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Abstract 

Herbivore outbreaks often trigger catastrophic overgrazing events in marine macrophyte 

ecosystems.  The sea urchin Paracentrotus lividus, the dominant herbivore of shallow 

Mediterranean seascapes, is capable of precipitating shifts to barrens when its populations explode. 

P. lividus is found ubiquitously in rocky macroalgal communities and in sandy seagrass meadows 

of Posidonia oceanica, two of the most important subtidal habitats in the Mediterranean. We 

explored if habitat-specific regulation across the principal stages of the urchin life cycle could help 

explain the persistence of these populations in connected mosaics. We measured each of three 

relevant ecological process (i.e. settlement, post-settlement survival and predation) across a wide 

stretch of the Mediterranean coast (ca. 600km). Our results show that habitat-specific regulation is 

critical in determining urchin populations: each habitat limited urchin sub-populations at different 

life stages. Settlement was never limiting; urchins settled at similar rates in both habitats across the 

coast. Post-settlement survival was a clear bottleneck, particularly in seagrass meadows where no 

juvenile urchins were recorded. Despite this bottleneck in seagrasses, adult urchin populations were 

very similar in both seagrass and macroalgal habitats indicating that other processes (potentially 

migration) could be key in determining adult distributions across the mosaic. The fact that 

population regulation is clearly habitat-specific suggests that sea urchin populations may be 

significantly buffered from bottlenecks in mixed seascapes where both habitats co-occur. Sea 

urchin populations can therefore persist across the seascape despite strong habitat-specific 

regulation either by maintaining reproductive output in one habitat or by migrating between 

them.  By affording these regulatory escapes to habitat-modifying species, patchy mosaics may be 

much more prone to herbivore outbreaks and a host of cascading effects that come in their wake. 
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Introduction 

In systems prone to alternate states, understanding how populations of a few key species are 

regulated is essential to predicting how close these ecosystems are to catastrophic shifts (Terborgh 

et al. 2001, Jackson 2001, Denno et al. 2003, Baskett and Salomon 2010, Ripple et al. 2014). 

Nearshore macrophyte ecosystems are particularly prone to overgrazing, shifting to heavily 

overgrazed barrens when herbivore populations expand without control (Wolf et al. 2007, Ling et 

al. 2015). When ecological roles are disproportionately distributed across the species assemblage, 

the health of the ecosystem is linked intimately with the population ecology of a few key species. 

Herbivore abundance is often strongly mediated by habitat-associated processes as individuals 

recruit, grow, move, feed and reproduce within the habitats they colonize and inhabit. How habitats 

determine the life-history processes of key species can therefore have major population 

consequences that can, in turn, significantly influence ecosystem function.  

There is growing evidence that herbivore outbreaks are triggering a major expansion of 

overgrazed areas across the world’s oceans, particularly in northern temperate seas (Filbee-Dexter 

and Scheibling 2014, Conversi et al. 2015, Ling et al. 2015). However, our ability to accurately 

predict impending outbreaks depends on a clear understanding of the factors influencing the arrival 

(recruitment and immigration), growth and loss (mortality and emigration) of individuals in a 

population (Ripple and Larsen 2000, Ballard et al. 2001, Ling et al. 2009, Petraitis and Dudgeon 

2015), and how these drivers vary between habitats. At every life history stage, a range of habitat-

contingent factors can regulate the fate of individuals in a population. While several studies have 

sought to determine the regulatory processes of key herbivore populations, they are often limited 

to a single habitat, focussing on a single major process such as larval supply (Cardona et al. 2013, 

Petraitis and Dudgeon 2015),  predation (Sala and Zabala 1996, Estes et al. 2011, Ripple et al. 

2014), or migration (Kayal et al. 2012, but see Ling et al. 2009). 

Marine herbivores often use several habitats in the course of their complex life cycles, often 

involving an open pelagic state. Differences in settlement are likely highly dependent on inherent 

local or regional characteristics like nutrient availability, currents or seawater temperature 

(Cardona et al. 2013, García et al. 2015). Post recruitment, populations can have habitat-specific 
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constraints linked to the structure and species diversity of each particular habitat. Habitat choices 

can therefore strongly affect future life-history stages since each habitat may differ considerably 

in its availability of food and refugia, and in the nature and strength of species interactions (e.g. 

competition) to which individuals are exposed to.  

Benthic herbivore outbreak events in Mediterranean macrophyte ecosystems have been linked 

to both unexpected increases in settlement rates (Cardona et al. 2013), and predator release (Sala 

1997, Pinnegar et al. 2000). Immediately after settlement, sea urchin populations have to 

overcome a major bottleneck of mass mortality (López et al. 1998, Scheibling and Robinson 

2008). Individuals that survive to older size classes are subject to size-specific fish and 

invertebrate predators, which can be important controllers of urchin populations (Sala 1997, 

Bonaviri et al. 2012). Additionally, there is some evidence that urchin movement and potential 

migration between macroalgal and seagrass habitats could drive population fluctuations within 

habitats (Ceccherelli et al. 2009, Prado et al. 2012). 

