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Abstract 

1. Understanding the combined effects of global and local stressors is crucial for 

conservation and management, yet challenging due to the different scales at which 

these stressors operate. Here we examine the effects of one of the most pervasive 

threats to marine biodiversity, ocean warming, on the early life stages of the habitat-

forming macroalga Cystoseira zosteroides, its long-term consequences for population 

resilience and its combined effect with physical stressors.  

2. First, we performed a controlled laboratory experiment exploring the impacts of 

warming on early life stages. Settlement and survival of germlings were measured at 

16ºC (control), 20ºC and 24ºC and both processes were affected by increased 

temperatures. Then, we integrated this information into stochastic, density-dependent 

integral projection models (IPM).  

3. Recovery time after a major disturbance significantly increased in warmer scenarios. The 

stochastic population growth rate (λs) was not strongly affected by warming alone, as 

high adult survival compensated for thermal-induced recruitment failure. Nevertheless, 

warming coupled with recurrent physical disturbances had a strong impact on λs and 

population viability.  

4. Synthesis: The impact of warming effects on early stages may significantly decrease the 

natural ability of habitat-forming algae to rebound after major disturbances. These 

findings highlight that, in a global warming context, populations of deep-water 

macroalgae will become more vulnerable to further disturbances, and stress the need to 

incorporate abiotic interactions into demographic models. 

Keywords: climate change, demography, human impacts, population ecology, quasi-

extinction, recovery, seaweeds, stress interactions.  

 

Introduction 

Global change is predicted to modify the regime and intensity of disturbances in marine 

ecosystems worldwide (Easterling et al., 2000a; Jentsch, Kreyling, & Beierkuhnlein, 2007). 

Some chronic stressors, such as global warming (IPCC, 2013) or ocean acidification (Kroeker, 

Kordas, Crim, & Singh, 2010), are expected to increase in magnitude during the present 

century. Furthermore, acute, extreme events, such as El Niño (Yeh et al., 2009) and 

heatwaves (Déqué, 2007; Rose, Smale, & Botting, 2012), are expected to become more 

frequent and intense (IPCC, 2013; Kerr, 2011). All of these threats are unfolding in a 

background of human activities that can exacerbate their consequences (Hughes, Linares, 

Dakos, van de Leemput, & van Nes, 2013; Ling, Johnson, Frusher, & Ridgway, 2009). In order 

to predict the ecological responses of species to global change and design effective 

conservation actions, we need to understand not only the direct consequences of stressors 
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but also their combined long-term effects (Darling & Côté, 2008; Lindenmayer, Thorn, & 

Banks, 2017).    

The highly idiosyncratic nature of ecosystems challenges our ability to comprehend the 

combined impacts of global change (Boyd, Lennartz, Glover, & Doney, 2014; Krumhansl et 

al., 2016). Experimental studies have provided crucial insight to understand the underlying 

(e.g. demographic or physiological) effects of warming or acidification (Kroeker, Gambi, & 

Micheli, 2013; Wernberg et al., 2010). On the other hand, modeling studies parameterized 

with field data provide valuable means to project and forecast the fate of populations under 

various scenarios (Linares & Doak, 2010; Madin, Hughes, & Connolly, 2012). Despite the 

recent progress in global change research, experimental and demographic modeling 

approaches have evolved as parallel disciplines, scarcely used together to predict long-term 

responses of marine species (Russell et al., 2012; Wernberg, Smale, & Thomsen, 2012). Most 

experimental marine studies have focused on a single life stage, yet marine species usually 

encompass multiple life stages with contrasting responses to threats (Caley et al., 1996; 

Harley et al., 2012). Because experimental manipulations of complete life cycles are not 

always feasible, exploring the response of key or elusive life stages in controlled conditions 

coupled with modeling approaches parameterized with field data can provide unique 

insights (Assis et al., 2017).  

In this study, we explore the population-level consequences of warming (a chronic stressor) 

and its interaction with physical disturbances, such as storms and ghost fishing nets, on the 

Mediterranean habitat-forming macroalga, Cystoseira zosteroides. The Mediterranean Sea is 

a hot spot of biodiversity, but also of human impacts (Coll et al., 2010). Among these 

multiple stressors, warming is the most pervasive, impacting regional scales over the last 

decades (Lejeusne, Chevaldonné, Pergent-Martini, Boudouresque, & Pérez, 2010; Micheli et 

al., 2013; Somot, Sevault, Déqué, & Crépon, 2008). Heat waves in the Mediterranean can 

seriously affect marine invertebrates (Garrabou et al., 2009) and encrusting algae (Hereu & 

Kersting, 2016), but no studies have reported such evidence for brown macroalgae 

(Ballesteros et al., 2009). In contrast, physical disturbances, such as lost fishing gear 

(Thibaut, Pinedo, Torras, & Ballesteros, 2005) and low-frequency exceptional storms 

