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Macroalgal forests play a key role in shallow temperate rocky reefs worldwide,
supporting communities with high productivity and providing several ecosystem
services. Sea urchin grazing has been increasingly influencing spatial and temporal
variation in algae distributions and it has become the main cause for the loss of
these habitats in many coastal areas, causing a phase shift from macroalgae habitats
to barren grounds. The low productive barrens often establish as alternative stable
states and only a major reduction in sea urchin density can trigger the recovery of
macroalgal forests. The present study aims to assess if the 2018 disease outbreak,
responsible for a strong reduction in the sea urchin Diadema africanum densities
in Madeira Island, was able to trigger a reverse shift from barren grounds into
macroalgae-dominated state. By assessing the diversity and abundance of benthic
sessile organisms, macroinvertebrates and fishes before, during and after that particular
mass mortality event, we evaluate changes in benthic assemblages and relate them
to variations in grazer and herbivore densities. Our results revealed a clear shift from
barren state to a macroalgae habitat, with barrens characterized by bare substrate,
sessile invertebrate and Crustose Coralline Algae (CCA) disappearing after the mortality
event. Overall variations in benthic assemblages was best explained by four taxa (among
grazers and herbivores species). However, it was the 2018 demise of D. africanum and
its density reduction that most contributed to the reverse shift from a long stable barren
state to a richer benthic assemblage with higher abundance of macroalgae. Despite
this recent increase in macroalgae dominated habitats, their stability and persistence in
Madeira Island is fragile, since it was triggered by an unpredictable disease outbreak and
depends on how D. africanum populations will recover. With no control mechanisms,
local urchin populations can easily reach the tipping point needed to promote a new
shift into barren states. New conservation measures and active restoration are likely
required to maintain and promote the local stability of macroalgal forests.

Keywords: sea urchin, Diadema africanum, alternative stable state, phase-shift, microalgae restoration, tipping
point, rocky reef, Madeira Island
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INTRODUCTION

Coastal habitats represent one of the most productive and valued
ecosystems of our planet (Costanza et al., 1997) but they are
also seriously threatened by multiple factors and compounding
pressures such as habitat loss and degradation, pollution,
overexploitation, species introductions and climate change (see
Solan and Whiteley, 2016 and references therein). Shallow marine
coastal habitats are often dominated by macroalgae, where
canopy and erect algae forests support biodiverse communities
with high productivity (Graham, 2004; Ling, 2008; Christie et al.,
2009; Tamaki et al., 2009). Macroalgae communities play a central
role in the shallow temperate benthic ecosystems, representing
the primary producers in the coastal zone as an important
source of carbon sequestration (Krause-Jensen and Duarte, 2016)
and providing valuable ecosystem services in shallow coastal
systems (Muguerza et al., 2017; Ware et al., 2019; Edwards et al.,
2020). In macroalgal forests, local herbivore populations are often
able to drive fluctuations in spatial and temporal distribution
of algal communities (Stachowicz et al., 2007; Schmitz, 2008;
Owen-Smith, 2014), determine algal abundance and species
composition (Van Alstyne, 1989), influence algal growth rates
and reproductive output (Shurin et al., 2002; Steneck et al., 2002).
For this reason, major increases in local populations of key
grazers and herbivores can lead to the replacement of productive
macroalgae forests with impoverished barrens dominated by
encrusting organisms (Pinna et al., 2020 and references therein).
These phase-shifts often occur with variation in sea urchin
grazing intensity (Melis et al., 2019) as their feeding activity can
play a major role in the stability, biodiversity, production and
functioning of these ecosystems (Duffy and Hay, 1990; Poore
et al., 2009; Korpinen et al., 2010; Kraufvelin, 2017). Sea urchins
can thrive at very high population densities (Lawrence, 1975;
Alves et al., 2001; Gizzi et al., 2020), possess limited mobility
and a powerful excavating mouth providing them the ability to
regulate the distribution, abundance, and diversity of benthic
marine algae communities, influencing the establishment, spread
and persistence of algal species (e.g., Steneck, 2013; Filbee-Dexter
and Scheibling, 2014; Friedlander et al., 2017; Melis et al., 2019).
Numerous studies have unequivocally demonstrated an inverse
relationship between urchin density and algal biomass as well
as their role in promoting a shift of habitats with complex
macroalgae forests into urchin barrens (e.g., Filbee-Dexter and
Scheibling, 2014; Ling et al., 2015; Hernandez, 2017; Melis et al.,
2019; Pinna et al., 2020).