Shallow seascapes in the Mediterranean are typically complex seascapes where different 

habitats coexist, potentially affecting the survival of key herbivore species at different life-stages. 

The mosaic includes rocky macroalgal communities and Posidonia oceanica seagrass meadows 

interspersed on sandy bottoms. Outbreaks of the sea urchin Paracentrotus lividus have caused 

overgrazing events in both habitats (Pinnegar et al. 2000, Ruiz et al. 2009). Macroalgal 

communities are particularly susceptible to urchin herbivory that can trigger sudden, and often 

unpredictable, community shifts to persistent barrens (Pinnegar et al. 2000, Ling et al. 2015, Boada 

et al. 2017). Although there have also been cases of urchin overgrazing in P. oceanica meadows, 

these habitats appear considerably less prone to such events (Prado et al. 2007, but see Ruiz et al. 

2009). Despite urchins playing a critical role across this seascape, the role that the habitat-specific 

processes play regulating their populations is still poorly understood. We sought to identify the 

principal habitat-specific processes of population control in the life history of the key herbivore P. 

lividus in a connected seascape mosaic of rocky macroalgal habitats and P. oceanica seagrass 

meadows. We explore the influence of settlement, post-settlement survival and adult predation on 
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P. lividus populations in both habitats to determine the habitat-specific strengths of these processes 

and its consequences for the shallow Mediterranean seascape.  

 

Materials and Methods 

Study locations and sampling design. To assess the effect of settlement, post-settlement 

survival, and predation on Paracentrotus lividus abundance in macroalgal and seagrass Posidonia 

oceanica habitats we quantified each of these processes along a wide stretch of the Western 

Mediterranean coast (8 locations, ca. 600km) where both habitats co-occurred (Fig. 1). Within each 

location, we selected three areas where both habitats were present and all measurements were made 

in these connected mosaics. At all selected locations, the two habitats were generally well 

connected, creating complex seascapes of small to medium sized patches of seagrass and 

photophilic macroalgae that either abutted each other or were in very close proximity (1m to 5m 

distance from each other). Of the eight locations, one was inside a marine protected area (Medes 

Islands marine reserve) selected specifically for its high abundance of predatory fish and potentially 

high predation rates (Sala and Zabala 1996). In earlier study at the same locations we measured the 

abundance of fish and benthic predators, and established their impact on sea urchin predation 

(Boada et al 2015a). At each location, we measured settlement, post-settlement survival and 

predation rates on P. lividus at each habitat at a fixed depth of 5 to 8 meters, where its populations 

are normally at their highest (Boudouresque 2001). We measured post-settlement survival and 

predation impact at two different times; summer (i.e. August and September) and winter (i.e. 

January and February) to include any potential seasonal variation. 

Settlement rates. We used artificial collectors (i.e. 18x10 cm wooden brushes) to estimate P. 

lividus settlement rates. This method has been successfully used to determine settlement rates in 

seagrasses and macroalgal substrates with the assumption that it reflects the natural settlement rates 

that occur in those habitats (Hereu et al. 2004, Prado et al. 2012). We placed one collector in each 

area and habitat within each location at two times in the peak settlement period (May-June, see 

Tomas et al. 2004). The collectors were weighed down to the bottom and floated ~20 cm in the 

water column, fixed to a buoy at one end to maintain the collector in a vertical position. After 15 
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days we recovered the collectors from the water (T1) and replaced them with new ones at the same 

location. After an additional 15 days (T2) we recovered the new collectors (1 collector x 2 times x 

3 areas x 2 habitats x 8 locations = 96 collectors). We used this procedure to maximize the 

probability of capturing the peak settlement period, which is related to seasonal increases in 

seawater temperature (Tomas et al. 2004). Once in the laboratory, we washed the collectors under 

flowing water and filtered the water through a 250 μm mesh net. We fixed the filtered samples in 

70% ethanol and counted urchin settlers in each sample with a binocular microscope. This method 

provides a robust estimate of pre-settlement larval availability in the water column (Prado et al. 

2012).  

Post-settlement survival. We estimated the abundance of juvenile sea urchins (less than 3 cm 

test diameter, TD) at each of the eight locations (see above) to estimate post-settlement survival. 

Within each habitat and location, we selected three areas to measure the abundance of P. lividus 

individuals. Sea urchins were counted within each area in two different time periods to account for 

possible seasonal differences (summer and winter) using five 50x50 cm quadrats, placed 

haphazardly in each area (5 quadrats x 2 times x 3 areas x 2 habitats x 8 locations = 480 quadrats).  

Sea urchin densities (individuals·m-2) were then calculated from abundances in quadrats.  

