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Abstract

The global decline of canopy-forming macrolgae has stimulated research on the mechanism
regulating shifts among alternative habitats on rocky reefs. The effects of sea urchin grazing and
alterations of environmental conditions are now acknowledged as the main drivers of shifts between
canopy-formers and encrusting coralline barrens and algal turfs, respectively. The conditions under
which these mechanisms operate remains, however, somewhat elusive. This is mostly a consequence of
the fact that our current understanding has been generated by envisioning habitat shifts as dichotomic,
at odds with rocky reef landscapes being composed by mosaics of habitats and with evidence of strong
interactions among the species that compose each of the alternative habitats. Using data from a long-
term sampling program and path analysis, we investigated how wave-exposure and human-induced
degradation of environmental conditions regulate the mechanisms maintaining algal canopies formed
by Cystoseira brachycarpa, barren habitats and algal turfs as alternative states on subtidal reefs in the
NW Mediterranean. In the Tuscan Archipelago, wave-exposure had positive effects on sea urchins,
which, likely due to their low density, had weak effects on each of the alternative habitats. Canopy-
forming macroalgae resulted, instead, to exert strong negative effects on the abundance of algal turfs.
Since data from the Tuscan Archipelago did not explain any of the variation in the abundance of C.
brachycarpa canopies, a further analysis was performed including data from the coast of Tuscany to
assess the role of cumulative human impacts in regulating habitat shifts. This showed that degradation
of environmental conditions directly cause the decline of macroalgal canopies, indirectly favouring the
dominance of algal turfs. Our study suggests that management of human impacts should be considered
a priority for preserving subtidal canopies formed by Cystoseira in the NW Mediterranean and that
conservation efforts based exclusively on the control of sea urchin populations would be deemed to

failure.



25

30

35

40

45

1. Introduction

Subtidal macroalgal forests are among the most diverse and productive coastal marine systems
(Steneck and Johnson 2014). Understanding the causes of the current global decline of canopy-forming
macroalgae, either Laminariales or Fucoids (Vogt and Schramm, 1991; Benedetti-Cecchi et al., 2001;
Lilley and Schiel, 2006; Airoldi and Beck, 2007; Mangialajo et al., 2008; Gorman and Connell 2009;
Strain et al., 2014; Thibaut et al., 2015) has, thus, become a priority for marine ecologists. A
considerable research effort has produced general consensus over some of the mechanisms
underpinning shifts in dominance from macroalgal canopy beds to alternative habitats, such as those
characterized by the dominance of encrusting corallines, generally referred to as barren grounds, or
algal turfs. Sea urchin grazing is now widely acknowledged as the main driver of shifts in dominance
from erect algal forms to barrens (Lawrence, 1975; Fletcher, 1987; Andrew, 1993; Andrew and
Underwood, 1993; Benedetti-Cecchi et al., 1998; Bulleri et al., 1999; Sivertsen, 2006: Hereu et al.,
2008; Hernandez et al., 2008; Norderhaug and Christie, 2009; Feehan et al., 2012; Ling et al., 2008,
2009; Filbee-Dexter and Scheibling, 2014; Perreault et al., 2014). By contrast, alterations in abiotic
conditions, such enhanced sediment deposition and nutrient loading (Gorgula and Connell, 2004;
Airoldi and Beck, 2007; Gorman and Connell, 2009; Tamburello et al., 2012; Alestra and Schiel, 2014;
Balata et al., 2015), have been identified as the main drivers of shifts in dominance from canopy-
formers to algal turfs.

The conditions under which these mechanisms operate remain, however, somewhat elusive. This
is mostly a consequence of the fact that our current understanding has been generated envisioning
habitat shifts as dichotomic. The vast majority of studies has focused on pair-wise habitat interactions
and on single external drivers, either biotic or abiotic, that is shifts between macroalgal canopies and
barrens regulated by herbivore pressure (reviewed by Filbee-Dexter and Scheibling, 2014) or shifts

between macroalgal canopies and algal turfs regulated by alterations in environmental conditions
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(reviewed by Airoldi and Beck, 2007). This is at odds with subtidal lanscapes being often characterized
by multiple habitat mosaics, including canopy-formers, algal turfs and encrusting coralline barrens
(Jones and Andrew, 1990; Bulleri and Benedetti-Cecchi, 2006; Tamburello et al., 2012), and with
compelling evidence of strong interactions among the species that compose each of them (Breitburg,
1984; Kennelly, 1987; Airoldi, 2000; Bulleri et al., 2002; Gorgula and Connell, 2004; Alestra and
Schiel, 2014).