With several natural factors influencing the intensity of
urchin grazing (e.g., population density, food availability, and
predation pressure), anthropogenic pressures such as overfishing
(and consequent reduction in urchin predators) and global
warming (and consequent changes in recruitment, physiology
and distribution) can favor the proliferation of sea urchins and
the spread of barren grounds worldwide (Filbee-Dexter and
Scheibling, 2014; Ling et al., 2015; Melis et al,, 2019; Pinna
et al., 2020). The geographically widespread increase of barren
grounds (Feehan et al., 2012; Filbee-Dexter and Scheibling, 2014;
Perreault et al., 2014) and the persistence of this alternate state
in some areas where the causes for sea urchin proliferation

have been removed, give cause for concern (see Filbee-Dexter
and Scheibling, 2014 and references therein). The occurrence
of hysteresis mechanisms promote a self-perpetuating positive
feedback that maintain the barrens even if the initial conditions
are restored, reducing habitat complexity and ecosystem services
(Scheffer et al., 2001; Filbee-Dexter and Scheibling, 2014). This
loss in complexity and services leads to a crucial need in better
understanding the mechanisms involved in forward and reverse
shifts between algae dominated and barren states. Previous
studies have consistently demonstrated that the threshold (i.e.,
urchin density or biomass) for a forward shift into barren state
to occur is much higher than that of a reverse shift (Filbee-
Dexter and Wernberg, 2018; Guarnieri et al., 2020). This non-
linearity in triggering thresholds implies that once the barren
ground is formed, a major reduction in urchin density is required
for a reversal of a barren state into an erect algae dominated
one (Ling et al., 2010; Trowbridge et al, 2011; Piazzi and
Ceccherelli, 2019; Guarnieri et al., 2020). In some circumstances,
multiple phase shifts between macroalgae forests and urchin
barrens can go back and forward, driven by various factors such
as fisheries targeting urchins or their predators, storm events,
temperature increases or urchin diseases (Filbee-Dexter and
Scheibling, 2014 and references therein). In contrast, they have
consistently required a major decrease in urchin populations to
achieve a tipping point and reverse into an algae-dominated state
(Scheibling et al., 2013). This non-linear nature of phase shifts
can be particularly relevant in coastal marine habitats that are
especially vulnerable or under pressure from other stressors such
as coastal development, pollution and overfishing. Forward shifts
can be easily triggered whereas state reversal toward habitats with
higher complexity and diversity may be hampered and barrens
may become alternative stable states (Claisse et al., 2013; Filbee-
Dexter and Scheibling, 2014; Cabanillas-Teran et al., 2015; Ling
etal,, 2015).

In the northeastern Atlantic archipelagos of Madeira and
Canary Islands (Macaronesian region), populations of the long-
spined sea urchin Diadema africanum with average densities
of 10 individuals/m? have been responsible for the persistence
of vast urchin barrens (Alves et al., 2001; Herndndez et al.,
2013). Several ecological and physical processes are involved in
the structure and abundance of local D. africanum populations,
including water turbulence (Alves et al., 2001), environmental
parameters (e.g., nutrient and temperature; Herndndez et al,,
2006a,b), abundance of top-predators (Tuya et al., 2004b),
substrate complexity (Tuya et al., 2004a) and mass mortality
events (Clemente et al., 2014; Gizzi et al., 2020), but evidence
suggests a general stability in the barren state of shallow coastal
habitats across multiple islands of these archipelagos.

In Madeira Island, shallow rocky reef bottoms appear to have
been the stage for a phase shift from algae dominated bottoms
(Augier, 1985) toward D. africanum barrens (Alves et al., 2001;
Hernandez et al., 2008b). In 2009, a D. africanum mass-mortality
event was first registered off the coasts of Madeira (Clemente
et al.,, 2014) and resulted in a reduction of 65% of sea urchins
abundance (Herndndez et al., 2013; Clemente et al., 2014). At that
time, the lack of long term monitoring and historical data series
have hampered dedicated studies on how it may have triggered
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an increase of algae cover and a phase shift from barren to
algae dominated bottoms during the following months. In the
summer of 2018 (early August, late September), a second mass
mortality event was recorded in Madeira, with a major drop of
approximately 90% in population density (described in detail in
Gizzi et al, 2020). A disease outbreak that had been initially
detected in the Canary Islands during February 2018 (Hernandez
et al., 2020), took more than 4 months to reach Madeira (where
mortality was first detected in late July) but disrupted the local
population of D. africanum across the entire archipelago.