Predation impact. We used a tethering technique to measure predation impact on the adult 

sea urchin P. lividus (>3cm, i.e. ~4cm TD). This technique is the most extensively used method to 

assess predation in marine ecosystems of temperate and tropical seas and we have discussed its 

principal methodological benefits and constraints elsewhere (see Boada et al. 2015b). We threaded 

urchins with a thin nylon line by piercing the test with a fine hypodermic needle. We then knotted 

the line to create a harness for the urchin; harnesses were attached to a brick or a metal stake to 

tether urchins in rocky or in the sandy seagrass habitats respectively. Lines were long enough (50 

cm) to allow sea urchins to find a shelter. We distributed twenty tethered sea urchins randomly in 

each habitat in groups of 5 at each location. This allowed us to measure predation impact after 15 

days from the start of the experiment, based on the percentage of urchins preyed on in each group. 

This experiment was repeated in summer and winter to account for potential seasonal variations in 

predation impact (20 urchins x 2 habitats x 2 seasons x 8 locations = 640 urchins). We also 
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estimated the identity of the predators indirectly, using the distinctive marks they leave on the sea 

urchin test, and directly, using GoPro cameras at some of the locations. The results indicate that 

the main predators were visual fish predators, mostly Diplodus sargus (results published elsewhere 

Boada et al. 2015a, see Supplementary 1). In addition, to determine that predation impact was 

related to the fish population, we conducted visual estimates of refuges present in each of the 

locations and areas. Specifically, we accounted for the potential refuges available for each tethered 

urchin. Results show a clear relationship between predator numbers, number of refuges and 

predation impact (results published elsewhere Boada et al. 2015a and see analyses presented in the 

Supplementary 1). 

Adult population densities. Along with juvenile urchins, we measured adult sea urchin 

abundances within the quadrats described above. Studies concerning the ecology of P. lividus 

generally divide the adult proportion into two size classes: young adults between 3-5 cm and 

adults >5 cm. For the sake of the investigation we combined them into one overall adult population. 

These measurements were conducted at the same areas within the eight locations at two times 

(summer and winter) to account for the adult population densities across the year. Sea urchin 

numbers were counted in five randomly placed 50x50 cm quadrats cm in each of the selected areas 

(5 quadrats x 2 times x 3 areas x 2 habitats x 8 locations = 480 quadrats) to estimate adult sea urchin 

densities (individuals·m-2). 

Statistical analyses:  

Processes regulating populations at the two habitats. We explored how life cycle related 

processes varied between habitats. We did this using a series of generalized linear mixed models 

(GLMMs). For settlement, we used a GLMM with ‘Habitat’ as a fixed factor (2 levels, macroalgal 

habitats and seagrass meadows), ‘Location’ (8 levels) and ‘Time’ (2 levels) as random factors. We 

also included the factor ‘Area’ nested within location (3 levels) in the analyses for predation impact. 

We used the same analyses to test for differences in the adult sub-population with ‘Habitat’ as a 

fixed factor (2 levels, macroalgal habitats and seagrass meadows), ‘Location’ as a random factor 

(8 levels), ‘Area’ (3 levels) as a random factor nested within location and ‘Time’ as a random factor 

(2 levels). We could not use any GLMM to test for differences in post-settlement survival since no 
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juveniles were found within seagrass meadows. We used a Poisson distribution for all statistical 

analysis since we were dealing with count data (Zuur 2009).  

Processes regulating adult subpopulations within each habitat. We also used generalized 

linear mixed models (GLMMs) to study the relative contribution of each habitat-specific process 

(see below) to the adult classes for each habitat separately, with the response variable being the 

adult sea urchin densities. We tested settlement rates, post-settlement survival (only in macroalgal 

communities since we found no recruits in seagrass meadows) and predation impact as explanatory 

variables in both cases. To compare all the variables within the same model we pooled the replicates 

within the areas and the time (number of replicates: 8 location x 3 areas). This was necessary since 

the number of replicates or the timing was different for each of the variables measured. A negative 

binomial distribution was chosen as the best method to deal with overdispersion (Zuur et al. 2009). 

We performed a multimodel averaging method using ‘MuMIn’ package in R to infer the relative 

importance (sum of Akaike weights over all possible models) of the studied processes (Whittingam 

et al. 2006, Grueber et al 2011). All statistical analyses were performed using ‘lme4’ package (Bates 

et al. 2014) in the open source software R (R Development Core Team 2013). 

 

Data accessibility. Data used in this work have been uploaded to the Dryad repository.  

 

Results 

Comparing sea urchin settlement between habitats. Settlement varied greatly between 

studied locations with average values ranging from less than 5 settlers brush-1 in some locations to 

a maximum of 232 settlers brush-1 in other locations (per sampling interval). Settlement in P. 

oceanica seagrass meadows (mean value 22 settlers brush-1 + 3.2 SE) and macroalgal habitats 

(mean value 31 settlers brush-1 + 3.6 SE) was very similar (though statistically different), showing 

consistent differences across all locations (Fig. 2a; Table 1). 

