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a b s t r a c t

Diadema aff. antillarum performs a key role in organizing and structuring rocky macroalgae assemblages
in the Canary Islands. Densities of D. aff. antillarum higher than 2 individuals m�2 are found to drastically
reduce non-crustose macroalgal cover to below 30% and wave exposure appears as a major factor deter-
mining sea urchin density, which decreases with exposure level. Substrates containing >20% sand limit
urchin to under 1 individual m�2 but high relief rocky habitats show higher density. Moreover, several
anthropogenic factors (number of islanders and tourists per coastal perimeter, and number of operational
fishing boats) were positively correlated with urchin abundance. A trend of increasing urchin density
through time was found, although well structured marine systems found at Mar de Las Calmas Marine
Protected Area and at the no-take area of La Graciosa Marine Protected Area do not seem to follow this
general trend.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The importance of herbivorous sea urchins in structuring
marine algal assemblages is well-known (Lawrence, 1975; Harr-
old and Pearse, 1987). At moderate population densities, sea
urchins may alter plant species composition and promote species
diversity through selective feeding (Sammarco, 1982). However,
at high densities they can dramatically reduce non-crustose mac-
roalgal beds resulting in the formation of ‘sea urchin-dominated
barren grounds’ (Lawrence, 1975). The occurrence of such areas
has been reported along temperate coastlines (North and Pearse,
1970; Andrew, 1993; Scheibling and Hennigar, 1997; Sala et al.,
1998; Guidetti, 2006) and subtropical coastlines (Brito et al.,
1984, 2004; Alves et al., 2001; Hernández, 2006), as well as in
tropical regions (Ogden et al., 1973; Sammarco, 1982; McClana-
han, 1994).

In the eastern Atlantic oceanic islands, and particularly in the
Canary Islands, the density of the genetically differenced ‘b-form’

of the species Diadema antillarum defined by Lessios et al. (2001)
(here called D. aff. antillarum) can reach more than 12 individu-
als m�2 and it is spread throughout the entire archipelago (Brito
et al., 1984, 2004; Tuya et al., 2004; Hernández, 2006). Loss of mac-
roalgal beds produces lower species diversity (Herrera, 1998) and
loss of habitat suitable for feeding and breeding fish (Brito et al.,
2004). Therefore, it is well-known that urchin barrens are unpro-
ductive habitats, where primary productivity is more than two or-
ders of magnitude lower than at comparable reefs dominated by
algal beds in temperate regions (see Chapman, 1981). At this lati-
tude between tropical and temperate waters, macroalgae are the
main biological engineers on rocky reefs and no coral reef forma-
tions occur. Consequently, high macroalgal cover is a well-known
indicator of good benthic conservation status (Hernández et al.,
2007a).

On temperate and subtropical rocky coasts, subtidal habitats
are often characterized by one of the two community states: algal
bed/kelp forest or sea urchin barren (Lawrence, 1975; Sala et al.,
1998; Guidetti, 2006; Hernández et al., 2007a). Algal beds in the
Canary Islands are characterized by brown algae and Lobophora
variegata is the most common species. Other widespread algae
are the genus Dictyota, Cystoseira and Sargassum (Sansón et al.,
2001; Sangil et al., 2006; Hernández et al., 2007a). When urchins
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are abundant in barrens their intense grazing denudes the seabed
of all but encrusting red coralline algae such as Hydrolithon and
Neogonolithon, and brown encrusting Pseudolithoderma adriaticum
(Sangil et al., 2006). In spite of the high densities of this keystone
urchin throughout the Canary Islands, relatively large areas re-
main with low urchin densities (Brito et al., 1984, 2004; Tuya
and Haroun, 2006; Hernández et al., 2007a), where L. variegata
dominates, occupying 80% of the substrate and reaching 50 m
depth (Tuya and Haroun, 2006; Sangil et al., 2006; Hernández
et al., 2007a).