(Navarro, Ballesteros, Linares, & Hereu, 2011), can result in high mortality pulses, heavily 

impacting macroalgal populations. Furthermore, high temperatures are known to damage 

algal cells (Harley et al., 2012) which may lead to higher mortality rates or reduced growth 

rates and development, and ultimately impact population dynamics and species distribution 

(Assis et al., 2017; Harley et al., 2012; Wernberg et al., 2010). Early life stages of macroalgae 

are usually imperilled by warming (Andrews, Bennett, & Wernberg, 2014; Ladah & Zertuche-

González, 2007), while adult individuals are more likely to physiologically compensate for 

high levels of thermal stress (Bennett, Wernberg, Arackal Joy, de Bettignies, & Campbell, 

2015; Jueterbock et al., 2014). Thus, it is crucial to determine if the altered mortality of early 

life stages is important for overall population persistence. 

Macroalgal forests dominated by Cystoseira species are heavily imperilled in the 

Mediterranean Sea, and have already experienced sharp declines and even local extinctions 

(Airoldi & Beck, 2007; Thibaut et al., 2005). Here we hypothesize that warming will seriously 

impact survival and settlement probabilities of the early life stages of C. zosteroides. 
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However, we anticipate that this effect will have little influence on the natural dynamics of 

its populations, given their low dependence on reproductive processes (Capdevila, Hereu, 

Riera, & Linares, 2016). We do expect important consequences of temperature for their 

recovery ability and long-term viability, based on the key role of recruitment for the 

recovery of C. zosteroides populations (Capdevila, Hereu, Riera, & Linares, 2016). To test 

these hypotheses, we first experimentally explored the consequences of warming on the 

survival and development of C. zosteroides early life stages, by culturing them under 

different temperature treatments. We then coupled these results with demographic data 

from five natural populations of C. zosteroides, to predict long-term effects of various 

thermal scenarios and its interactions with recurrent physical disturbances, such as storms 

and fishing nets. These two physical disturbances (storms and lost fishing nets) have been 

suggested to be among the main threats causing Cystoseira spp. decline in the 

Mediterranean Sea (Thibaut et al., 2005). The recurrence of mortality events from lost 

fishing gear is difficult to quantify, but there is evidence that such events are more 

important and more common than previously thought (Brown & Macfadyen, 2007). On the 

other hand, the frequency of storms impacting C. zosteroides populations is relatively low 

because only exceptional events reach such deep-water habitats (Navarro, Ballesteros, 

Linares, & Hereu, 2011), but these are predicted to increase in intensity and frequency in the 

coming decades (IPCC, 2013; Jentsch et al., 2007). With this study, we expect to provide 

useful information about how ocean warming will alter the response of these macroalgal 

forests to natural and anthropogenic disturbances.  

 

Material and methods 

Study species 

Cystoseira zosteroides is an endemic alga from the Mediterranean Sea with a critical 

structural role (Ballesteros et al., 2009). C. zosteroides populations develop important 

forests on rocky bottoms at 15-50 m depth, mainly in the NW Mediterranean Sea, 

constituting highly diverse communities on relatively deep water sea beds (Ballesteros et al., 

2009). This species typically has slow population dynamics, with low rates of somatic growth 

(0.5 cm year-1) and long lifespan (~50 years; Capdevila, Hereu, Riera, & Linares, 2016). This 

species has a diplontic (i.e. only gametes are haploid) and iteroparous life cycle (i.e. multiple 

reproductive events during their lifetime; Fig. 1). Individuals can be either male or female, 

although hermaphrodites can occur. Adult individuals can be distinguished by their perennial 

thallus, except during their first year of life. The top of the thallus contains reservoir vesicles 

(tophules) from which primary branches emerge from February until October (Ballesteros, 

1990). These primary branches contain receptacles, the reproductive structures of mature 

individuals. Maturity is typically attained at 3-4 years and reproduction starts between late 

March and early April and ends in June (P. Capdevila pers. obs.). Gametes are released and 

fertilization is external, forming a diploid zygote.  

Temperature data 

To describe the present thermal conditions where this species occurs, high-resolution hourly 

temperature recordings were obtained from the T-MedNet platform (http://www.t-

mednet.org/). This temperature data is recorded using in situ Stowaway Tidbit and Hobo 
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Water Pro v2s autonomous sensors placed over different locations of the Mediterranean 

Sea. Here we used data from Cap de Creus Natural Park (42° 20' 0.456"N, 3° 17' 11.605"E), 

Montgrí, Medes Islands and Baix Ter Natural Park (42° 2' 58.920"N, 3° 13' 31.440"E) and 

Columbretes Islands Marine Reserve (39° 53' 30.112"N, 0° 40' 15.931"E), three locations 

where C. zosteroides populations are monitored (Appendix S1: Table S1.1and Fig. S1.1). 