Like many oceanic islands, Madeira Island is particularly
vulnerable due to its offshore location, high level of endemisms
and limited spatial extent suitable for macroalgal forests (Nunn
et al., 1999; Mata et al., 2013). For this reason, it is of crucial
importance that efforts are made to restore the macroalgal
forests once present in the archipelago and thus protect local
marine biodiversity.

There is typically a strong inverse correlation between
D. africanum urchin density and erect algae abundance (Alves
et al,, 2001; Hernandez et al., 2008b) due to the grazing pressure
associated with urchin populations (Brito et al., 2004; Tuya et al.,
2004a; Hernandez et al., 2008b). The 2018 disease outbreak and
urchin mass-mortality (Gizzi et al., 2020) provided an unique
opportunity to leverage census data from annual monitoring
surveys along the south coast of Madeira Island (2017-2019) to
assess if D. africanum mortality had reduced grazing pressure for
long enough to allow an increase in algal cover.

In this context, the present study aims to assess whether the
2018 abrupt reduction in D. africanum densities (Gizzi et al.,
2020) triggered areas that were previously barren to transform

into algae dominated areas by correlating urchin densities with
the occurrence of distinct benthic assemblages. Additionally
we discuss the role that periodic natural events and disease
outbreaks may have in controlling D. africanum populations in
Madeira and allow reverse phase-shifts and recovery of macro-
algae communities. Finally, we suggest active conservation and
habitat restoration practices that may apply toward preserving
macroalgal forests in the region.

MATERIALS AND METHODS
Study Area

Madeira is a Portuguese archipelago located in the warm-
temperate waters of the Northeast Atlantic Ocean within the
Macaronesia area, together with the Azores, the Canary Islands
and Cabo Verde, and is located about 650 km west of Morocco
at its closest point to the mainland (Figure 1). The archipelago
consists of two main populated islands, Madeira and Porto
Santo, and five uninhabited islands (Desertas and Selvagens
Islands). This study was conducted in the main island of
Madeira, where the coastline and shallow waters (0-12 m) are
dominated by rocky shores and reefs (Canning-Clode et al., 2008;
Schifer et al., 2020). The archipelago is influenced by north
currents (Portuguese, Azorean and Canary currents; Caldeira
et al,, 2002), resulting in oligotrophic waters with high salinity,
high temperature and low-nutrient regime waters (Johnson and
Stevens, 2000; New et al., 2001). In the summers of 2017, 2018,
and 2019, benthos and associated motile fauna were monitored
in 10 sites along the south coast of the island (Figure 1). Sites
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were selected to include surveys along the entire south coast;
whereas no sites were selected along the north coast due to
difficulties in systematically access these sites due to strong
prevailing winds and swells from the north quadrant, especially
in the early summer months (Caldeira et al, 2002). Surveys
targeted shallow rocky bottoms from the extreme western
tip (Ponta do Pargo), to the easternmost part of the island
(Quinta do Lorde), covering a range of different constraints
(e.g., coastal development, population density, fishing, coastal
runoff). With the exception of Ponta do Pargo, most sites are
fairly protected from the prevailing north winds and currents
with no major differences in salinity or temperature regimes
(Caldeira et al., 2002).

Benthic Community Distributions and

Associated Motile Fauna

Changes in benthic communities subsequent to the 2018
D. africanum mortality event (Gizzi et al., 2020) were assessed
by: (i) identifying existing distinct assemblages; (ii) inspecting
their occurrence in each summer (2017, 2018, and 2019), and (iii)
assessing the influence of D. africanum density reduction in the
occurrence of each unique assemblage.

Data on the abundance and density of sessile organisms, fish
and macroinvertebrates were compiled from Underwater Visual
Census (UVC) yearly surveys, performed by scientific divers
along the south coast of Madeira Island (Figure 1). For each
study site three transects were performed at 9-11 m depth.
Benthic sessile diversity and relative abundance was assessed
using 10 m point-intersect transects with 100 points (10 cm each),
whereas fish and conspicuous macro-invertebrates diversity and
abundance were recorded by counting individuals along a 50 x 4
m transect. Both the benthos and motile transects had the same
starting point, georeferenced with a GPS equipped buoy, and with
perpendicular orientation to the depth gradient.