Comparing sea urchin post-settlement survival between habitats. Post-settlement survival 

(densities of individuals < 3 cm TD) differed substantially between habitats (Fig. 2b, Table 1). In 

fact, we found no juveniles in any of the 8 seagrass meadows we sampled across the coast. In 
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contrast, we recorded an average of 2 + 0.4 SE sea urchin juveniles per m2 in macroalgal habitats. 

Nevertheless, we found strong differences in juveniles between locations within macroalgal habitat, 

ranging from 1 to more than 12 juveniles per m2 (Fig. 2b).  

Comparing predation impact between habitats. Predation on adult urchins differed 

substantially between locations and habitats, and was highly habitat specific (Fig. 2 c). While 

predation in P. oceanica meadows ranged from around 5% to 60% of individuals consumed after 

15 days, predation in macroalgal communities was considerably higher – ranging from 35% to 90% 

of individuals consumed. The highest predation values in both ecosystems were observed in Medes 

Islands marine reserve (Fig. 2c). Mean predation impact was on average substantially lower in P. 

oceanica meadows, with values close to 22.5% (± 5 SE) than in macroalgal habitats 55.5% (± 3 

SE) (Fig. 2c, Table 1).  

Comparing adult populations between habitats. Adult populations also differed significantly 

between locations; while we recorded no adult urchins inside the marine reserve (i.e. Medes Islands) 

at other locations we found densities of up to 8 urchins per m-2 (across both habitats). However, 

across all locations, the average number of adult urchins was 4.2 individuals per m-2 (+ 0.6 SE) in 

P. oceanica meadows, and 3.9 ind.m-2 (+ 0.4 SE) in macroalgal habitats with no significant 

differences between habitats (Fig. 2d, Table 1).  

Sub-population regulation within each habitat. Predation was the most important process 

determining adult sub-populations in seagrass and macroalgal systems (Table 2, Fig. 3). Despite 

this, the number of urchins surviving after settlement was a key determinant of adult populations 

in macroalgal systems (relative importance of 0.37 in macroalgal systems, Table 2). In seagrass 

meadows, settlement was of relatively minor importance in determining urchin numbers even 

though seagrasses had high associated post-settlement mortality (Table 2, Fig. 3).  
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Discussion 

Summary of the results. Habitat-specific processes contribute to determining sea urchin population 

dynamics, with predation essential in driving regulation processes in both seagrasses and 

macroalgae. Critically, urchin sub-populations were limited at different life stages in each habitat. 

Post-settlement survival was a clear bottleneck, particularly in seagrasses, where we found no 

juveniles in any of the locations; in macroalgal habitats, in contrast, juveniles were present but at 

low densities. This is particularly relevant given that that settlement was very similar between 

habitats. Despite such high early life-history mortality, adult urchins were abundant in both habitats, 

posing a conundrum, particularly stark in seagrass meadows, of how these populations continued 

to be maintained. It is possible that, in connected matrices, populations could potentially find 

demographic refuge in adjacent habitats where predation pressure is less prevalent. These habitat-

specific life-history bottlenecks could thus allow populations that use connected landscapes to 

thrive despite strong predation pressure in each habitat.  

Settlement between and within habitats. Although many marine populations are strongly 

recruitment limited, our results show that settlement did not strongly predict adult urchin numbers. 

Urchin larvae have proved to be related to the number of recruits in both habitats by previous 

studies (Prado et al 2012). Here, larvae were most likely derived from the same regional pool, 

subject to larger oceanographic processes; settlement rates were similar in both habitats and the 

marginally higher settlement in macroalgal habitats did not amount to a clear demographic control 

between habitats. When settlement rates do become limiting, peaks of settlement can have a 

significant role determining urchin demography, with major flow-on consequences for macroalgal 

communities (Cardona et al. 2013). However, our results indicate that settlement was a weak 

predictor of adult urchin abundances in macroalgae and only partially predicted adult abundances 

in seagrass meadows. This, despite the fact that settlement rates in seagrass meadows were 

relatively high in most locations, suggesting that recruitment limitation was not a factor. This adds 

to the growing consensus that the nearshore benthic systems of the Western Mediterranean may 

not be significantly recruitment limited (see Prado et al. 2012).   
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Post-settlement mortality between and within habitats. Habitat-specific post-settlement 

processes are clearly critical in regulating urchins in seagrass and macroalgal systems. Our study 

documents a distinctly different life-history bottleneck for the urchin, contingent on the habitat in 

which it is found: post-settlement survival in seagrass meadows was disproportionately low 

compared with macroalgal habitats. While we could not identify the specific processes driving this 

trend, several other studies suggest that early-in-life predation or sediment burial can be particularly 

strong mortality processes for urchin settlers (Prado et al. 2009, Hunt and Scheibling 1997, Bonaviri 

et al. 2012). Although we recorded no settlers in seagrass meadows, it is likely that very low levels 

of successful recruitment (below our detection abilities) may still have occurred. In an earlier study 

using the same methods, Prado et al. (2009) found that in seagrass meadows with unburied seagrass 

matte (a mixture of live and dead rhizome and roots) which possibly serve as refuge, a few juvenile 

urchins do manage to survive. This indicates that although sea urchin larvae choose seagrass 

habitats to settle, their main bottleneck may be the presence of suitable, stable, substrate when 

rhizomes are completely buried (Prado et al. 2009). These sparse survivors may be especially 

important to the population, particularly in completely isolated seagrass patches where migration 

between habitats is practically absent. In our study, however, we found no juveniles in any sampled 

meadow and we could not include post-settlement survival as a factor in the predictive model of 

adult sea urchin sub-populations in seagrass habitats. In contrast, post-settlement survival was a 

critical factor explaining adult populations in macroalgal habitats. As shown in previous studies on 