Life-traits, such as timing and prevalent mode of reproduction (e.g., sexual versus vegetative, size
and toughness of thallus) of the macroalgae that compose alternative habitats influence their ability to
retain or acquire space, as well as their susceptibility to herbivory (Santelices, 1990; Airoldi, 1998;
Lauzon-Guay and Scheibling, 2007; Agnetta et al., 2015). For instance, most of the Laminariales or
Fucoids that form canopies reproduce annually and are fertile within a short temporal window
(Brawley and Johnson, 1992; Gianni et al., 2013), whilst species composing algal turfs are generally
fertile throughout the year and can also acquire space via vegetative propagation (Airoldi, 1998, 2000;
Connell et al., 2011). Algal turfs, in virtue of their opportunistic life-traits, may take advantage of
natural fluctuations in grazing pressure, due to either declines in urchin populations or shifts in their
feeding habit from active to passive, more readily than canopy-forming species (Bulleri, 2013).
Recovery of macroalgal canopies following decreases in grazing pressure may be, therefore, prevented
when turf-forming species are present within regional pools. Likewise, the ability of sea urchins to
form and maintain barrens is likely to vary according to the life-trais that are dominant in erect
macroalgal assemblages. Easier handling may allow sea urchin to maintain higher consumption rates of
algal turfs in respect to canopy-formers (Lauzon-Guay and Scheibling, 2007; Bulleri, 2013; Felbee-
Dexter and Scheibling, 2014; Agnetta et al., 2015). On the other hand, more efficient re-colonization of
space by algal turfs may require grazing pressure to be constant to avoid barren swamping when these

algal forms are dominant within the local pool (Bulleri, 2013).
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Further complexity is generated by the fact that competitive and consumptive interactions that
regulate habitat shift dynamics are influenced by environmental factors. For instance, the outcome of
competition between canopy- and turf-forming species depends on water quality, with shifts in
dominance from canopy-formers to algal turfs been documented worldwide (Gorman and Connell,
2009; Benedetti-Cecchi et al., 2001; Mangialajo et al., 2008). Likewise, mechanical disturbance due to
hydrodynamic forces can promote the formation or the persistence of encrusting dominated barrens,
either directly, by dislodging erect macroalgae (Dayton et al., 1992; Byrnes et al., 2011) or reducing
their settlement or early-stage survival (Santelices, 1990). Wave-action can, by the other hand,
constrain sea urchin foraging activity (Himmelman and Steele, 1971; Benedetti-Cecchi et al., 1998;
Lauzon-Guay and Scheibling 2007; Konar, 2000; Feehan et al., 2012; Gianguzza et al., 2013),
promoting the persistence of erect algal stands, at expense of encrusting forms. Trade-off between
negative and positive effects of wave-exposure on erect macroalgae is, therefore, likely to determine
the net effect of wave-action on contrasting habitats on shallow rocky reefs.

This evidence suggests that a comprehensive understanding of the mechanisms that regulate the
spatial and temporal distribution of different habitats on rocky reefs cannot be achieved without
simultaneously taking into account the complex web of interactions among the species that form each
of the alternative habitats and the way they are modified by exogenous biotic and abiotic drivers. Here,
using data from a long-term sampling program and path analysis, we investigated how wave-exposure
and human-induced degradation of environmental conditions regulate the mechanisms maintaining
algal canopies, barren habitats and algal turfs as alternative states on subtidal reefs in the Tuscan
Archipelago and along the main coast of Tuscan (Italy). On shallow rocky reefs of islands in the
Tuscan Archipelago, canopy stands formed by the Fucoid, Cystoseira brachycarpa J. Agardh alternate
with patches of either algal turfs or encrusting coralline barrens (Micheli et al., 2005; Tamburello et al.,

2012). Two species of sea urchins, Paracentrotus lividus and Arbacia lixula, co-exist on these rocky
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reefs (Benedetti-Cecchi et al., 1998; Bulleri et al., 1999; Micheli et al., 2005). Two alternative models
were proposed to assess how wave-exposure can influence directly or indirectly the distribution of
alternative habitats (Fig. 1).