During benthic surveys, sessile organisms under each
intersection point were identified in situ to the highest taxonomic
resolution possible and macro-photographs were collected when
identification was uncertain or unknown. Imagery was later
inspected to resolve uncertainties. All point-intersect data
were grouped into nine categories, adapted from Friedlander
et al. (2017, 2018): Crustose Coralline Algae (CCA), encrusting
algae (non-CCA), filamentous microalgae (i.e., diatoms and
cyanobacteria), turf algae (<3 cm in height), erect algae,
canopy algae, sessile invertebrates, motile invertebrates and bare
substrate (Supplementary Table 1).

Motile organisms abundance data were collected by two
divers counting all fishes from 0 to 2 m above the rocky reef
and all conspicuous macroinvertebrates (including D. africanum
individuals) exposed over rocky reefs and in holes and
crevices. Identified taxa were later grouped into the following
five functional groups (based on their feeding guild): grazer,
herbivore, omnivore, invertivore and macro carnivore. For
subsequent analysis, motile data were pruned to select herbivores
and grazers (as these are the organisms that can directly affect
macro-algae abundance and promote phase shifts; e.g., Filbee-
Dexter and Scheibling, 2014; Filbee-Dexter and Wernberg, 2018;

Supplementary Table 2). Finally, all sessile and motile data and
metadata were compiled and labeled for analysis.

Statistical Analysis

To identify and assess changes in the occurrence of significantly
different sessile assemblages, the relative abundance of major
sessile functional groups in each transect (see above) was
standardized (to exclude all remaining uncertainties) and square-
rooted (to minimize weight of dominant taxa in similarity based
analysis). A Bray-Curtis similarity matrix was constructed and a
cluster analysis with a Similarity Profile (SIMPROF) routine with
9999 permutations was used to visualize (dis)similarity in benthic
structure between transects and identify significantly different
groups of samples based solely on taxa group composition
and data ordination (Clarke et al., 2008). SIMPROF generated
groups (SFG) composition and occurrence over the 3 year
period was inspected by plotting a shade plot, while a one-way
Analysis of Similarity (ANOSIM) was used to test differences
between years and confirm significant differences occurred after
the 2018 D. africanum mortality event. The contributions of
sessile taxonomic categories to the SIMPROF generated grouping
were assessed with a Similarity Percentage routine (SIMPER),
illustrating the typical composition of each assemblage.

Having established significant differences in sessile data over
the 3 year period, a Distance-based Linear Model (DistLM)
with the Akaike information criterion (AICc) was constructed
to establish if and which herbivores and grazers were most
contributing to the shape of the sessile assemblages identified
with SIMPROF. Density data on all herbivore and grazer taxa was
included as trial predictors, selecting BEST procedure to generate
the top 10 best solutions to explain sessile data ordination.
Lastly, Principal Coordinates Ordination (PCO) and non-metric
Multi-Dimensional Scaling (nMDS) plots of the sessile Bray-
Curtis similarity matrix were constructed with vector and bubble
overlays to illustrate how variations in DistLM selected motile
taxa related to the sessile functional groups ordination and
grouping. Data analyses were performed and figures generated in
Primer v7 (Clarke and Gorley, 2015) with PERMANOVA + add-
on (Anderson et al., 2008).

RESULTS

Inspection of the abundance of sessile functional groups
(Figure 2) occurring in the summers of 2017, 2018, and 2019
suggests a shift from a barren state to a macroalgae habitat, with
a general decrease in relative abundance of bare substrate, sessile
invertebrates and CCA and an increase in turf, erect and canopy
forming algae (Figure 2). The general decreasing trend in the
abundance of benthos categories and sessile functional groups
that are typically dominant in barren states, were accompanied
by a yearly decrease in the density of individuals from grazer taxa
(Figure 3). Based on a hierarchical cluster analysis of Bray-Curtis
similarity matrix with SIMPROF routine, three significantly
different groups of sessile organisms were identified (Figure 4
and Supplementary Table 3): a typical barren state assemblage
(SFG = a), an intermediate state with no clear dominance of
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any functional groups (SFG = b) and a macroalgae dominated grouping (e.g., year, site or location), as it is generated by
assemblage (SFG = c). The identification of these three distinct ~permutation and profiling Bray-Curtis similarity among samples
assemblages is independent of any factor or pre-deterministic ~ (Clarke etal., 2008,2014). While samples with typical barren state
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assemblage, where bare substrate is more common and CCA,
sessile invertebrates and filamentous microalgae dominated
living cover (SFG = a) occurred in 2017 and 2018 (n = 15 and
n = 8, respectively), 2019 was characterized by the absence of
this assemblage (Figure 4). Remaining assemblages characterized
by higher algal cover (SFG = b and c) were identified in
samples from all years. However, with the disappearance of
barren grounds (SFG = a), they become increasingly more
common over time (Figure 4). This post-mortality change in
the frequency and occurrence of the three identified assemblages
was further assessed by testing years as a factor in a one-way
ANOSIM. The only significant differences in sessile functional
groups’ ordination were those between 2019 and remaining years
(Table 1), supporting the hypothesis that D. africanum density
reduction in 2018 has enabled a reverse phase shift.