Temperature recordings were only analyzed at a depth range of 20-35 m and from 2008 to 

2015, corresponding to the depth range and period of our demographic study (see 

Demographic modeling, Appendix S1: Table S1.1 and Fig. S1.1). Note that at Columbretes 

Islands C. zosteroides does not develop populations at depths shallower than 25 m, so we 

limit the showed data for that location to the range of 25-35 m depth.  

Experimental design 

Early life stages of C. zosteroides, typical of any macroalgae, are very distinct from adult 

stages in terms of size and demography (Capdevila et al., 2015). Thus, to accurately measure 

the settlement rate and survival of early life stages, 27 branches from nine fertile individuals 

were collected by scuba diving from a well-developed C. zosteroides population between 20 

and 25 m depth in Montgrí, Medes Islands and Baix Ter National Park (NW Mediterranean 

Sea, 42° 2' 34.026" N, 3° 13' 36.358" E) in April 2016. Fertile branches were transported in 

seawater containers (~3 h) to the Experimental Field Services at the University of Barcelona. 

Branches were then placed in small plastic bags with seawater inside fridges kept at 12ºC to 

promote the liberation of gametes (Susini, Mangialajo, Thibaut, & Meinesz, 2007). After 24 

hours, three branches were placed in each of nine 12 L aquaria, where three Petri dishes 

were set at the bottom as a substrate for zygote settlement. Before exposure to the 

temperature treatments, we acclimatized the branches, by placing them at 16ºC for 24 

hours, after which time temperatures were progressively increased in temperature 

treatments.  Four 1 cm2 quadrats were haphazardly marked on each Petri dish as a sampling 

surface (Appendix S2: Fig. S2.1). See Appendix S2 for further details about the experimental 

design.   

To examine the effects of temperature on settlement and survival rates of early stages three 

temperature treatments were implemented. Each treatment was replicated within three 

separate aquaria (Appendix S2: Fig. S2.1). The chosen temperature levels were 16ºC, 20ºC, 

and 24ºC. During the reproductive season of C. zosteroides seawater temperature increases 

from ~14ºC to over 17ºC, with a mean value of ~16ºC, so here we used the 16ºC treatment 

as our control (Appendix S2: Fig. S2.2). The 20ºC treatment mimics the temperatures 

attained during previous warming years (see Results Temperature data) - temperatures that 

are becoming more frequent (Galli, Solidoro, & Lovato, 2017). The 24ºC simulates the 

increase of 3.5ºC scenario for the 21st century in the NW Mediterranean (IPCC, 2013; Somot 

et al., 2008). Indeed, during warm years, natural populations at present experience this 

temperature by the end of the reproductive season and mainly, between July and August 

during the recruits’ development (see Results Temperature data).  

A week after the branches were placed in the aquaria, once enough time had elapsed for the 

zygotes to settle and be distinct from non-fertilized eggs (Irving, Balata, Colosio, Ferrando, & 

Airoldi, 2009), branches were removed from the aquaria. Then, we estimated the number of 

zygotes per cm2 inside the four quadrats marked on the Petri dishes by using a 
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stereomicroscope with a 4.5x magnification. Survival of zygotes (σs) was quantified weekly 

over a period of six weeks as the proportion of zygotes remaining from the previous week. 

The time of exposure represents the time span that these temperatures can take place in 

our studied localities (Fig. S2.2). 

Settlement and survival statistical analysis 

To quantify the effect of temperature on the settlement of C. zosteroides we used 

generalized linear mixed models (GLMM), with a Poisson error distribution and a logit link 

function. The independent variable was the number of zygotes, temperature was treated as 

a fixed variable and we used the ID of each quadrat of the Petri dishes as a random variable. 

Similarly, to test the effect of temperature and time (fixed factors) on germling survival (i.e. 

binary response), we used a GLMM with a binomial error distribution and a logit link 

function. Again, we used the ID of each quadrat of each Petri dish as a random variable to 

deal with the lack of independence between observations repeated at different times and a 

binomial error distribution was assumed to deal with the binary response variable (survive 

vs. die). For the two fitted models, we applied a Type II Wald χ2 test to determine the effect 

of fixed variables. All analyses were performed using the statistical software R (R 

Development Core Team, 2014), models were fitted using the function “glmer” from the 

lme4 package (Bates, Mächler, Bolker, & Walker, 2014), and the Wald χ2 test was performed 

using the “Anova” function from the car package (Fox & Weisberg, 2011). For multiple 

comparisons, we applied the Tukey test using the “glht” function from the multcomp 

package (Hothorn, Bretz, & Westfall, 2008).  