Although there is some evidence indicating that the abundance of both sea urchin species tends to
increase with decreasing wave-exposure (Micheli et al., 2005), some studies have documented large P.
lividus abundances along wave-swept coasts (Benedetti-Cecchi et al., 1998; Bulleri et al., 1999; Jacinto
et al., 2013). Likewise, there is no detailed information on how the abundance of C. brachycarpa varies
with wave-exposure, although it is generally reported to occur at moderately exposed sites (Thibaut et
al., 2015). The direction of the effects of wave-exposure on the distribution of both sea urchins and C.
brachycarpa remains, therefore, unresolved and was not set a priori in our models. In the first model
(M1; Fig. 1), we assumed wave-exposure to directly regulate the distribution of sea urchins (treated as
a guild), but not that of alternative habitats. In addition, sea urchin effects on the distribution of
alternative habitats would take place exclusively via direct negative control of C. brachycarpa, the
stronger macroalgal competitor for space. Hence, wave-exposure and sea urchins could influence
habitats alternative to the canopy only indirectly. In the second model (M2 Fig. 1), wave-exposure
directly regulates the distribution of both sea urchins and that of alternative habitats. In this scenario,
direct negative effects of sea urchins are not limited to canopy stands, but extend to algal turfs.
Following competitive hierarchies, macroalgal canopies can have direct negative effects on both
barrens and algal turfs. Differently, direct negative effects of algal turfs are limited to barrens.

Since the best fitting model did not explain any variation in the abundance of canopy-forming
species (see Results section), two further conceptual models were fitted including data from the coast
of Tuscany to assess the influence of environmental degradation on this macroalgal group. In the first

model (M3; Fig. 1), we assumed negative effects of habitat degradation on canopy-formers, indirectly
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facilitating algal turfs. By contrast, in the second model (M4, Fig. 1), negative and positive direct

effects of habitat degradation are envisioned for both canopy-formers and algal turfs, respectively.

2. Materials and Methods
2.1. Study sites

We used data from two surveys carried out at several islands in the Tuscan Archipelago and
along the coasts of Tuscany (NW Mediterranean; Fig. 2). Such a regional approach enabled us to
encompass sites exposed to a wide gradient of wave-exposure and human activities, ranging from
heavily urbanized or industrialized centres to totally protected areas (i.e., no entry zones in Marine
Protected Areas). In the Tuscan Archipelago, benthic assemblages and sea urchin populations were
sampled along the coasts of the islands of Montecristo, Giannutri, Pianosa and Capraia, using a
hierarchical design. Between 2005 and 2013, assemblages were sampled three times along the islands
of Capraia and Giannutri, 2 times at Montecristo and 4 times at Pianosa. For each time of sampling, 9
sites (extending ~ 100 m alongshore) were sampled at Capraia and Giannutri, while 6 were sampled at
Montecristo and Pianosa (except for one time at which 10 and 5 sites were sampled at Giannutri and
Montecristo, respectively). Within each site, 5 pictures (20 x 15 cm) were taken at a depth of ~5m in
each of two areas ~ 50 of m apart. Likewise, the density of sea urchins was recorded in 5 randomly
placed 50 x 50 cm plastic frames in each area. Both pictures and frames were meters apart one from
another. Pictures were analyzed visually on a PC screen to estimate the percentage cover of macroalgae
and sessile invertebrates. A grid of 25 subquadrats was superimposed onto each image, a score from 0
to 4% was given to each taxon in each subquadrat and the total percentage cover was obtained by
summing over the entire set of sub-quadrats. Organisms could generally be identified to the species
level, except for encrusting and filamentous algal forms. Taxa were grouped into three major

morphological groups describing alternative habitats: i) barrens made of encrusting corallines plus bare
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rock, ii) canopies formed by C. brachycarpa and iii) algal turfs including the geniculate coralline algae
Corallina elongata Ellis et Solander and Haliptilon virgatum (Zanardini) Garbary and Johansen, the
coarsely branched algae Laurencia spp. (Hudson) Lamouroux, Chondria spp. (De Notaris) De Toni and
Gastroclonium clavatum (Roth) Ardissone, and several species of filamentous algae (Benedetti-Cecchi
etal., 2001).