TABLE 1 | One-way ANOSIM of year as a significant factor in the ordination of
Bray-Curtis similarities between benthic transect samples (n = 68) with pairwise
tests (significant differences in bold).

R Significance (%) Permutations
Overall test 0.185 0.01 9,999
Pairwise tests
2017, 2018 0.05 7.8 9,999
2017, 2019 0.385 0.01 9,999
2018, 2019 0.12 0.8 9,999

A Distance-based Linear Model, using herbivore and grazer
taxa densities as possible predictors, supported that the reduction
in D. africanum density following the 2018 mass mortality
event had a major role in the absence of typical urchin barren
state in 2019 (Tables 2, 3). The model that best explained the
variation in benthic assemblages included four taxa: two grazer
sea urchins D. africanum and Paracentrotus lividus, one herbivore
crab Percnon gibbesi and the grazer fish Ophioblennius atlanticus.
The four-axis model explained over 41% of the variability in
sessile assemblages and benthic sample ordination (Table 4) with
axis 1 being responsible for more than 88% of the fitted model.
With D. africanum density variation having stronger correlation
with axis 1 than any of the other taxa, it has a greater weight
in explaining sessile sample ordination. This greater influence
and stronger correlation of D. africanum densities, and sessile
assemblages and sample ordination can be further illustrated by
inspecting a Principal Coordinate Ordination plot with vector
overlays displaying correlations with the four selected grazer
and herbivore taxa (Figure 5). Beside the stronger correlation,
fluctuations and variation range of D. africanum density was also
considerably greater than those observed in the remaining three
taxa (Supplementary Figure 1).

The distribution of identified sessile assemblages (SFG = a,
b, ¢) during annual surveys (Figure 6) also illustrates a clear
reverse shift from barren state (SFG = a) to intermediate or
algae dominated state (SFG = b, ¢) in sites where it had
been previously identified. Similarly, some locations where an
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TABLE 2 | Marginal tests for distance-based linear modeling to predict
Bray-Curtis similarities between benthic transect samples (n = 68) with herbivore
and grazer taxa densities as predictors (significant predictors in bold; SS, Sum of
Squares; Prop., proportion).

Predictor SS (trace) Pseudo-F [} Prop.

Arbacia lixula 2442 .4 217 0.09 0.03183
Diadema africanum 22895 28.076 0.001 0.29837
Ophioblennius atlanticus 2122.5 1.878 0.132 0.02766
Paracentrotus lividus 5252.3 4.85 0.001 0.06845
Patella aspera 216.4 0.187 0.966 0.00282
Percnon gibbesi 8368.3 8.079 0.001 0.10906
Sarpa salpa 808.3 0.7038 0.568 0.01053
Sphaerechinus granularis 935.8 0.815 0.453 0.01220

TABLE 3 | DistLM top solutions predicting Bray-Curtis similarities between benthic
transect samples (n = 68) with herbivore and grazer taxa densities as predictors
(overall best solution in bold; AlCc, Akaike information criterion; RSS, R

Sum of Squares).

N° Predictor AlCc R2 RSS

predictors

1 D. africanum 458.03 0.29837 53839
D. africanum + O. atlanticus 454.59 0.35411 49562
D. africanum + O. atlanticus 453.88 0.38175 47441
+ P lividus

4 D. africanum + O. atlanticus 452,93 0.41085 45208

+ P. lividus + P. gibbesi

TABLE 4 | Variation in benthic transect explained by each coordinate axis of the
best DistLM solution (%) and correlations with orthonormal variables
(predictor taxa).