Demographic censuses 

We estimated rates of survival (σ), growth (γ) and recruitment (Appendix S3: Table S3.2 and 

S3.3) by monitoring individuals along permanent transects at five C. zosteroides populations 

along the NW Mediterranean (one at Cap de Creus Natural Park, two at Montgrí, Medes 

Islands and Baix Ter Natural Park and, two populations at Columbretes Islands Marine 

Reserve; Appendix S1: Fig. S1.1), over the course of 3-4 years (see Appendix S1: Table S1.1). 

Each transect was 1 m wide and 3-10 m long, depending on the morphology of each 

sampling zone (see Appendix S1: Table S1.1 for details), and was partitioned using 50 × 50 

cm2 quadrats. We identified the individuals by mapping their position at each of the 

quadrats inside the permanent quadrat, and we measured the length of the main perennial 

axis using a caliper with 1 mm accuracy. Sampling was performed by scuba diving and 

transects were visited annually by experienced observers at the beginning of the summer 

(between July and August) when the deciduous branches are more developed and C. 

zosteroides individuals attain their highest seasonal biomass (Ballesteros, 1990). Vital rates 

were estimated according to the size of individuals, which typically spans from 0.5 cm to 16 

cm, and has been demonstrated to be a good predictor of the demographic rates 

(Ballesteros et al., 2009; Capdevila, Hereu, Riera, & Linares, 2016). Transects were installed 

in the summer of 2008 at Montgrí, Medes Islands and Baix Ter Natural Park at ~20 m depth, 

where 209 and 181 individuals were identified respectively, while at Cap de Creus Natural 

Park and Columbretes Islands Marine Reserve transects were installed in May 2010 at 23, 28 

and 24 m depth, 175, 124, and 130 individuals were identified, respectively.  
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Model parametrization 

We used Integral Projection Models (IPMs; Easterling et al. 2000b) to examine the effects of 

projected increases in temperature on population performance, both alone and in 

combination with other physical disturbances (Fig. 1 and below). Because IPMs are based on 

regression models, they can easily estimate the variation of vital rates with continuous 

stages (Ellner & Rees, 2006), such as size in C. zosteroides, and they are robust when 

parametrizations are based on populations with few individuals (Ramula, Rees, & Buckley, 

2009). We applied a density-dependent IPM, described further in Appendix S3.  

We used data for each year and population to parameterize the vital rate functions that 

build the IPM. Medes and Montgrí coastal populations were both impacted by an 

extraordinary storm in 2008 and the Montgrí population also suffered a mortality event 

caused by a ghost fishing net in 2009 (Capdevila et al., 2015), so these two populations were 

not included in the survival and growth parameterization to avoid misleading estimates. 

Instead, they were used in our simulations to estimate storm and ghost fishing mortalities 

(see below). Thus, the IPM was built from the data obtained from each non-disturbed 

population and time interval (Columbretes I: from 2010-2012; Columbretes 2: from 2010-

2012; Cap de Creus: from 2010-2012). 

For each of the warming scenarios studied here (16, 20 and 24ºC) we measured the effects 

of temperature on the settlement (ε) and the survival of zygotes (σs), and these were 

incorporated into the full life cycle model (Fig. 1). Because during the earliest life stages of C. 

zosteroides are microscopic, field demographic censuses are not able to parametrize both 

settlement probability (ε) and zygote survival (σs), yet these parameters are intrinsic in 

recruitment measurements. For this reason, these two demographic processes (ε, σs) were 

estimated using our laboratory experiment data (see Experimental design section). 

Considering that our field recruitment data incorporated both processes, we decreased the 

zygote survival and settlement according to the attenuation levels measured in the 

experiment (see Appendix S3 for further details). We incorporated variation in these 

parameters in the model by means of sampling the mean coefficient of treatment and its 

confidence interval (95%CI) at each model iteration. 

Demographic projections 

We coupled continuous size-based vital rate estimates to build the IPM. The IPM’s state 

variable for its continuous component was the size of the perennial thallus (in cm). To 

account for the variation between populations and years, we generated random transition 

kernels for each time step by sampling from the estimated distribution of population and 

year effects in survival and growth functions. That is, we incorporated the variation among 

years and populations in the slope of the survival and growth functions, by generating 

random numbers from survival and growth parameters’ distribution and then constructing a 

kernel at each projection. 

To estimate the effect of temperature on the ability of C. zosteroides populations to recover 

after disturbances, we simulated an 80% increase in mortality, based on empirical values 

obtained in a previous study from an extreme storm mortality event (Capdevila et al., 2015). 

The mortality impacted all the stages of C. zosteroides populations. Then, we projected it 
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100 years, 1000 times for each thermal scenario. To do so we multiplied the density-

dependent kernel by a population density function n(z, t) 

                            
 

 
                                                      (eq. 1) 

where n(z’, t+1) and n(z, t) are the size distribution at time t+1 and t, respectively. The 

parameters L and U in equation 1 are the minimum and maximum empirically observed 

states over which vital rates were modelled, respectively. In the case of C. zosteroides 

perennial thallus, L = 0.25 cm and U = 16 cm. K(z’, z, N) is the density-dependent kernel, a 

function that describes the transition of individuals from size z at time t, to size z’ and time 

t+1, and their descendants. Note that N accounts for the density dependence of the kernel. 