Another extensive survey was carried out along the coasts of Tuscany (NW Mediterranean Sea)
in summer 2008. According to prevailing human activities, 3 levels of decreasing human pressure were
identified: (1) urban reefs, (2) extra-urban reefs, (3) offshore reefs. Two locations were randomly
selected for each of these conditions (Fig. 2). Two areas of 200 x 200 m and ~1 km apart, were
randomly selected for each level of human influence at Livorno and Rosignano Solvay (urban, extra-
urban and off-shore reefs). Four transects, 30 x 5 m wide, were randomly selected, 100s of meters
apart, within each area. Ten pictures were taken at random along each transect and the percentage cover
of macroalgae and sessile invertebrates was estimated by means of the same techniques described
above. Benthic assemblages and environmental conditions at these study sites have been fully

described (Tamburello et al., 2012).

2.2. Wave exposure

The wind wave exposure level for each site was obtained by means of numerical approach. A
phase averaging wind wave numerical model, the WWM (Hsu et al., 2005; Zanke et al., 2006; Roland
et al., 2009), was implemented for the whole Western Mediterranean Sea, from the Sicily Channel to
Gibraltar, including the Thyrrenean Sea and the Sardinia Sea. The model describes growth, decay,
advection, refraction and diffraction of wind waves due to wind action, depth gradient and coastal
geometrical features. It was already used with success for both oceanographic and operational purposes

to make prediction of the main wave statistical parameters in the Western Mediterranean Sea at both
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coastal and off-shore areas (De Falco et al., 2011; Cucco et al., 2012; Olita et al., 2012; Coppa et al.,
2013; Ferrarin et al., 2013; Simeone et al., 2014). The model uses finite elements unstructured meshes
for representing the model domain. A finite element grid composed by 28321 nodes and 56456
triangular elements was implemented with a spatial resolution ranging from around 100 meters for the
coastal areas of the whole Tuscan Archipelago and Livorno coastline to few km for the outer domain.
The spectral space domain was reproduced by a discrete distribution of 32 regularly spaced frequency
intervals ranging between 1 and 0.04 Hz with a relative frequency distribution of about 1.2 Hz,
whereas the directional space domain is discretized using 24 regular intervals of 15°. The wind data
used for simulating the wave processes were provided by the high resolution meteorological

forecasting system SKIRON (http://forecast.uoa.gr; Kallos et al., 1997; Kallos and Pytharoulis, 2005).

A 2-year period model run was performed using as surface boundary conditions the hourly wind data

fields computed by SKIRON for the year 2010 and 2011. As a result, the hourly spatial distribution of
the Significant Wave Height (SWH) as well as of the other statistical parameters, were computed over
the whole model domain and for all the duration of the simulation. For each station, the time series of

the computed SWH was obtained and the exposure level estimated as its maximum value.

2.3. Cumulative human impact score

For each study site, we extracted the cumulative human impact score estimated by Micheli et al.
(2013) for the Mediterranean Sea. This score, by combining 22 anthropogenic drivers, generates a
single comparable estimate of cumulative human impact on 17 different ecosystems across the
Mediterranean. This is similar to the human impact index developed for the global ocean by Halpern et
al. (2008). Some shortcomings of the global index developed by Halpern et al. (2008) have been
identified: overlapping human activities cannot spatially match up with areas of major impact (Heath,

2008) or interactive effects frequently displayed when multiple stressors co-occur (Crain et al., 2008)
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cannot be accounted for. Similarly, the index by Micheli et al. (2013) does not incorporate interactions
among multiple drivers and uses expert judgment rather than empirical quantification to weight
ecosystem vulnerability to human impacts (Micheli et al., 2013). Nonetheless, this score represents the
only synthetic measure of human impact for comparisons between sites at the Mediterranean scale.
Impact scores were sampled without interpolation by overlying the sampling sites onto the
georeferenced raster map of Micheli et al. (2013), downloaded at

https://www.nceas.ucsb.edu/globalmarine/mediterranean#model. When study sites did not spatially

correspond with values in the cumulative human impact layer (e.g. sites close to the coastline), the
value of the closest pixel was assigned without interpolation. This analysis used the ‘raster’ library in R

computing environment (Hijmans, 2015).