Axis 1 Axis 2 Axis 3 Axis 4
Explained variation (%) 36.37 2.84 1.65 0.23
Predictor Partial correlations
Diadema africanum 0.881 —0.454 —0.002 —-0.134
Percnon gibbesi —0.293 —0.436 -0.727 —0.441
Paracentrotus lividus —0.267 —0.347 0.676 —0.593
Ophioblennius atlanticus —0.258 —0.695 0.120 0.66

intermediate state (SFG = b) occurred in 2017 and 2018 shifted
to an algae dominated state (SFG = ) in the following year. An
inspection of matching D. africanum densities further supports
the role of the urchin grazing pressure in the shaping of benthic
assemblages (Figure 6). In addition, despite spatial variation in
urchin densities, the 2018 disease outbreak had a clear impact
in D. africanum population along the entire south coast of the
island, confirming the severity and extent of the mortality event
described in Gizzi et al. (2020).

By inspecting D. africanum densities found in each assemblage
(Figures 6, 7) it is also clear that the urchin density was
considerably higher in barren areas (SFG = a) where values
are typically above 50 individuals per 100 m2. Opposingly,
intermediate and algae dominated assemblage (SFG = b and ¢)
were typically below this value (Figures 6, 7), suggesting that 50

ind./100 m? can be empirically perceived as the threshold (i.e.,
maximum density) to reduce grazing pressure and trigger reverse
phase shift from a barren state.

DISCUSSION

Worldwide, temperate rocky reef ecosystems with macro-
algae forests host numerous diverse communities of marine
organisms. However, kelp and other algae rich biotopes have been
increasingly under pressure by compounding stressors such as
climate change, eutrophication, coastal development, and pest
species proliferation (Steneck et al., 2002; Koch et al., 2012; Borja
et al,, 2013; Ling et al, 2015). The uncontrolled proliferation
of keystone gazers, such as sea urchins, has been reported to
be an increasing problem for kelp forests and other algae rich
habitats (Feehan et al., 2012; Cabanillas-Terdn et al., 2015; Ling
et al., 2015). In fact, temperate shallow benthic communities
often present one of two ecological states: macroalgae forests
with high densities of urchin predators, or; barrens where urchins
overgraze algae and predators are typically scarce (reviewed in
Lawrence, 1975; Steneck et al., 2002; Konar and Estes, 2003;
Ling et al., 2015). In north Atlantic coasts, cyclical alternation
between kelp beds and urchin barren seems to occur every 10-
20 years, thanks to recurrent sea urchin mass mortality events
(Scheibling et al., 2013). The role of macroalgae can be especially
relevant in oceanic islands, where productivity can be low and
shallow complex habitats scarce. Consequently, local populations
of sea urchins (or other keystone herbivores or grazers) can have
a particularly nefarious effect on local biodiversity when they
become a threat to algae-dominated habitats.

In the northeast Atlantic archipelagos of Madeira and Canary
Islands, previous studies describe D. africanum as a keystone
species, exhibiting a key role in controlling fleshy macroalgae on
rocky bottoms and promoting a barren state, through intense
grazing activity (Alves et al., 2001; Brito et al., 2004; Tuya et al,,
2004b; Hernandez et al., 2007). The genera Halopteris, Lobophora,
and Dyctiota have been identified as the preferred algae, followed
by Padina and Cystoseira (Tuya et al., 2001). However, when the
habitat is in the barren state, D. africanum shifts from specialist
to generalist feeding, and survives eating all available algae (Tuya
etal., 2004b), including CCA, microbial films, drift algae and even
consuming animals (Herndndez et al., 2007).

In Madeira, the southeast coast has been characterized by
urchin barrens as an alternative stable state for more than 20 years
(Augier, 1985; Alves et al., 2001). In theory, reverse phase shifts
may occur after a major reduction in urchin population (Filbee-
Dexter and Scheibling, 2014; Ling et al., 2015), however, the lack
of long term datasets has hampered the ability to assess if and
how mortality events and reductions in D. africanum densities
may locally facilitate the recovery of macroalgae. In 2018, thanks
to a yearly monitoring program of Madeira coastal habitats,
it was possible to detect an ongoing D. africanum mortality
event (Gizzi et al,, 2020). Mass mortality events represent a
natural removal experiment that eliminates many of the artifacts
associated with experimental manipulations and are useful to
study the effect of natural control mechanisms, sea urchin
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removal and consequences to algal abundance and composition.
The present study investigates the variability and distribution
of distinct benthic assemblages before (2017), during (2018)
and after the mortality event (2019) and explores the relation
between algal composition and variations in herbivore and
grazer densities.