P. lividus (López et al. 1998, Tomas et al. 2004, Prado et al. 2012) and other benthic species (Hunt 

and Scheibling 1997), post-settlement mortality can represent an important filter of adult 

communities at this stage. 

Predation between and within habitats. Predation on adult urchins differed substantially 

between habitats, representing an additional habitat-specific regulatory process. Many fish 

predators concentrate in macroalgal habitats and potentially contribute to the bulk of urchin 

predation (Boada et al. 2015a). In contrast, benthic predators (i.e. starfish and whelks) in seagrass 

meadows likely contribute to overall predation in seagrasses (Boada et al. 2015a, Farina et al. 2014). 

In addition, the presence of refuges also clearly differs between habitats. Seagrass meadows with 
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large canopies protect sea urchins from predation much more than low macroalgal canopies or turf 

algae (Farina et al 2009, Farina et al 2014), although in this habitat the presence of refugia reduces 

predation impact since sea urchins tend to stay in small crevices (Boada et al. 2016). While it is not 

particularly surprising that predation is so important in regulating urchin populations, it is of 

particular relevance for macroalgal communities, given their susceptibility to shift to overgrazed, 

unproductive barrens (Pinnegar et al. 2000). Interestingly, results show that sea urchins in seagrass 

meadows are also heavily affected by predation, although predation impact is much lower. Our 

study shows that this pattern is consistent at wide regional scales (hundreds of kilometers), and that 

predation remains the major factor determining population numbers of the key herbivore P. lividus 

across the Western Mediterranean.  

Adult populations in seagrass and macroalgal habitats. Beyond the importance of predation 

or settlement in explaining adult populations in seagrass meadows, there still remains the 

unresolved question of how adult urchins are found in seagrass habitats despite the absence of 

juveniles. In our view, this could arise through two mutually non-exclusive pathways (i) differential 

growth of the ones that survive and (ii) migration from macroalgal beds. We have not directly 

measured either of these in our study. However, for the first to be true, it would require that the few 

urchins that continue to survive are likely sufficient to maintain adult populations (something that 

a long-term monitoring of the variability of settlement rates and post-settlement survival could 

probably respond) – and that urchins grow differentially faster in seagrass meadows. At a subset of 

our study locations we examined if habitat-specific growth can explain these patterns 

(supplementary material). Results show that growth is very similar between both habitats and, if 

anything, slightly higher in macroalgal habitats. Thus, while differential growth is likely not a factor, 

lower predation pressures at later life stages may allow for a gradual accumulation of occasional 

survivors to contribute to adult populations in seagrass meadows.  In sediment-deficient seagrass 

meadows with high-unburied rhizome layers, this survival may be particularly important since it is 

known to decrease predation risk (Prado et al. 2009). On its own however, this gradual 

accumulation seems unlikely to account for the relatively high urchin abundance we recorded in 

seagrass habitats. Perhaps the most parsimonious alternative (pathway ii) is that occasional 
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migration (of adults and juveniles) from adjacent macroalgae supplements urchin sub-populations 

in seagrass meadows. Unpublished observations from an earlier study lend support to this 

explanation. Comparing connected macroalgal and seagrass habitats across several locations, we 

observed that juvenile sea urchins were only present close to macroalgal habitat (few meters apart), 

and were almost absent from the rest of the meadow (see supplementary material). The need to find 

refuge from intense predation may increase the probability that urchins move to more complex 

adjacent habitats within a landscape where predation is less prevalent (Farina et al. 2009, Pagès et 

al. 2013). Given the strong difference in predation pressures between habitats, it is likely that 

urchins seek a potential escape from predation by migrating to seagrass habitats (Farina et al. 2009). 

This ability to move between habitats could be an important strategy to avoid habitat-specific 

survival risks as urchins seek food or refuge in more complex nearby habitats (Farina et al. 2009, 

Farina et al. 2017).This refuge-seeking behaviour is relatively common in terrestrial systems, where 

the ability of species to migrate between habitats can be critical in meditating population numbers 

(Sinclair and Arcese 1995, Lima 1998).  In addition to protection, it is possible that mobile 

organisms may selectively switch between habitats to maximize foraging intake (Fretwell and 

Lucas 1969). This means that predation pressure could influence the numbers of sea urchins in 

seagrass meadows both directly by predation as well as indirectly by controlling the number of 

available migrants in the adjacent macroalgal subpopulation (see supplementary material).  