Occasionally, relevant events such as high recruitment or
mass mortality, which alter the adult urchin population, might
be noted (Ebert, 1983; Pearse and Hines, 1987; Scheibling and
Hennigar, 1997; Lessios, 1988) and these events could be rele-
vant in mediating transitions between alternate states. Mass
mortality events have been recorded for different sea urchin spe-
cies in widespread areas of the world (Pearse et al., 1977; Less-
ios, 1988; Scheibling and Hennigar, 1997), however no such
event has been recorded in the eastern Atlantic, where high den-
sities of urchins and barrens have persisted over the decades
(Brito et al., 1984; Hernández, 2006). Experimental urchin exclu-
sions have been performed in the Canary Islands, providing evi-
dence that erect macroalgae have the potential to recolonise
encrusting coralline barren areas (Brito et al., 2004). Also shallow
rocky bottoms sporadically exposed to storm waves/swell (i.e.
high hydrodynamic events) have been found to allow algal
growth by removing urchins or restricting the scope of their
movement so that they form compliant aggregations (Hernández,
J.C., Clemente, S., personal observation).

Habitat complexity is an important factor influencing Diadema
grazing (Lee, 2006), as well as for other sea urchin species (An-
drew, 1993), since complex habitats provide urchins with refuge
from predation (Levitan and Genovese, 1989). The availability of
refuges and the urchins’ so called cryptic behavior seems to help
promote survival of recruits in complex rocky areas (Levitan and
Genovese, 1989) and probably contributes to the high adult pop-
ulation density typically found in these habitats (Hernández
et al., 2006a; Hernández, 2006; Clemente et al., 2007). Gradients
in the physical environment may produce spatial heterogeneity
of marine assemblages at different scales simply as a conse-
quence of the space available or of the different physiological tol-
erances of the species (Levitan and Genovese, 1989; Andrew,
1993). However, few habitat complexity studies have been car-
ried out with urchins in subtidal marine environments (McClana-
han, 1994; Lee, 2006; Clemente et al., 2007). Since depth, wave
exposure and habitat complexity are believed to affect D. aff.
antillarum distribution and abundance (Alves et al., 2001; Her-
nández, 2006; Clemente et al., 2007), any interpretation of
changes in urchin populations must be made with knowledge
of the species’ basic variation in relation to these environmental
variables.

Here, we present a medium-term data set, recorded throughout
the Canarian Archipielago over seven years and 125 sites that aim
to improve the understanding of spatial variation at different
scales. This study assesses D. aff. antillarum populations, cover of
urchin barren vs. macroalgae and habitat complexity. Variation is
studied on different spatial scales (islands and areas of different
wave exposure, human pressure, depth, and habitat complexity);
as well as on different temporal scales. During the course of the
sampling period a strong urchin recruitment event was detected
due to noticeable seawater warming during 2003 and 2004 in
the Canary Islands (Hernández, 2006; Hernández et al., 2006a). A
re-sample of study sites was performed after the recruitment event
to detect whether the effect of this phenomenon was spread
throughout the Canary Islands’ Marine Protected Areas (MPAs)
and Highly Fished Areas (HFAs).

2. Material and methods

2.1. Study site: oceanographic features of the Canary Islands

The Canary Islands are situated between latitude 27.68–
29.58 N and longitude 18.28–14.58 W on the eastern border of
the North Atlantic Ocean’s subtropical gyre. Emerging from the
oceanic basin as a result of successive overlays of volcanic material
to form an independent set of islands, the Canarian Archipelago
comprises of seven major islands and four islets. The eastern
boundary of the archipelago is separated from the coast of the
African mainland by a distance of 90 km and it extends about
400 km further west. This geographical location between the cool,
nutrient-rich water from the north-west African coastal upwelling,
and the warmer, nutrient-poor open ocean waters, means the Can-
ary Islands are considered a ‘Coastal Transition Zone’ (Barton et al.,
1998). In addition, the archipelago itself acts as an obstacle to both
the Canary Current, which flows NNE to SSW, as well as to the
Trade Winds; thus giving rise to a variety of mesoscale oceano-
graphic phenomena that have strong implications for the produc-
tivity of the region (Barton et al., 1998). This particular
geographical situation creates an oceanographic gradient across
the archipelago, where differences in sea water temperature
(�2 �C), nutrients and primary productivity are found between
its eastern and western boundaries (Barton et al., 1998). Therefore,
the islands’ marine assemblages consist of a combination of trop-
ical, subtropical and temperate species which varies according to
its location within the oceanographic gradient (Sansón et al.,
2001; Brito et al., 2001).