K(z’, z, N) can be distilled into two sub-kernels representing the demographic processes of (i) 

survival and growth, P(z’, z) and (ii) the per capita production of new recruits via reproduction, 

F(z’, z, N). Thus, the density dependence of our IPM comes from the reproductive part of the 

model, because the number of recruits per adult is a decaying function of the density of 

adult individuals, independent of the adult size structure (Capdevila, Hereu, Riera, & Linares, 

2016; Appendix S3). A detailed description of the model formulation is provided in Appendix 

S3. 

The initial density function (n(z, 0)) used to make the projections was taken from the stable 

size distribution obtained from the kernel at stationary equilibrium (λ=1). Because of their 

low variance in vital rates, natural and undisturbed C. zosteroides populations are commonly 

found close to the stationary equilibrium, with population growth rates close to 1 and 

population structure near to the stable stage distribution (Ballesteros et al., 2009; Capdevila, 

Hereu, Riera, & Linares, 2016). For this reason and given that choosing a population density 

function from the multiple years and populations that we studied would be a subjective 

decision, we decided to use a simulated well-preserved population structure (density 

function) instead of a “natural” one, in order to make fair comparisons between treatments 

(see below). At each time step, the kernel was updated to reflect density dependence and 

the impacts of temperature on recruitment, and to account for the variation in survival and 

growth rates.  

To estimate population recovery ability, we simulated mortality events and then measured 

the minimum time required to achieve a minimum stable density of large individuals (>10 

cm), defined here as 0.8 large individuals per m2. This threshold (0.8 large individuals/m2) 

was estimated according to the mean density of such mature individuals in both 

Columbretes populations, the best-preserved populations in our study. We accounted for 

the number of large individuals instead of total density to consider the structural complexity 

of the population (Ballesteros et al., 2009). We then calculated the minimum time required 

to reach the threshold for each thermal scenario and projection. The initial density function 

used to carry out the projections was a simulated mature population affected by an 80% 

mortality event. To calculate this initial density function, we first simulated the stable stage 

distribution of the population with a density of 3 individuals/m2. This choice is in agreement 

with the characteristics of  natural populations at equilibrium (Capdevila et al., 2015). Next, 

this population at its stable stage distribution was affected by a simulated mortality of 80% 

(all the stages were affected) and used as the initial density function for the projections.  
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Finally, we evaluated the consequences of interactive disturbances under the different 

thermal scenarios. To do so, we projected the simulated populations increasing the annual 

frequency of two relevant physical disturbances: extreme storms and fishing nets, each 

causing a mortality of 80% and 60% individuals respectively. We used these mortality levels 

for each disturbance based on empirical values obtained in a previous study (Capdevila et 

al., 2015). We do not have empirical evidence that vital rates variate in a predictable way 

following disturbance, so we did not change them after the simulated mortality events. The 

annual frequencies we examined included “Never”, one disturbance every 75 years, every 50 

years, every 25 years and every 5 years. For each of the aforementioned combinations, 

populations were projected for up to 100 years with 1,000 iterations.  

For each of the projected populations and for each disturbance combination, we calculated 

the stochastic population growth rate (λs) as: 

 

         
               

 
                                                                   (eq. 2) 

where N0 is the mean population size at time t=0 and Nt the mean projected population size 

at time T. When log(λs)<0 the population decreases, whereas log(λs)=0 indicates a stable 

population and log(λs)>0 indicates a growing population. To quantify the effect of these 

combined disturbances on the viability of C. zosteroides populations, we also obtained the 

probability of quasi-extinction at t=100 years. Quasi-extinction probability is the likelihood of 

a population falling below a minimum number of individuals below which the population is 

likely to be critically and immediately imperilled (Morris & Doak, 2002). For each simulation, 

we calculated the number of simulated populations that fell below a conservative extinction 

threshold, of 1% of the initial population size. 

 

Results 

Temperature data 

The seawater temperature had a marked seasonality, with a summer maxima of 23, 24 to 

27ºC and a winter minima of 10, 12 to 13ºC at the shallowest depth in Cap de Creus, Medes 

Islands and Columbretes Islands respectively (Fig. 2 and Appendix S2: Fig. S2.2). Thus, Cap de 

Creus and Medes Islands have a cooler thermal regime than the Columbretes Islands, which 

are located further south (Appendix S1: Fig. S1.1). 

Considering the reproductive period of C. zosteroides, from April to July, there were similar 

thermal conditions at all studied sites (Fig. 2). Mean temperatures ranged between 15-17ºC 

with colder temperatures being at 35 m depth, and some years attaining values close to 

20ºC at all sites (Fig. 2b). Maximum annual temperatures during the reproductive season, 

over the studied period, ranged from 17ºC in Medes Islands at 35 m depth to 25 ºC in 

Columbretes Islands at 25 m depth (Fig. 2c).   