Concluding remarks. Our findings highlight the importance of evaluating potential habitat-

specificity in the ecological processes that regulate the demographic fate of populations in 

connected seascapes. Recognizing that key populations may differ considerably in their regulatory 

processes between habitats and at different life stages is essential for predicting the occurrence of 

outbreaks and their indirect cascading effects. As we have shown, population regulation could be 

strongly mediated by habitat, and species may retreat to neighbouring environments within the 

matrix to search for potential refuges at critical stages in their life. Populations may thus persist 

across the seascape despite strong habitat-specific bottlenecks within the matrix. This buffering 

capacity of connected landscapes could have critical consequences for the functional (and 

dysfunctional) roles key herbivores often play, particularly in macrophyte systems. Movements 
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across habitat mosaics are generally ignored when studying populations of species with limited 

mobility (mainly because of the complexity of methods), but they could play key roles in 

understanding population trends. Preventing key herbivore numbers from reaching outbreak 

proportions, potentially triggering ecosystem collapse, requires a more holistic approach to 

accounting for entire seascapes rather than individual habitats.  

 

Authors’ contributions 

All authors conceived the idea and contributed to the experimental design. JB, SF, PP and TA collected 

the data in the field. JB performed the statistical analyses with contributions from the rest of the authors. 

JB, SF, RA, TA, PP and JR designed figures and wrote the manuscript. 

 

Acknowledgments 

Authors are very grateful to J. Pagès and G. Roca for interesting discussions about this work and 

A. Martínez-Ricart and L. Sastre for assistance in the field. Authors would like to thank I. Martínez 

for her contributions as well. The manuscript benefited from meticulous reviews by three 

anonymous reviewers. This research was funded by the Spanish Ministry of Science and Innovation 

(projects CTM2010-22273-C02-01-02 and CTM2013-48027-C03-R) and supported J. B. 

(scholarship BES-2011-043630). The Spanish National Research Council supported R. A.'s 

visitorship; Memorandum of understanding between CEAB (CSIC) – IMEDEA (CSIC) – NCF. 

References 

Abramsky, Z. et al. 1996. The effect of barn owls (Tyto alba) on the activity and microhabitat 

selection of Gerbillus allenbyi and G. pyramidum. - Oecologia 105: 313–319. 

Ballard, W. B. et al. 2001. Deer-Predator Relationships: A Review of Recent North American 

Studies with Emphasis on Mule and Black-Tailed Deer. - Wildlife Society Bulletin (1973-2006) 

29: 99–115. 

Baskett, M. L. and Salomon, A. K. 2010. Recruitment facilitation can drive alternative states on 

temperate reefs. - Ecology 91: 1763–1773. 

Bates, D. et al. 2014. Linear mixed-effects models using Eigen and S4. in press. 

Boada, J et al. 2015a. Hotspots of predation persist outside marine reserves in the historically 



 15 

fished Mediterranean Sea. Biol. Cons. 191, 67 – 74. (doi:10.1016/j.biocon.2015.06.017)  

Boada, J. et al. 2015b. Evaluating potential artifacts of tethering techniques to estimate predation 

on sea urchins. - J Exp Mar Biol Ecol 471: 17–22. 

Bonaviri, C. et al. 2012. Micropredation on sea urchins as a potential stabilizing process for rocky 

reefs. - Journal of Sea Research 73: 18–23. 

Boudouresque, C.-F., Verlaque, M., 2001. Ecology of Paracentrotus lividus. Elsevier.  

Cardona, L. et al. 2013. Pulses of phytoplanktonic productivity may enhance sea urchin 

abundance and induce state shifts in Mediterranean rocky reefs. - Estuar Coast Shelf S 133: 88–

96. 

Ceccherelli, G. et al. 2009. On the Movement of the Sea Urchin Paracentrotus lividusTowards 

Posidonia oceanicaSeagrass Patches. - Journal of Shellfish Research 28: 397–403. 

Conversi, A. et al. 2015. A holistic view of marine regime shifts. - Philos T Roy Soc B 370: 

20130279–20130279. 

Cowen, R. K. and Sponaugle, S. 2009. Larval Dispersal and Marine Population Connectivity. - 

Annu. Rev. Mar. Sci. 1: 443–466. 

Denno, R. F. et al. 2003. Predation risk affects relative strength of top-down and bottom-up 

impacts on insect herbivores. - Ecology 84: 1032–1044. 

Doropoulos, C. et al. 2015. Characterising the ecological trade-offs throughout the early ontogeny 

of coral recruitment. - Ecological Monographs: 15–0668.1. 

Estes, J. A. et al. 2011. Trophic Downgrading of Planet Earth. - Science 333: 301–306. 

Farina, S. et al. 2017. Generation and maintenance of predation hotspots of a functionally 

important herbivore in a patchy habitat mosaic. - Funct. Ecol. 66: 1224-10. 