Our findings support that the reduction of D. africanum
density following the 2018 mortality, was strongly correlated with
shifts in benthic community structure and increase in algal cover
(Figures 2-6). A non-deterministic analysis of the entire pool
of samples identified three significantly different assemblages of
benthic functional-groups (Figure 4). There is spatial variation
in the distribution of the identified assemblages (SFG = a, b and
¢) in each year, however the frequency of transects with barren
state assemblage (SFG = a) reduces from most common, in 2017,
to absent in 2019 (Figure 6). Many factors are likely to contribute
to the spatial variability in benthic assemblages and D. africanum
densities (e.g., fishing, urban and coastal development, turbidity,
exposure). However, an inspection and analysis of our data clearly
demonstrates that locations that had a barren state assemblage
prior to the disease outbreak have shifted to intermediate or
algae dominated states (Figures 4, 6). Similarly, some areas also
shifted from intermediate to an algae dominated state, suggesting
an overall increase in macroalgal cover. These changes over
time and the overall influence of D. africanum mortality in
sample ordination was further confirmed by ANOSIM, with
2019 benthic data being significantly different from remaining

years. Results from ANOSIM (Table 1) also support that reverse
shifts (from barren to algae dominated states) can take several
months to occur (Ling et al., 2015), explaining why, despite the
reduction in barren state areas, no significant differences were
found between 2017 and 2018 samples.

The use of a Distance-based Linear Model (Anderson et al.,
2008; Clarke et al, 2014) assisted in understanding how
herbivore and grazer taxa were correlated with the benthic
sample ordination and grouping (SFG), with variations in
benthic community structure being best explained in a model
with contributions of D. africanum, and three additional taxa
(Tables 2-4). The higher contribution of D. africanum (Table 2)
and the stronger correlation with benthic data ordination
(Figure 5) can be easily explained by the greater variance
in density (Supplementary Figure 1) compounded by his
voracious appetite and a mean daily algal consumption of 0.5-
0.7 gDW/ind./day (Tuya et al., 2004a). This is in agreement with
findings in the neighboring Canary Islands, where D. africanum
is able to maintain barren rocky reefs (Tuya et al., 2004a). The
characteristics of this species, including the high level of daily
consumption, the ability to change its diet depending on habitat,
the capacity to live at high population densities and the lack of
predators, makes D. africanum determinant in shaping rocky reef
communities and the stability of barren states in Madeira.

Overall, the strong correlation between D. africanum density
and benthic data ordination (Tables 2, 4 and Figure 5) coupled
with the significant differences in benthic data (Table 1 and
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Figure 4) and the reductions in the urchin numbers and barren
areas following the 2018 disease outbreak (Figures 2, 3, 6)
support that the mass mortality event has indeed triggered
a reverse shift and increase in macroalgae cover. The severe

reduction in the numbers of D. africanum appear to have
reached a tipping point that enabled the recovery of algal cover
within 12 months. A close inspection of urchin densities in
the three distinct assemblages (SFG = a, b and ¢) can assist in
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identifying the density tipping point for a reverse shift to occur
(Figure 7). With the lower quartile in barren state (SFG = a)
above 50 individuals per 100 m? and both intermediate and
algae dominated states (SFG = b and c¢) upper quartile below
this density, it is possible to empirically identify the triggering
threshold to allow a reverse shift from a stable barren state at 0.5
ind./m?. This critical tipping point is considerably lower than the
2 ind./m? density threshold of urchin barren grounds suggested
for the Canary Islands (Clemente and Herndndez, 2008), but
is in agreement with findings in other locations, where barrens
formation occur at higher densities than reverse shifts (Ling et al.,
2009, 2015).