Exposure to wave action is a strong force in segregating urchin
species (Tuya et al., 2007). The shape of the island and its orienta-
tion against the waves creates different degrees of wave exposure
along the different coastlines. The normal wave pattern consists
of sea waves from NNE, which have an annual average height of
1.4 m and a frequency of 9.5 s. NNE swells are abundant through-
out the year and more frequent from autumn to spring, also asso-
ciated with NNE and NE winds. Otherwise swells originating in
the Northern Atlantic become more frequent between October
and March and approach the islands from NNW and NW, with an
annual wave height between 2–3 m and a frequency of 18 s (Yanes
et al., 2006). According to the different spatial behavior of swells,
differences in terms of average annual height and frequency of
waves between the northern, western and eastern-southeastern
coasts are found. Eastern, southeastern and southern coasts of
the islands are sheltered from NNW-NW strong swells and face
waves that are on average smaller than those received by northern
and western coastlines, which are exposed to non-local swells
(Yanes et al., 2006).

2.2. Sampling methods: sea urchins and algal assemblages

At each site the belt transect method was used to count all D. aff.
antillarum individuals thus providing estimates of sea urchin popu-
lation density. Transects of 10 � 2 m, suitable for the benthic com-
munities investigated (Hernández et al., 2007a), were used with at
least eight replicates per site. Transects were run parallel to the
coastline using a metric tape at depths of 0.5–25 m, with a minimum
distance between replicates of 10 m. Percentages of non-crustose
macroalgae and barren cover were estimated in situ by randomly
placing 3–5 quadrates per transect. Barren cover was defined as total
surface covered by crustose macroalgae and bare rock (modified
from Guidetti, 2006). Dominant algal assemblage was recorded in
all sites considering five morpho-functional groups (Guidetti,
2006): (a) algal turf; (b) unbranched-erect macroalgae; (c)
branched-erect macroalgae; (d) calcified-erect macroalgae; and (e)
crustose macroalgae (Table 1). These groupings facilitate the ecolog-
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ical interpretation of algal assemblages influenced by D. aff.
antillarum.

2.3. Sampling design and data analysis

2.3.1. Influence of sea urchin population density on algal assemblages
The influence of urchin populations on algae assemblages was

assessed using data from 125 sites around the Canary Islands
(Fig. 1; see Table 1 in Supplementary materials) over the period

2001–2006. Log–linear relationships between urchin density (indi-
viduals m�2) and non-crustose macroalgal cover (%) were per-
formed using SPSS 14 statistical package.

2.3.2. Large scale spatial variation: influence of wave exposure and
human pressure in sea urchin archipelagic distribution

To assess spatial variation over a scale of kilometers, a total of
125 sites were sampled between 2001 and 2006 throughout the
entire archipelago (Fig. 1; see Table 1 in Supplementary materials).

Table 1
List of algae species surveyed at the sampling sites in the Canary Islands

Turf Unbranched erect Branched erect Calcified erect

Non-crustose macroalgae
Amphiroa spp. Colpomenia sinuosa Asparagopsis taxiformis Corallina elongata
Asparagopsis taxiformis (tetrasporofite) Hydroclathrus clathratus Cystoseira abies-marina Liagora ceranoides
Ceramium echionotum Lobophora variegata Cystoseira compressa Liagora tetrasporifera
Cottoniella filamentosa Padina pavonica Cystoseira foeniculacea
Cyanobacteria (unidentified) Cystoseira sp.
Caulerpa webbiana Dasya baillouviana
Filaments (unidentified) Dictyota cervicornis
Gelidiopsis intricata Dictyota crenulata
Herposiphonia secunda Dictyota dichotoma
Jania adhaerens Dictyota fasciola
Jania pumila Dictyota pfaffii
Lophocladia trichoclados Dictyota sp1.
Polysiphonia furcellata Dictyota sp2.
Psedochlorodesmis furcellata Galaxaura rugosa
Pseodotetraspora marina Hypnea spinella
Sphacelaria cirrosa Laurencia spp.
Spyridia hypnoides Pterosiphonia pennata
Wrangelia penicillata Sargassum desfontainesii