Farina, S. et al. 2014. Differences in predator composition alter the direction of structure-

mediated predation risk in macrophyte communities. - Oikos. 123: 1311-1322. 

Farina, S. et al. 2009. Seagrass meadow structure alters interactions between the sea urchin 

Paracentrotus lividus and its predators. - Mar. Ecol. Prog. Ser. 377: 131–137. 

Filbee-Dexter, K. and Scheibling, R. E. 2014. Sea urchin barrens as alternative stable states of 

collapsed kelp ecosystems. - Mar. Ecol. Prog. Ser. in press. 

Fretwell, S. and Lucas, H., Jr 1969. On territorial behavior and other factors influencing habitat 

distribution in birds. - Acta Biotheor 19: 16–36. 

García, E. et al. 2015. Ocean warming ameliorates the negative effects of ocean acidification on 

Paracentrotus lividus larval development and settlement. - Marine Environmental Research 110: 

61–68. 

Gera, A. et al. 2014. The effect of a centenary storm on the long-lived seagrass Posidonia 

oceanica. - Limnol. Oceangr. 59: 1910–1918. 

Grueber, C.E. et al. 2011. Multimodel inference in ecology and evolution: Challenges and 

solutions. J. Evol. Biol., 24, 699–711.  



 16 

Heithaus, M. R. and Dill, L. M. 2002. Food availability and tiger shark predation risk influence 

bottlenose dolphin habitat use. - Ecology 83: 480–491. 

Hereu, B. et al. 2004. Temporal and spatial variability in settlement of the sea urchin 

Paracentrotus lividus in the NW Mediterranean. - Mar Biol 144: 1011–1018. 

Hereu, B. et al. 2005. The effects of predator abundance and habitat structural complexity on 

survival of juvenile sea urchins. - Mar Biol 146: 293–299. 

Hunt, H. L. and Scheibling, R. E. 1997. Role of early post-settlement mortality in recruitment of 

benthic marine invertebrates. - Mar. Ecol. Prog. Ser. 155: 269–301. 

Jackson, J. B. C. 2001. Historical Overfishing and the Recent Collapse of Coastal Ecosystems. - 

Science 293: 629–637. 

Kayal, M. et al. 2012. Predator Crown-of-Thorns Starfish (Acanthaster planci) Outbreak, Mass 

Mortality of Corals, and Cascading Effects on Reef Fish and Benthic Communities (C Fulton, 

Ed.). - PLoS ONE 7: e47363–9. 

Lima, S. L. 1998. Nonlethal Effects in the Ecology of Predator-Prey Interactions. - BioScience 

48: 25–34. 

Ling, S. D. et al. 2009. Overfishing reduces resilience of kelp beds to climate-driven catastrophic 

phase shift. - Proceedings of the National Academy of Sciences 106: 22341–22345. 

Ling, S. D. et al. 2015. Global regime shift dynamics of catastrophic sea urchin overgrazing. - 

Philos T Roy Soc B in press. 

López, S. et al. 1998. Larval abundance, recruitment and early mortality in Paracentrotus lividus 

(Echinoidea). Interannual variability and plankton-benthos coupling. - Mar. Ecol. Prog. Ser. 172: 

239–251. 

Marzloff, M. P. et al. 2015. Building Resilience Against Climate-Driven Shifts in a Temperate 

Reef System: Staying Away from Context-Dependent Ecological Thresholds. - Ecosystems: 1–

18. 

Petraitis, P. S. and Dudgeon, S. R. 2015. Variation in recruitment and the establishment of 

alternative community states. - Ecology: 150612043518003. 

Pinna, S. et al. 2012. Habitat preferences of the sea urchin Paracentrotus lividus. - Mar. Ecol. 

Prog. Ser. 445: 173–180. 

Pinnegar, J. K. et al. 2000. Trophic cascades in benthic marine ecosystems: lessons for fisheries 

and protected-area management. - Environ. Conserv. 27: 179–200. 

Planes, S. et al. 2011. Fish herbivory leads to shifts in seagrass Posidonia oceanica investments in 

sexual reproduction. - Mar. Ecol. Prog. Ser. 431: 205–213. 

Pagès, J. 2013. A behavioural seascape ecology approach to macrophyte herbivory. Doctoral 

thesis. Universitat de Barcelona. 194p. 

Prado, P. et al. 2009. Welcome mats? The role of seagrass meadow structure in controlling post-

settlement survival in a keystone sea-urchin species. - Estuar Coast Shelf S 85: 472–478. 

Prado, P. et al. 2012. Habitat and Scale Shape the Demographic Fate of the Keystone Sea Urchin 

Paracentrotus lividus in Mediterranean Macrophyte Communities (SJ Goldstien, Ed.). - PLoS 



 17 

ONE 7: e35170. 

R Development Core Team. 2013. R: A language and environment for statistical computing. R 

Foundation for Statistical computing, Vienna, Austria. http://www.R-project.org/. in press. 