Despite the 2018 disease outbreak and D. africanum mass
mortality in the archipelago, a recovery of mature local urchin
populations may indeed promote a regression in algal cover
and easily return coastal habitats to a stable barren state
(Filbee-Dexter and Scheibling, 2014; Ling et al., 2015). Urchin
populations recovery can require years to pass before urchins
emerge from crypsis to graze (Ling et al., 2009; Ling and Johnson,
2009; Ling, 2013). However, the 6-month recovery density values
in local D. africanum populations reported in Gizzi et al. (2020),
suggest that the algae dominated state may not be stable for long.
If urchin densities reach the forward-shift critical threshold and
grazing intensity is restored, barren formation can occur in a
short period of time (Ling et al., 2015). As such, the stability of
macroalgal forest habitats in Madeira will be partly dependent
on control mechanisms keeping local D. africanum populations
below the tipping point required for a forward shift. Even if
assuming the 2 ind./m? density threshold reported in barren

grounds of Canary Islands (Clemente and Hernandez, 2008),
local populations of D. africanum are expected to easily reach this
density in many areas of the island.

Predation is one of the main controlling mechanisms in the
recovery of sea urchin populations (e.g., Halpern et al., 2006;
Clemente et al., 2011; Medrano et al., 2019). The intensive fishing
activity in Madeira (Martinez-Escauriaza et al., 2020a,b), has
not only reduced local fish stocks, but also the number of sea
urchin predators (Friedlander et al., 2017). In fact, previous
studies in the archipelagos of Madeira and Canary Islands had
already reported that local reductions in predator numbers, such
as Balistes capriscus, Bodianus scrofa, Canthidermis sufflamen,
and Sparisoma cretense, likely contributed to the proliferation
of D. africanum and promoted urchin barrens (Tuya et al,
2004b, 2005; Hern4ndez et al., 2008a,b; Clemente et al., 2010,
2011; Sangil et al., 2011; Friedlander et al., 2017). With a
low number of natural predators due to its long spines, the
reduction of predation pressure associated with fishing activities
can disproportionately favor D. africanum proliferation and
consequently result in a damaging effect on local macroalgae
forests. Spatial variation in fishing efforts will likely have a major
influence in predatory pressure and the recovery of D. africanum,
but adequate management and marine spatial planning can
contribute to reduce chances of new barren formations and
contribute to the conservation of macroalgae dominated habitats.

In view of the ecological importance of macroalgal
forests and that erect macroalgae provides nursery areas
and shelter to numerous organisms in the eastern Atlantic
(Hernandez et al., 2008a; Sangil et al., 2014; Friedlander et al.,
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2017), it is of the utmost importance to take action toward the
conservation and even restoration of this important habitat
(Rice and Smith, 2017; Verdura et al., 2018; Melis et al., 2019).
Despite the occurrence of disease outbreaks as natural control
mechanisms of urchin populations, the unpredictable frequency
and possible impacts on other marine species (Boudouresque
and Verlaque, 2007; Rogers-Bennett, 2007; Jurgens et al., 2015;
Gizzi et al., 2020; Herndndez et al., 2020) makes them unreliable
controlling agents for future conservation efforts of macroalgae
forests. Effective management of local coastal habitats that aim to
enhance marine biodiversity need to prioritize measures toward
the conservation and restoration of macroalgal forests (Melis
et al., 2019; Pinna et al., 2020). The present study illustrates that
a severe reduction in urchin population can trigger the return of
macroalgae dominated states, but to assure its stability urgent
action will be required to assure that: (i) urchin densities stay
below the tipping point that initiates phase shift toward barren
state, and (ii) macroalgae fronds are not facing catastrophic
collapse from other pressure sources such as eutrophication,
sedimentation and siltation, contamination and physical
damage from activities such as marine construction or dredging
(Filbee-Dexter and Scheibling, 2014; Schifer et al., 2020).

General measures for macroalgae conservation include:
improvements in local fishery management policies to account
for recreational fishing activities and reduce chances of
overfishing; closely monitor wastewater treatment plants and
other potential sources of marine pollution; regulate and enforce
strict measures to reduce the impact of coastal and urban
development, and; establish long-term monitoring programs
to assess the status of marine coastal habitats. Management
programs that target urchin control are likely the most reliable
way to assure low urchin population densities and the stability
and restoration of local macroalgal forests. However, the
establishment of marine protected areas can simultaneously
favor urchin predator pressure (by imposing fishing restrictions;
Medrano et al., 2019) and reduce chances of damage to algae
populations from other sources (by banning human activities
that may have negative impacts), making it a preferable approach
in promoting habitat and biodiversity conservation. Finally,
targeted pilot-studies should explore the feasibility and success
of D. africanum selective harvesting and other culling methods
as proactive restoration initiatives to maintain and promote the
stability of local macroalgae forests.
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