 to 13 171 

years. Five of the studied populations were located within MPAs and three were non-172 

protected and subject to several fishing events during the monitoring (Montero-Serra et al., 173 

2015). One of the protected populations, located in the Réserve Natural de Scandola 174 

(Corsica, France), has been recurrently affected by warming-induced mass mortality events 175 

since 2003 (Garrabou et al., 2009; Coma et al., 2009; for a detailed description of study 176 

sites see Table S1 in Supporting Information).  177 

 178 

In each population from 2 to 4 replicate transects were marked using plastic screws 179 

attached to the substratum. Colonies were monitored once a year using photographic series, 180 

which allow the individual identification of colonies as well as an accurate assessment of 181 

life-history processes such as colony growth, partial mortality (e.g. shrinkage and necrosis), 182 

total mortality and recruitment (for more details see Drap et al., 2017; Montero-Serra et al., 183 

2018a).   184 

 185 
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Demographic analyses 186 

To estimate the spatial and temporal variability in demography for our study species, we fit 187 

a set of annual- and population-level models for size-specific vital rates. These vital rates 188 

models included colony size and year as fixed effects and were first fit separately for each 189 

population and vital rate: logistic GLMs described probabilities of annual survival and 190 

extreme shrinkage (described below) rates, a normally distributed GLM described normal 191 

growth data, and a Poisson GLM described fecundity.  192 

 193 

As for many other clonal species, red coral can both grow and shrink over time. Height data 194 

from all annual photographs were not available, and growth is so slow in this species that 195 

even 7 to 8-year time periods only result in mean growth on the order of 10 to 40mm in 196 

maximum height (2.74 ± 0.19 mm·yr-1

 215 

, Montero-Serra et al., 2018a). Thus, growth data 197 

from two populations over variable length periods (7 and 8 years) were used to fit a single 198 

model characterizing mean annual growth rate depending on size. Shrinkage or negative 199 

growth is a common process in plants and sessile invertebrates (Salguero-Gomez & Casper, 200 

2010) that is usually accounted for by assuming normally distributed variation in size 201 

changes around a mean rate. However, for many species assuming normally distributed 202 

growth variance is problematic, because a few individuals experience sporadic extreme 203 

shrinkage events and these results in a highly skewed distribution of growth rates (Shriver 204 

et al., 2012). We accounted for these two types of growth following the procedures 205 

proposed by Shriver and colleagues (2012), describing normal growth and extreme 206 

shrinkage as a two-part process (Montero-Serra et al., 2018a). Size-dependent extreme 207 

shrinkage was fit as two parameters (annual probability of shrinking, and then mean and 208 

variance if it occurs). Unlike normal growth, extreme shrinkage probabilities were fit to 209 

each population and time period. We did not attempt to model the variance around normal 210 

growth rates due to the extremely low variance around mean growth. While this is a 211 

simplification, our previous work has shown that red coral population growth has relatively 212 

low sensitivity to growth rates, which likely minimizes any effects of this modelling 213 

decision (Montero-Serra et al., 2018b).  214 
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To directly assess the mean effect of different disturbances on coral survival and extreme 216 

shrinkage rates, we also fit a set of Generalized Linear Mixed Models (GLMM) including 217 

colony size and disturbance level (protected, unprotected, warming) as fixed factors and 218 

population and year as random effects (Table S2 & S3).  219 

 220 

Integral Projection Models  221 

Based on the linear models characterizing each vital rate, we derived a set of annual size-222 

structured integral projection models for each population (see Montero-Serra et al. 2018a 223 

for details on vital rates estimation and model construction). These sets of models were 224 

used to compute the long-term stochastic growth rate at each population, as well as growth 225 

rates assuming different combinations of local management and climate effects, as 226 

described below. To quantify uncertainty in population growth estimates, we applied a 227 

bootstrap resampling to the whole dataset and derived a set of annual- and population-level 228 

matrices for each run (n = 1000). We then computed short-term stochastic population 229 

growth rate (λs) for each red coral population, based on their observed variation in 230 

demography, by choosing each of the annual transition matrices estimated for each 231 

population with equal probability over a relevant time horizon of 100 years. This 232 

methodology is commonly used in population viability analysis (Genovart et al., 2017). In 233 

the simulations, we randomly drew each of the observed annual matrices with equal 234 

probability. Simulations were initiated with a population at the stable stage distribution of 235 

the mean matrix for the population. λs

 237 

�� =
1

1000
� ���1000
� =1 �ln (�������,(� = 100)) − ln (������� (� = 0))