2.4. Statistical analyses

We used structural equation modelling (SEM) to distinguish between alternative potential causal
pathways through which wave exposure and cumulative human impact can regulate the distribution of
sea urchins and alternative macroalgal habitats on shallow rocky reefs. The abundance of each of the
three habitats was included as a continuous variable, estimated as the cover of canopy-formers, algal
turfs and encrusting corallines plus bare rock. We started by fitting a full SEM to each of the
hypothesized casual paths (Fig. 1). For each SEM, we subsequently excluded non-significant paths
with the highest p-values in a stepwise procedure until all remaining links were statistically significant
and evaluated modification indices to identify important missing links (Grace et al., 2012). Final SEMs
had satisfactory fits as indicated by lack of departure from a saturated model (i.e. consistency of the
hypothesized model with the data), a low root mean square error approximation (RMSEA, between
0.01 and 0.07 with confidence intervals embracing zero) and large comparative fit index (larger than

0.9). SEMs were fitted using library ‘lavaan’ in R (Rosseel, 2012).
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3. Results

The density of both P. lividus and A. lixula was low at all study sites in the Tuscan Archipelago (Fig.
3). The density of P. lividus ranged between 0.2 and 0.6 individuals x m, with peak values of 1.8 ind.
m2 at exposed sites of the island of Giannutri. In general, densities of A. lixula were about three time
higher than those of P. lividus, with peak values of 4.5 ind. m* found again at the most exposed sites of
Giannutri.

M2 received greater support from the data than M1 (Table 1). Standardized regression coefficient
were significant for all the linkages retained in the final model (Fig. 4). Wave-exposure had significant
positive direct effects on the abundance of sea urchins and all alternative habitats. Effects on habitats,
despite being significant were, however, weak (Fig. 4). Sea urchins had only weak negative effects on
canopy formers (Fig. 4), which, in turn, had direct negative effects on the abundance of algal turfs. The
fit of a model including directionality in the interaction between sea urchins and algal turfs was worse
than that of a model not specifying a causal relationship between these pairs of variables (i.e., simply
accounting for covariance). This model showed a positive correlation between the abundance of sea
urchins and that of algal turfs and, although weaker, between barrens and algal turfs (Fig. 4).

For the second analysis, M3 received greater support than M4 (Table 1). The minimum adequate
model for data from the coast of Tuscany showed negative direct effects of habitat degradation on the
abundance of canopy-forming species which, in turn, reduced the abundance of algal turfs (Fig. 4).

This resulted in indirect positive effects of habitat degradation on algal turfs (Fig. 4).

4. Discussion
Wave-exposure had positive effects on the abundance of sea urchins along the coasts of the

Tuscan Archipelago. Previous studies in the NW Mediterranean that have brought mixed evidence on
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the role of wave-exposure in shaping patterns of distribution of sea urchins. For instance, Micheli et al.
(2005), although not formally quantifying wave-exposure, reported a trend for P. lividus to be more
abundant at wave-sheltered sites on some islands of the Tuscan Archipelago (Giannutri and Capraia).
By contrast, large densities of both P. lividus and A. lixula have been found on more exposed coasts of
mainland Tuscany (Benedetti-Cecchi et al., 1998; Bulleri et al., 1999), as well as along eastern Atlantic
coasts characterized by higher mean wave-energy than the Mediterranean (e.g., Canary Islands, Tuya et
al., 2007; Portugal, Jacinto et al., 2013). Both P. lividus and A. lixula have been shown to exhibit an
upward migration after downward displacement, suggesting that they may have evolved a behavioural
adaptation to dislodgement by waves (Chelazzi et al., 1997). Susceptibility to wave-action seems,
however, smaller in A. lixula than P. lividus (Chelazzi et al., 1997; Bulleri et al., 1999). In particular,
the force necessary to dislodge A. lixula from encrusting coralline dominated surfaces has been found
to be 1/3 greater than that necessary to dislodge P. lividus (Gianguzza et al., 2010). The greater
abundance of A. lixula than P. lividus in sea urchin assemblages may, thus, explain the trend for the
abundance of sea urchins to increase, as a guild, with wave-exposure at sites along the coasts of Tuscan
Archipelago.