Effects of temperature on settlement and germling survival 

Increasing temperatures caused a decline in zygotes settlement (χ2
2=171.35, p-value<0.001). 
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Although settlement did not show significant differences between the 16ºC (control) and 

20ºC treatment (Tukey test, z=0.30, p=0.951), we found a significant drop in zygote 

settlement when comparing the 24ºC treatment to the control (Tukey test, z=-12.22, 

p<0.001; Fig. 3a).  

Germlings survivorship decreased gradually during the first six weeks of aquarium 

monitoring in all treatments (χ2
4=17614336, p<0.001; Fig. 3b) but varied significantly among 

temperature treatments (χ2
2=23254947, p<0.001). The survivorship of germlings remained 

almost constant during the six weeks of observation at 16ºC, attaining values close to 90% at 

the end of the experiment. However, survivorship was lower at 20ºC than in control 

conditions (z=-2635, p<0.001), with final values of ~50%, and even lower at 24ºC than at 20 

ºC, falling to ~30% at week six (16-24: z=-4039, p<0.001; 20-24: z=-993, p<0.001; Fig. 3b). 

According to the fitted model, there was a reduction in survivorship of about 42% and 67% 

at the 20ºC and 24ºC treatments, respectively, compared to the control treatment.  

Effects of temperature on populations’ recovery ability 

Warming reduces the resilience of C. zosteroides populations to small disturbances (Fig. 4). 

Using the stable population threshold of 0.8 large individuals/m2, warming increased the 

recovery time following a high mortality event, with a mean recovery times of ~46 years 

(±20.06) at 16ºC, ~54 years (±21.29) at 20ºC and no recovery at 24ºC (Fig. 4). Among 

replicate projections, 92% and 69% reached the stable population threshold at 16ºC and 

20ºC, respectively, whereas none of the projections at 24ºC reached the threshold 

(Appendix S4: Fig. S4.1).  

Combined effects of temperature and recurrent impacts of two physical disturbances  

When we simulated physical perturbations under different temperature regimes, we 

observed a general pattern: increasing temperatures decrease log(λs) (Fig. 5a,c) and raise the 

quasi-extinction probability (Fig. 5b,d). In the absence of further disturbances, there was 

little to no effect of temperature on long-term projections (Fig. 5a,c), nor on quasi-extinction 

probabilities (Fig. 5b,d). Under present conditions (16ºC), C. zosteroides populations had 

some ability to buffer the mortalities caused by a major storm. At a frequency of exceptional 

storms every 50 years, populations were displaced from stability (log(λs)=0) and resulted in 

quasi-extinction probabilities greater than 50% (Fig. 5a,b). Also in this control scenario, 

mortality caused by fishing nets had little effect on the population projections (Fig. 5c), with 

0 probability of quasi-extinction at any frequency of fishing-net mortality event (Fig. 5d). 

Under the 20ºC scenario, populations maintained some degree of buffering to recurrent 

storms (Fig. 5a,b), and this buffering ability was greater in the case of fishing-induced 

mortalities (Fig. 5c,d), but always to a lesser degree than under the control scenario. Finally, 

under the 24ºC scenario, recurrent storm and fishing mortality events had the highest 

impact on stochastic population growth rate (Fig. 5a,c), and any nonzero frequency of storm 

or fishing mortality resulted in 100% probability of quasi-extinction (Fig. 5b,d).  
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Discussion 

There is now much evidence that climate change affects the population dynamics of both 

marine and terrestrial species, ultimately resulting in changes to species distributions and 

persistence (Hoegh-Guldberg & Bruno, 2010; Parmesan, 2006; Pecl et al., 2017). Although 

recruitment plays a crucial role in ensuring the long-term population stability of macroalgae, 

few studies have explored whether recruitment is a bottleneck in a climate change scenario, 

and its consequences for their population resilience (but see Wernberg et al., 2010). In this 

study, we coupled laboratory experiments with full life-cycle models to examine how 

warming-related reductions in the growth and survival of early stages of macroalgae scale 

up to impact population growth and persistence. Our findings show that warming effects on 

early life stages have profound consequences for the recovery dynamics of the long-lived 

macroalgae Cystoseira zosteroides. Identifying and quantifying the impacts of temperature 

on these key demographic processes is a crucial step to understanding the consequences of 

climate change on macroalgae forests. 

We found that increasing temperatures negatively affected key processes of early life stages. 