100
� 

 was estimated as: 236 

 238 

where Ntotal,t is the summed population number across all sizes at time t. The resulting 239 

distribution of λs

 242 

 values reflect variation due to both parameter uncertainty and stochastic 240 

outcomes over a relatively short time horizon.  241 

Climate-induced mortality: demographic effects of extreme heat waves  243 
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The effects of heat waves were modelled under current conditions using 13 years of 244 

demographic monitoring data in an affected red coral population located in the Scandola 245 

Natural Park (Corsica, France). This population has experienced several warming events 246 

that led to significant demographic effects. A total of 13 annual-level IPMs were derived 247 

from the demographic dataset and were used to forecast the long-term dynamics of this 248 

population under current trends. We compared the observed number of coral colonies from 249 

2003 to 2016 to 1000 projected simulated trajectories. Simulations were started with the 250 

observed initial abundance in 2003 (n = 143 colonies) and colony-size distribution, and 251 

were run for 50 years. In addition, to estimate the effects of warming events on size-252 

dependent survival rates (the main vital rate influenced by these events), we fit a logistic 253 

GLM to the survival data of 2016, when the highest intensity mass mortality event was 254 

recorded.   255 

 256 

Local protection effects on population size and colony-size structure dynamics 257 

We tested the effect of local management on the dynamics of coral populations by 258 

simulating 1000 trajectories during 50 years using 36 annual- and population-level IPMs 259 

derived from the demographic data on 4 protected red coral populations within MPAs (21 260 

matrices) and 3 unprotected coral populations (15 matrices) (Table S1). As a starting 261 

population vector, we set 100 individuals at the stable stage distribution, which 262 

corresponded to the right eigenvector of a mean matrix that included both treatments. In 263 

each simulation, we randomly picked one annual transition matrix from the suite of 264 

matrices estimated across all years and populations for either protected or unprotected sites. 265 

To explore potential effects of transient dynamics and initial conditions to alter the results, 266 

we also ran a set of demographic simulations using the observed size distributions at each 267 

treatment as well as an average size distribution among treatments; the results showed 268 

patterns consistent with those of the main simulation tests (Figure S2 & Figure S2). 269 

  270 

Structural complexity is an important indicator to assess the health status and functional 271 

role of key marine habitat-forming organisms such as corals and gorgonians. Thus, we 272 

quantified the proportion of large coral colonies (>100mm) as a proxy for population 273 

structural complexity (Linares et al., 2010; Montero-Serra et al., 2018a).  274 
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 275 

Modelling the combined effect of fishing and warming-induced mass mortality events  276 

To explore the interactive effects of local and global stressors (fishing and warming-driven 277 

mass mortality events) on the long-term stochastic growth rate and mean time to extinction 278 

of red coral populations, we simulated dynamics under 100 scenarios of fishing and 279 

warming impacts. To present stable mean results, in these simulations, we only included 280 

demographic variation due to local protection and warming events, but not population or 281 

annual variation in vital rates. Local management showed no significant effects on the 282 

survival rate of coral colonies, but it does strongly impact extreme shrinkage probability 283 

(Figure 2). Therefore, we used the predicted mean values from GLMMs for extreme 284 

shrinkage probability in protected vs. unprotected coral populations to explore the effects of 285 

MPAs. To provide a continuous gradient of local disturbances, we multiplied the effect size 286 

estimate of MPA effect by 10 values ranging from 0 to 1 (Table S3 and Figure S5). The 287 

lowest level of local disturbance was 0 effect size (corresponding to observed shrinkage 288 

within MPAs), while highest level was the shrinkage probability observed in unprotected 289 

coral populations. Similarly, we simulated 10 levels of the annual probability of high 290 

intensity mass mortality events. These ranged from 0.05 to 0.95 and  were set using 291 

mortality rates quantified during a high intensity mortality event occurred in 2016 in 292 