Ripple, W. J. and Larsen, E. J. 2000. Historic aspen recruitment, elk, and wolves in northern 

Yellowstone National Park, USA. - Biol Cons 95: 361–370. 

Ripple, W. J. et al. 2014. Status and Ecological Effects of the World's Largest Carnivores. - 

Science 343: 151–162. 

Ruiz, J. M. et al. 2009. The importance of herbivory in the decline of a seagrass (Posidonia 

oceanica) meadow near a fish farm: An experimental approach. - Botanica Marina 52: 449–458. 

Sala, E. 1997. Fish predators and scavengers of the sea urchin Paracentrotus lividus in protected 

areas of the north-west Mediterranean Sea. - Mar Biol in press. 

Sala, E. and Zabala, M. 1996. Fish predation and the structure of the sea urchin Paracentrotus 

lividus populations in the NW Mediterranean. - Mar. Ecol. Prog. Ser. 140: 71–81. 

Scheibling, R. and Robinson, M. C. 2008. Settlement behaviour and early post-settlement 

predation of the sea urchin Strongylocentrotus droebachiensis. - J. Exp. Mar. Biol. Ecol. 365: 59-

66.  

Sinclair, A. and Arcese, P. 1995. Population consequences of predation-sensitive foraging: the 

Serengeti wildebeest. - Ecology in press. 

Terborgh, J. et al. 2001. Ecological meltdown in predator-free forest fragments. - Science 294: 

1923–1926. 

Tomas, F. et al. 2004. Settlement and recruitment of the sea urchin Paracentrotus lividus in two 

contrasting habitats in the Mediterranean. - Mar. Ecol. Prog. Ser. 282: 173–184. 

Underwood, A. J. 1981. Techniques of Analysis of Variance in Experimental Marine Biology and 

Ecology. 

Whittingham, M.J. et al. 2006. Why do we still use stepwise modelling in ecology and behaviour? 

- J. Anim. Ecology 1182–1189.  

Wolf, E. C. et al. 2007. Hydrologic regime and herbivory stabilize an alternative state in 

Yellowstone National Park. - Ecological Applications 17: 1572–1587. 

Zuur, A. et al. 2009. Mixed effects models and extensions in ecology with R. - Springer. 

 

 

 

 

 

 

 



 18 

Table 1. Generalized Linear Mixed Models results for settlement, predation and density as response 

variables and habitat (fixed) and location (random) as explanatory variables. No analysis was 

performed for post-settlement survival as no urchins were found in seagrass meadows. Significant 

differences are shown in bold.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dependent variable Factor Df Chi Square P-value 

Settlement Habitat 1 23.81 
<0.01 

Post-settlement survival Habitat - - - 

Adult predation Habitat 1 73.73 <0.01 

Adult densities Habitat 1 2.16 0.14 
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Table 2. Relative importance of the studied processes explaining sub-population urchin densities 

within each habitat. Results are from multimodel averaging of GLMMs models using package 

MuMIn in R (see methods). Processes within habitats are sorted according to their relative 

importance (sum of Akaike weight of all four considered models for macroalgae and 2 for 

seagrasses).   

 

Habitat Factor Estimate Unconditional SE Relative 
importance 

Macroalgae Post-settlement survival 0,05 0.09 0.37 

Macroalgae Predation -0,01 <0.01 0.34 

Macroalgae Settlement <-0,01 <0.01 0.19 

Seagrass Predation 0.02 0.01 0.40 

Seagrass Settlement <0.01 <0.01 0.28 
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Figures 

Figure 1. Map of the Mediterranean Sea showing the study locations within the Catalan coast (ca. 

600km). Llançà (A), Portlligat (B), Montgó (C), Illes Medes (D), Giverola (E), Fenals (F), 

Hospitalet de l’Infant (G) and Ametlla de mar (H). 
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Figure 2. Boxplots showing habitat-specific values and scatter plots of data presented as 1 by 1 

confronted replicates between habitats for A) settlement, B) post-settlement survival, C) predation 

on adult sea urchins, and D) adult urchin densities in each habitat. Note that in the boxplot A) 

outliers are out of the margins of the graph and not included for the sake of the results illustration 

(i.e. 117, 234 and 346 ind./collector in the seagrass habitat and 144, 155, 284 and 286 ind./collector 

in the macroalgal habitat). 
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Figure 3. Predicted values (blue line) plus confidence intervals (shaded grey area) for adult sea 

urchin densities in each habitat according to Generalized Linear Mixed Models (GLMM’s) results. 

A) Post-settlement survival in macroalgal habitats, B) predation impact in macroalgal habitats, C) 

predation impact in seagrasses and D) settlement in seagrasses. Predicted values were calculated 

from the models proposed for each habitat. Predicted values were calculated along the range of 

possible explanatory variable values maintaining the rest of the variables in the model as constant. 

Black points represent the original data obtained in the study. Predictions were calculated and done 

by using the package ‘visreg’ in R.  

 

 