Wave-exposure had weak effects on the distribution of all the alternative rocky reef habitats. C.
brachycarpa has been previously described as typical of moderately exposed shores (e.g. Sales and
Ballesteros, 2009; Thibaut et al., 2015). Although not explicitly defining wave-exposure, these studies
suggest that this species thrives well in Mediterranean relatively high-energy environments. Encrusting
corallines and species composing turfs, by virtue of their morphology, are likely to be little susceptible
to wave-action. Thus, in contrast to findings from other temperate coasts (Byrnes et al., 2011; Filbee-
Dexter and Scheibling, 2014 and references therein), variation in wave-exposure appears to play little
role in shaping patterns of distribution of either primary producers or consumers on shallow rocky reefs

in the NW Mediterranean.
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Likewise, sea urchins had very weak effects on the distribution of alternative habitats. This is not
surprising given that urchin densities were very low, with peak values of 6 ind. m (both species
combined) in Giannutri. All of the islands included in the Tuscan Archipelago National Park are
subjected to some form of protection. In particular, human activities are totally banned withina 1
nautical mile respect zone around the islands of Montecristo and Pianosa and along some stretches of
coast of the islands of Giannutri and Capraia. Protection, by enhancing the abundance of large-sized
predatory fishes, such as Diplodus sargus, may have caused the decline of sea urchins and, in
particular, of P. lividus, the species more susceptible to predation (Guidetti, 2006).

Under no control by consumers, the distribution of alternative habitats seems to be directly
regulated by competitive hierarchies among the species composing each of them. In oligotrophic water
conditions, such as those found in the Tuscan Archipelago, Fucoids are stronger competitors for space
than algal turfs (Benedetti-Cecchi et al., 2012). Algal turfs would be, however, able to recruit within
barren areas, as suggested by the positive correlation between the abundance of these two habitats. By
virtue of their opportunistic traits, even temporary decreases in grazing pressure might be sufficient for
algal turfs to colonize space in barrens. Encrusting corallines, although able to reduce the recruitment
of species composing algal turfs (Bulleri et al., 2002) are poor competitors for space and would,
therefore, provide a suitable habitat for turf colonization in the absence of Cystoseira. This may
ultimately generate a positive correlation between algal turf abundance and sea urchin density, given
that the presence of these herbivores is generally restricted to barren areas.

Macroalgal canopies would indirectly regulate the abundance of sea urchins, likely by reducing
the availability of the most suitable habitat and food items. Barrens provide A. lixula with suitable
surfaces for attachment and movement, as well as preferred food items, including encrusting coralline
macroalgae (Privitera et al., 2008 ) and sessile invertebrates (Wangensteen et al., 2011). Likewise, algal

species composing turfs can represent an important source of food for A. lixula (Bulleri et al., 1999;
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Bonaviri et al., 2011). Under these circumstances, macroalgal canopies, through the direct control of
their main competitors for space (i.e., algal turfs), would be able to control the distribution of their
grazers. Thus, our analysis suggests that causality in the relationship between sea urchins and
macroalgal canopies could switch according to the density of the formers: sea urchins would limit the
distribution of macroalgal canopies when their density is high; by contrast, canopies would determine
sea urchin distribution when their density is low. Whiplashing by kelps has been previously shown to
be able to constrain the movement of sea urchins (Konar and Estes, 2003; Tamaki et al., 2009), thereby
influencing their distribution. Although further experimental work is warranted to establish causality,
our analysis suggests that a similar mechanism may operate also on Mediterranean rocky reefs
dominated by Fucoids.