Palazzu (Figure 4b), and background mortality rates quantified using data from all 293 

monitored populations (Table S1). We computed the long-term stochastic population 294 

growth rate of the 100 combined scenarios of mass mortality events and local protection 295 

using the same methodology described above. We also used stochastic projections to 296 

computed mean time to extinction for each combination of stressors by setting an initial 297 

population size of N0 

 300 

= 100 individuals, and a quasi-extinction threshold of 10% that 298 

corresponded to 10 individuals.   299 

Results 301 

Demographic consequences of fishing and no-take marine protected areas 302 

All  seven red coral populations not subject to mass mortality events had very low 303 

extinction risk, with long-term stochastic growth rates near or at those for a stable 304 

population (median λs = 1.0088; 95% CI = 0.9941 to 1.0165); and this was consistent 305 
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across protected and unprotected populations (protected sites, median λs = 1.0094 95% CI 306 

= 1.0000 to 1.0165; unprotected sites, median λs

 312 

 = 0.9993, 95% CI = 0.9930 to 1.0167; 307 

Figure 2a & Figure S1). Size-dependent mortality rates also did not differ between 308 

unprotected sites and protected red coral populations (Logistic-GLMM; P = 0.6810; Figure 309 

2b, Table S2). Projected dynamics using IPMs fitted to data from protected and unprotected 310 

populations showed very similar patterns regardless of protection status (Figure 2c). 311 

In contrast, colony shrinkage rates depended strongly on local management status. The best 313 

fitted model for shrinkage probability included a significant interaction between coral 314 

colony size and protection status, with much higher shrinkage rates for large and 315 

unprotected coral colonies (Figure 2d, Logistic GLMM; P < 0.001; Table S3). When 316 

considering the proportion of large colonies as proxy of population structural complexity, 317 

projected trajectories of coral populations within and outside MPAs showed divergent 318 

trajectories: starting at the stable-stage distribution, protected populations maintained their 319 

structural complexity while unprotected populations showed strong, rapid decrease in the 320 

abundance of large coral colonies (Figure 2e). This caused a change in the relative 321 

importance of life-history processes depending on local management schemes. In protected 322 

populations, stasis, the probability of surviving but remaining approximately the same size, 323 

was the dominant life-history process, with large colonies remaining within the same state 324 

and resulting in high structural complexity. On the contrary, recurrent shrinkage events 325 

coupled to slow colony growth drive a structural simplification in unprotected populations, 326 

which are dominated by small and medium-size coral colonies (Figure 3 & S4. Across 327 

colony sizes, stasis (computed by summing all the cell values from the diagonal of the big 328 

matrix derived from the IPMs) is the dominant demographic process in both protected and 329 

unprotected sites. However, in large colonies (>100mm), summed stasis probabilities 330 

decreased from 60% in protected populations to 36% in unprotected ones, while shrinkage 331 

(the probability of surviving but declining in size, computed as the sum of all elements 332 

below the first row and above the main diagonal of the big matrix) increased from 8% in 333 

protected populations to 38% in unprotected ones (Figure S4).  334 

 335 

Demographic consequences of warming-driven mass mortality events 336 
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Recurrent positive temperature anomalies caused several mass-mortality events in the red 337 

coral population at Palazzu (Corsica) during the 13 years of demographic monitoring 338 

(Figure 4). These mortality events resulted in a negative long-term stochastic growth 339 

(median λs

 344 

 = 0.9729, 95% CI = 0.9573 to 0.9867, Figure S1) and drove a steady decline 340 

that may result in the local extinction of the warming-affected population (Figure 4a). The 341 

most severe event was observed during the summer of 2016 and caused whole-colony 342 

mortality rates of approximately 25% of the total coral colonies (Figure 4b).  343 

Interactive effects of local (fishing) and global (warming-induced mortalities) stressors 345 

Simulated trajectories under multiple scenarios of differing intensities of global warming 346 

and fishing revealed that red coral long-term stochastic population growth rate is highly 347 

sensitive to changes in frequency of climate-driven mass mortality events, in particular 348 