Cystoseira zosteroides zygotes settlement decreased and early mortality significantly 

increased in the temperature treatments of 20ºC and 24ºC. These are likely temperature 

scenarios in the Mediterranean Sea during the coming decades (Galli et al., 2017; Somot et 

al., 2008). In fact, during exceptionally hot years temperatures can exceed 25ºC in summer 

and 20ºC at the end of C. zosteroides reproductive season at 20 m depth (Fig. 2). This 

indicates that, in the absence of thermal adaptation, settlement and early survival will be 

seriously imperiled under a warming scenario. Thermal limits can be highly variable among 

macroalgae species (Harley et al., 2012), and some species display a wider range of thermal 

resistance than the early stages of C. zosteroides (e.g. Ecklonia radiata; Mohring, Wernberg, 

Wright, Connell, & Russell, 2014). This is likely because intertidal or shallow water species 

experience wider ranges of daily thermal fluctuations than deeper water species (Harley et 

al., 2012; Wernberg, de Bettignies, Joy, & Finnegan, 2016).  

Impacts of temperature on early C. zosteroides stages do not imperil their populations per 

se. The detrimental effects caused by temperature on recruitment could be dampened by 

the high survival of adults. Undisturbed C. zosteroides populations hinge on adult stands 

(Ballesteros et al., 2009; Capdevila et al., 2015, 2016), so temperature-altered survival of the 

early life stages has a low impact on population maintenance (Appendix 4: Fig. S4.2). This is 

in line with life history theory, which predicts that increasing the variation in reproductive 

processes should have little effect on the population growth of long-lived organisms (Koons, 

Pavard, Baudisch, & Metcalf, 2009; Morris et al., 2008; Pfister, 1998). Furthermore, long-

lived species, such as C. zosteroides, often allocate resources in structural biomass to 

maximize the survival of late stages, which are presumably more resistant to physiological 

stress (such as in trees; Kelly & Bowler, 2002). Accordingly, several studies provide evidence 

that adult individuals of brown macroalgae have physiological mechanisms to compensate 

temperature fluctuations (Graiff, Liesner, Karsten, & Bartsch, 2015; Jueterbock et al., 2014; 

Pearson et al., 2009). However, not including thermal impacts on adult survival in the 

modeling process may have made our results overly optimistic. Thermal compensation 

mechanisms are only effective for a limited range of temperature conditions, above which 

macroalgae cannot physiologically adjust (Graiff et al., 2015; Wernberg, de Bettignies, et al., 
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2016), which may cause extensive canopy loss (Wernberg et al., 2016). The lack of field 

evidence for warming-related mortality in adult C. zosteroides populations suggests that this 

temperature threshold has not yet been surpassed, but we show that early stages do not 

have such thermal resistance. Still, we do not have data on the thermal effects on early 

stages for all the populations modeled here, so our results do not account for thermal 

adaptation and must be interpreted carefully.  

In any case, warming effects on early stages lowered C. zosteroides recovery ability and 

rendered populations more vulnerable to further stressors. Some macroalgal populations 

are able to withstand mortality events by recruitment pulses as a consequence of relaxing 

negative density dependence (Dayton & Tegner, 1984; Navarro et al., 2011; Schiel & Foster, 

2006), a widespread mechanism among sessile organisms (e.g. trees, Volkov, Banavar, He, 

Hubbell, & Maritan, 2005; corals, Vermeij & Sandin, 2008). Yet, the negative effects of 

temperature on reproduction and early life stage development exacerbate the cumulative 

effects of other disturbances. Similarly, many macroalgae species experience reduced 

reproductive outputs in populations located at warmer latitudes (Viejo, Martínez, Arrontes, 

Astudillo, & Hernández, 2011; Wernberg et al., 2010). Some studies have shown that these 

edge populations are sometimes able to persist through the remaining adults, but this 

always comes through a reduction of the population resilience (Pearson, Lago-Leston, & 

Mota, 2009; Wernberg et al., 2010). Given the probable scenario of multiple disturbances, 

our work illustrates that either directly or indirectly, increasing temperature will render 

macroalgal populations more vulnerable to further stressors.  

Increasing the vulnerability of habitat-forming species in warmer waters can drive major 

shifts in ecological systems. For example, extreme heat waves have been reported to cause 

extensive loss of Macrocystis pyrifera in California, resulting in a reduction of the canopy 

cover up to 40 ha with the subsequent depletion of the associated community (Dayton & 

Tegner, 1984). However, following disturbance, the community experienced a rapid 

recovery, primarily, due to the long-range dispersal of propagules and adult fragments of M. 

pyrifera mediated by upstream currents (Dayton & Tegner, 1984). Our work illustrates that if 

temperature continue to rise at the current rate, the impact on early stage development 

may compromise the ability of macroalgal forests to deal with further disturbances, such as 

major storms. Indeed, a recent study showed that an extreme heat wave on the west coast 

of Australia catapulted the collapse of a kelp forest (Wernberg et al., 2016). The inhibition of 

recruitment, driven by several stressors such as competition with corals and herbivory by 

tropical fishes, prevented the recovery of kelp beds, which resulted in a completely changed 

community at the northern latitudes (Wernberg et al., 2016). This illustrates that the 

impacts of temperature on key demographic processes may have consequences for 

macroalgae populations functioning, with effects scaling up to the communities that they 

support. 