Degradation of environmental conditions due to human agency seems, instead, the main cause of
the collapse of algal canopies. There is an increasing body of evidence pointing to human impacts as
the main drivers of the decline of canopy-formers worldwide (reviewed by Strain et al., 2014).
Canopies made by Cystoseira make no exception and have been widely shown to decline in urbanized
areas as a consequence of multiple stressors, including enhanced nutrient loading and sediment
deposition, heavy metal pollution and invasions (Rodriguez-Prieto and Polo, 1996; Benedetti-Cecchi et.
al., 2001; Mangialajo et al., 2008; Bulleri et al., 2010; Sales et al., 2011). The effects of these regional
stressors can be exacerbated by global climate changes, such as rising of sea surface temperature and
ocean acidification (Falkenberg et al., 2013; Strain et al., 2014). Our analysis of coastal data is in
accordance with this bulk of evidence and suggests that negative effects of degraded environmental
conditions on macroalgal canopies are likely direct and not mediated by positive effects on algal turfs.
This means that species composing algal turfs do not directly benefit from environmental degradation,
but rather from decreased competition from canopy-forming species. For instance, filamentous algal

forms, by virtue of their opportunistic traits, including year-round sexual reproduction, vegetative
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propagation, tolerance to sediment smothering and abrasion (Airoldi, 1998) and capability of using of
extra inputs of nitrogen (Falkenberg et al., 2013), can readily exploit free space. Once established, algal
turfs can then trigger positive feed-back mechanisms (e.g., trapping of sediments) that prevent the
recovery of canopies.

Control of sea urchin populations, either through culling/harvesting programs or re-establishment
of lost predatory interactions, has been identified as potential tool to conserve or restore canopies
formed by Laminariales or Fucoids (Guidetti, 2006; Shears and Babcock, 2002). Limited effects of sea
urchins on the distribution of alternative habitats on shallow rocky reefs of the Tuscan Archipelago
may be an indirect consequence of enhanced predation on P. lividus, elicited by the establishment of
Marine Protected Areas. Our results suggest, however, that management of human impacts should be
considered a priority for preserving subtidal canopies formed by Cystoseira (Gianni et al., 2013).
Direct effects of human impacts on macroalgal canopies suggest that conservation efforts based on the
control of sea urchin populations would be deemed to failure. Finally, our study suggests that the
distribution of alternative habitats is regulated by a complex web of direct and indirect interactions
involving primary producers, characterized by different life-traits, and their consumers. A
comprehensive understanding of the underpinning dynamics requires, therefore, going beyond a

dichotomic view of alternative habitat shifts, to include the whole set of life-traits and forces at play.
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Table 1. Structural equation models (SEMs) of alternative community state in subtidal rocky reefs.

Evaluation criteria to select a minimum adequate model included: %2 test of the consistency of the

hypothesized model with the data, root mean square error approximation (RMSEA) with associated
confidence intervals (CIs), the comparative fit index and Akaike Information Criterion (AIC).

Final SEMs SConsistency | df RMSEA | 90% Cls of | Comparative | AIC
RMSA fit index

(x2)
Exposure-Sea
urchin model
M1 45, 7*** 6 0.29 0.216-0.373 | 0.16 2259.2
M2 5.6 6 0.01 0.0-0.142 1.01 1824.9
Environmental
quality model
M3 1.4 1 0.069 0.0-0.299 0.99 891.6
M4 21.1%** 1 0.473 0.311-0.658 | 0.72 911.3

8Significant values indicate lack of fit
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Figure legends

Figure 1. Alternative conceptualizations describing dynamics among alternative habitats on shallow
rocky reefs. Model 1 and Model 2 describe direct dependencies among wave exposure, sea
urchins and alternative habitats (canopies, algal turfs and barrens); Model 3 and Model 4 describe

direct dependencies among cumulative human impact, canopies and algal turfs.

Figure 2. Map of study sites in the Tuscan Archipelago and along the coast of Tuscany. Maximum
values for significant wave height (expressed in meters) are reported for each study site, as a

proxy for wave-exposure.

Figure 3. Abundance of the sea urchins, Arbacia lixula and Paracentrotus lividus, along the coasts of
islands in the Tuscan Archipelago. Values are means + SE; n: Capraia = 540, Giannutri =419,

Montecristo = 320, Pianosa = 440.

Figure 4. SEM (best fit models) for the abundance of sea urchins and alternative habitats under the
influence of wave-exposure (Model 2) or cumulative human impact (Model 3). Arrows, with
width proportional to the standardized correlation ranging from -1 to 1, indicate the direction and
strength of the relationship. Positive and negative effects are in blue and red, respectively. The
percentage of variance explained by the model (R?) is given under each of the variable label. ** P

<0.01; *** P <0.001.
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