(Figures 5 & 6). Local protection was an important factor enhancing population growth 349 

under low mass mortality event probability. However, its effects were biologically 350 

negligible under hypothetical scenarios of increased frequency of mortality events, as all 351 

growth rates are below one when mass mortality events become common (Figure 5). 352 

Overall, we find little evidence for strong synergistic or compensatory interactions among 353 

these two stressors. When these extreme events are uncommon, we see some evidence for 354 

compensatory effects on growth rates between the two stressors (Figure5a vs. Figure 1f), 355 

but in general growth isoclines are largely linear, suggesting additive effects (Figure 5a vs. 356 

Figure 1d). Time to extinction shows more consistently convex isoclines (Figure 5b), 357 

suggesting somewhat more compensatory interaction between the two stressors, but this 358 

was still relatively weak.   359 

 360 

Discussion 361 

Predictions of future ecological change are currently challenged by a poor understanding of 362 

how multiple stressors interact to shape the dynamics and structure of populations and 363 

communities. Here, we show the strong but divergent demographic consequences of 364 

warming-induced mortality events and overfishing on a long-lived octocoral. Recurrent 365 

heat waves raise whole-colony mortality rates and compromise the long-term viability of 366 

coral populations. By contrast, banning fishing in MPAs did not affect coral mortality 367 
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patterns but did reduce shrinkage rates, allowing colonies to attain large sizes and strongly 368 

increasing the structural complexity of populations. However, our results suggest that these 369 

local and global scale stressors are mostly additive, with MPAs having only a weak 370 

compensatory effect on the population-level effects of warming events.  371 

 372 

Effects of global warming on red coral populations 373 

In the Mediterranean, several mass mortality events have impacted multiple organisms, 374 

most of them slow-growing species, across vast regions (Cerrano et al., 2000; Garrabou et 375 

al., 2009). The immediate destructive effects of these widespread climate-driven mortality 376 

events in corals and other habitat-forming marine invertebrates are well known (Garrabou 377 

et al., 2009; Hughes et al., 2017). However, predictions of the long-term, population-level 378 

consequences of these events are still relatively scarce. In this study, stochastic projections 379 

based on individual-level demographic data over a 13-year period in a red coral population 380 

subjected to recurrent climatic disturbances revealed clear detrimental consequences for 381 

population health (Figure 4). These projections, based on empirical data from 2003 to 2016, 382 

are likely to underestimate the impact of future warming in this red coral population. There 383 

is still uncertainty around the expected future climatic trends. However, current evidences 384 

suggest that the frequency and intensity of heat waves has already increased and is likely to 385 

continue following this path during this century (Hughes et al. 2017; 2018). This is 386 

especially worrisome for the Mediterranean Sea, where warming is occurring at faster rates 387 

than in larger ocean basins (Vargas-Yanez et al., 2008; Macías et al., 2013). Under these 388 

trends, local extirpation of shallow red coral populations appears likely in a near future. The 389 

predicted declines can be even more adverse for long-lived species such as the red coral, in 390 

which rescue effects are very unlikely at ecological time-scales due to highly restricted 391 

larval dispersal (Ledoux et al., 2010a, b). For long-lived species with slow population 392 

dynamics, catastrophic consequences could go unnoticed by managers when looking at 393 

short-term trends (Hughes et al., 2013). Some authors have suggested that adaptive 394 

responses can lead to increased thermal resistance of red coral colonies to warming 395 

(Ledoux et al., 2015). However, observed increases on the severity of mortality events and 396 

their long-lasting consequences provide little empirical support to any adaptive process that 397 

could counterbalance these climate change impacts. Furthermore, long generation times for 398 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

habitat-forming species such as the red coral make rapid genetic change unlikely. The 399 

largest survey of impacts of the mass bleaching event occurred in the Great Barrier Reef in 400 

2016 also refutes any optimistic expectations that corals exposed to previous thermal stress 401 

may show increased resistance to future warming impacts (Hughes et al., 2017).  402 