Numerous reports agree on the projected losses of macroalgae in temperate seas worldwide 

(Airoldi & Beck, 2007; Assis et al., 2017; Krumhansl et al., 2016; Thibaut et al., 2005). 

Forecasting the consequences of increasing temperatures is challenging, as global change 

can have knock-on effects that may add additional layers of complication to such predictions 

(Vergés et al., 2014; Wernberg et al., 2016). Here we show that high temperatures have the 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

potential to impact the demographic structure of deep-water macroalgal populations; this, 

coupled with the predicted increase in the frequency of disturbances, may drive local 

extinctions (Airoldi & Beck, 2007; Thibaut et al., 2005) or even cause distributional range 

contractions (Assis et al., 2017; Smale & Wernberg, 2013). Anticipating the direction of 

change is crucial for the preservation of these habitat-forming organisms, but doing so often 

requires integrative approaches that can only be achieved by combining field data with 

laboratory manipulations, to identify key processes driving their population decline. Given 

our predictions, and those of others, about the increasing vulnerability of macroalgae 

(Mineur et al., 2014; Wernberg et al., 2010; Wernberg et al., 2016), reinforcing their 

protection against additional human disturbances might make the difference between local 

extinctions and demographic viability. 
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Figure captions 

Figure 1. Life cycle of Cystoseira zosteroides. Illustration of the possible fates of each of C. 

zosteroides life stages with special attention to the early phases. Once mature individuals 

reproduce (φi*δ), zygotes settle into the ground with a given probability (ε). Then these 

zygotes become germlings which must survive (σs), to become recruits. These two processes 

are colored in red because the effect of temperature has been quantified for both. Physical 

disturbances (here storms and ghost fishing nets) affect the survival of adult phases. Adult 

individual draw modified from Ballesteros (1990), lightning from de Integration and 

Application Network, University of Maryland Center for Environmental Science 

(ian.umces.edu/symbols/).  

Figure 2. Thermal regimes at the three locations where Cystoseira zosteroides populations 

were monitored at the depth range and years that were studied.  Monthly mean 

temperature cycle (±SD) at 20 and 35 m depth for Cap de Creus Natural Park and Montgrí, 

Medes Islands, & Baix Ter Natural Park, and at 25 and 35 m depth in Columbretes Islands 

Marine Reserve (see map at Fig. S1). Vertical dotted lines indicate the reproductive period of 

Cystoseira zosteroides. Horizontal lines indicate the treatments used in our experiment. 

Boxplots of mean hourly temperature records (of all studied years) considering the April to 

July Cystoseira zosteroides reproductive period (b) and boxplots considering only the 

maximum annual temperature records (c). Cap 20 m and Cap 35 m: Cap de Creus Natural 

Park data at 20 and 35 m respectively. Mon 20 m and Mon 35 m: Montgrí, Medes Islands, & 

Baix Ter Natural Park data at 20 and 35 m respectively. Col 25 m and Col 35 m: Columbretes 

Islands Marine Reserve at 25 and 35 m. 

Figure 3. Effects of temperature on settlement (a) and germling survivorship (b). (a) Density 

of recruits (individuals/cm2) after one week of culturing fertile branches in the aquaria at the 

treatments of 16ºC, 20ºC, and 24ºC. Different letters indicate statistically significant 

different groups between treatments according to the Tukey test. Boxes represent the 

interquartile range, the horizontal line represents the median, vertical line represents the 

upper and lower extreme values, and dots are the outlier values. (b) Proportion of surviving 
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germlings at the different culturing temperatures during the 6 weeks of the experiment. 

Dots represent the mean survival, and error bars its standard error.  

Figure 4. Violin plots representing the probability density data of the years needed to reach 

the threshold of 0.8 large individuals/m2 for 1000 projected populations after an 80% 

increase of mortality at the different temperature scenarios. The horizontal line is the 50th 

quantile, the point represents the mean and the vertical line shows the standard deviation. 

Figure 5. Stochastic population rate of increase (λs; a, c) and quasi-extinction probability at 

100 years (b, d) of 1000 simulated populations projected over 100 years at different yearly 

temperature scenarios and increasing physical disturbances, such as storm mortality 

recurrence (a, b) and fishing mortality recurrence (c,d). Boxes represent the interquartile 

range, the horizontal line represents the median, vertical line represents the upper and 

lower extreme values, and black dots represent outliers, defined as points out of the 95% of 

the interquartile range. The quasi-extinction probability was estimated over 1000 simulated 

populations. The extinction threshold was assumed to be 1% of the initial population.  
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