 403 

Local stressors and the role of Marine Protected Areas 404 

In the current context of rapid environmental change, understanding the effects of MPAs on 405 

population dynamics and extinction risk in marine sessile invertebrates is an essential but 406 

unresolved question. Our results show that local protection did not significantly alter red 407 

coral densities or overall dynamics. Recurrently fished populations outside of MPAs 408 

displayed low extinction risk and their long-term stochastic growth was nearly at 409 

equilibrium (Figure 2a). This counterintuitive result could be explained by the clonal nature 410 

of the red coral and its capacity to survive and undergo re-growth of new branches after 411 

being partially harvested, which is common when fishers leave the colony bases attached to 412 

the substratum (Montero-Serra et al., 2015). It is important to note that highly destructive 413 

red coral fishing practices (i. e. removal of the whole coral colony, including its base, 414 

which prevents recovery) are still observed in some areas of the Mediterranean and they 415 

could lead to much worse ecological effects than those reported here (Cattaneo-Vietti et al., 416 

2017). A slight increase in total mortality rates due to fishing would result in a dramatic 417 

increase on the population extinction risk outside MPAs and result on an enhanced role of 418 

local protection. Broad-scale quantification on the extent of these unsustainable practices is 419 

essential to improve current management strategies for the conservation of Corallium 420 

rubrum and other precious corals.  421 

  422 

In contrast to the lack of effects on abundance, the absence of coral fishing in no-take areas 423 

had a strong positive effect on the structural complexity of coral populations by reducing 424 

the probability of colony breakage and allowing coral colonies to reach larger sizes (Figure 425 

2d). Outside MPAs, structural simplification was observed with absence of large colonies, 426 

driven by both the natural slow colony growth of the species and recurrent colony breakage 427 

events due to fishing. Thus, local management can shape the relative importance of the 428 

demographic processes underlying red coral dynamics, enhancing the structural complexity 429 
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and functionality of red coral populations (Figure 3 & S2). These results are consistent with 430 

previous observations that found that populations within MPAs have larger biomass than 431 

unprotected sites (Linares et al., 2010; 2012; Bavestrello et al., 2015; Garrabou et al., 432 

2017). Here, we provide a mechanistic understanding on how differential shrinkage but 433 

similar whole colony mortality rates shape the consistent broad scale patterns observed in 434 

colony-size structures and population persistence of the red coral across the Mediterranean 435 

Sea (Linares et al., 2010; Garrabou et al., 2017, Figure 2 & 3).   436 

  437 

Interactive effect of local management and global warming on the viability of red coral 438 

populations 439 

It remains unclear how effective local management tools such as Marine Protected Areas 440 

(MPAs) are in building resilience of benthic ecosystems to climate change. Local 441 

protection enhanced the size-structure of red coral populations and, since climate-driven 442 

whole colony mortality is size-dependent in the red coral (with smaller colonies being more 443 

susceptible, Figure 4b), a compensatory effect of MPAs against climatic perturbations 444 

could be expected. However, our results show that MPAs provided only a very weak 445 

compensatory effect. This slows down the rate of population declines along a thermal stress 446 

gradient but does so only under low to moderate frequencies of mass mortality events 447 

(MME) (Figure 5 & 6). When recurrent MME occurred at high frequencies, MPAs had a 448 

little buffering effect on the long-term persistence of coral populations. To date, only few 449 

studies provide data over relevant time-periods to assess the potential role of MPAs at 450 

buffering climatic impacts. Micheli and colleagues (2012) showed that, in a temperate 451 

abalone species, MPAs enhanced population resilience to climatic disturbances by 452 

increasing the presence of larger individuals that drove a major reproductive output as well 453 

as larvae export potential. Similarly, in tropical coral reefs, Mellin and colleagues (2016) 454 

reported a strong effect of MPAs at enhancing resilience of benthic communities to external 455 

perturbations, although the mechanisms underlying these patterns were not demonstrated.  456 

 457 

In contrast, Graham and colleagues (2008) found that reefs under local protection had been 458 

more impacted by El Niño bleaching event in 1998. More recently, an unprecedented mass 459 

bleaching event occurred at the Great Barrier Reef, with more than 90% of the reefs 460 
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affected irrespective of their level of local protection (Hughes et al., 2017). Our results add 461 

support to the latter findings in showing that local protection could be effective at lower 462 

levels of thermal stress but have weak to non-existent compensatory effects under potential 463 

future scenarios of increased ocean warming.  464 

 465 

Conclusions  466 

Long-term studies provide a unique window to understand and predict the responses of 467 

marine populations and communities to multiple stressors. This study demonstrates that 468 

MPAs are a good tool to enhance the structural dynamics of economically and ecologically 469 

important species such as the red coral. However, warming represents a new threat 470 

originated at a global scale that can drive either subtle or more abrupt declines that will 471 

result in the “extinction debt” of these key habitat-forming species (Hughes et al., 2013). 472 

While the red coral and other long-lived habitat-forming species have persisted millennia of 473 

human pressures, novel climatic threats may lead to unanticipated and massive 474 

consequences for the integrity of temperate reefs. Unfortunately, local protection may not 475 

be enough to ensure the persistence of shallow populations under future scenarios of higher 476 

frequency and intensity of mass mortality events. A rapid and drastic reduction of 477 

greenhouse gas emissions seems the only effective way to prevent the widespread 478 

extinction of shallow red coral populations and other long-lived marine invertebrates. In the 479 

context of a variety of multi-scale stressors, any conservation action aimed to preserve the 480 

functional role and ensure the persistence of benthic communities will need to consider 481 

conservation actions at both local and global scales.  482 
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Figure 1. Conceptual models for two interacting stressors. Potential interactions can be 723 

additive (left), in which the total impact is equivalent to the sum of the two individual 724 

stressors, synergistic (center), when the combined effect leads to a higher impact than the 725 

expected addition of the two individual sressors, and compensatory (right), when the 726 

combined effects of the two stressors lead to a lower impact than the expected sum of the 727 

two individual stressors.  728 

 729 

Figure 2. Local protection effects on coral population dynamics and structural 730 

complexity. Unprotected sites affected by recurrent fishing events (red) and protected sites 731 

within MPAs where fishing is not allowed (blue). (a) Long-term stochastic population 732 

growth rate at each site. (b, d) MPA effects in vital rates: (b) total mortality (% of annual 733 

dead colonies depending on maximum colony size) and (d) partial mortality (annual 734 

shrinkage probability depending on colony size ). (c, e) Simulated stochastic dynamics in 735 

abundance (c) and structural complexity (e), represented as % of large colonies (>100mm). 736 

 737 

Figure 3. Effects of local protection and overfishing on demographic processes and 738 

structural complexity of red coral populations. The conceptual diagram shows how 739 

shrinkage rates and stasis of large colonies are shaped by local protection (left) and fishing 740 

(right). Protection from fishing results in more complex red coral populations with presence 741 

of large coral colonies, whereas recurrent fishing events outside MPAs cause a structural 742 

simplification of populations which are dominated by small to medium size coral colonies 743 

(stasis and shrinkage probabilities for large colonies are shown in Figure S4). 744 

 745 

Figure 4. Demographics effects of warming-driven mass mortality events. A. Long-746 

term stochastic dynamics on a warming-affected red coral population. Dots show the 747 

observed abundance during the 13yrs of monitoring. Grey lines represent 1000 stochastic 748 

projections using IPMs and yellow area represents the 95% CI around the predicted 749 

trajectories (quantiles 2.5% and 97%). B. Logistic GLMMs describe undisturbed mortality 750 

rates across all populations and years (excluding mass mortality events [MME]) (green) and 751 
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a GLM describe mortality rates during the high intensity MME recorded in 2016 at Palazzu 752 

population (orange).  753 

 754 

Figure 5. Interactive effects of local and global stressors on the stochastic population 755 

dynamics and extinction risk of Mediterranean red coral populations. A. Long-term 756 

stochastic growth rate (λs) and B shows the mean time to extinction. Vertical axis 757 

represents levels of local disturbance intensity (see methods and Figure S5) and horizontal 758 

axis represents levels of probability of mass mortality events. 759 

 760 

Figure 6. Demographic simulations show an additive interaction between local 761 

disturbances (overfishing) and global warming (probability of mass mortality event) on the 762 

long-term stochastic growth rate of Mediterranean red coral populations.  763 
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