Sargassum sp.
Stypocaulon scoparium
Stypopodium zonale

Crustose macroalgae
Crutose coralline algae (unidentified)
Lithothamnium coralloides
Mesophyllum canariense
Pseudolithoderma adriaticum

Categorized as non-crustose (turf; unbranched erect; branched erect; and calcified erect) and crustose macroalgae.
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Fig. 1. Study sites across the Canary Islands including Marine Protected Areas (MPAs). Numbers correspond to the different sites listed in Table 1 (Supplementary material).
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Sites were chosen from two different wave exposure levels. Differ-
ent degrees of exposure can be found on an island due to its local
topography, which can be simplified into two main levels, as
described in Section 2.1 following Yanes et al. (2006):

- High exposure: sites located on the north or northwest side of
the islands and islets, affected by trade winds and swells from
NNE to NE and often by NNW-NW swells, as well as sites only
affected by NNW-NW swells (see Table 1 in Supplementary
materials).

- Low exposure: sites located on the east, south or southeast side
of the islands and islets normally affected by trade winds waves
and swells from NNE to NE and not by NNW-NW swells (see
Table 1 in Supplementary materials).

In order to contrast sea urchin density and barren cover among
islands and degrees of exposure to wave action, we performed dis-
tance-based permutational ANOVAs (Anderson, 2001). A three-
way design was performed when analyzing urchin density and bar-
ren cover, in which ‘island’ (I) was treated as a fixed factor with se-
ven levels; ‘exposure’ (E) as a fixed factor with two levels and ‘site’
(S) as a random factor nested in the interaction ‘I � E’. All analyses
were based on euclidean distances of the original raw data, with all
p-values obtained using 4.999 permutations of the appropriate
exchangeable units (Anderson, 2001). Significant terms in the full
model were examined individually using appropriate a posteriori
pairwise comparisons. The software PRIMER 6 and PERMANOVA+
was used to perform these analyses.

Relationships between sea urchin density and factors that de-
fine human and fishing pressure (number of islanders and tourists
per island perimeter, and number of fishing boats) were analyzed.
Logarithmic and linear models were performed using the SPSS 14.0
statistical package. Information on human and fishing pressure in
the Canary Islands was obtained from Gobierno de Canarias
(www.gobcan.es), National Spanish Network of Marine Protected
Areas (www.mapya.es/rmarinas/) and Bas et al. (1995); data previ-
ously used by Tuya et al. (2006a). Similar data have been used by
other authors to provide a useful depiction of anthropogenic pres-
sure and resource exploitation (Hawkins and Roberts, 2004). Data
from Gran Canaria Island were not included in the regression due
to proximity of sampling sites (see Fig. 1).

2.3.3. Medium–small scale spatial variation: influence of depth,
sedimentation, topographic relief, slope and substratum diversity

To assess spatial variation at a scale of meters, depth and four
main habitat complexity variables were identified:

- Sedimentation (Díez et al., 2003): estimated as the percentage
of rock covered by sand at each transect and assigned to catego-
ries of (1) 0%; (2) 1–10%; (3) 10–20%; and (4) more than 20%.

- Topographic relief (McClanahan, 1994): visually estimated at
each transect, considering contour height in relation to linear
surface area, as (1) flat surface; (2) less than 1 m; (3) between
1–3 m; and (4) high relief, more than 3 m.

- Slope (Díez et al., 2003): measured at each transect as the incli-
nation of the substrate in degrees, using an angle meter with a
weight as a pendulum, and then assigned to the categories (1)
0�; (2) from 0� to 45�; (3) more than 45�; and (4) 90�.

- Substratum diversity (Gratwicke and Speight, 2005): consid-
ered as the substrate type or combination of substrates visually
identified at belt transects. We categorized them as: (1) bed
rock; (2) boulders from 5 to 100 cm; (3) a combination of bed
rock and boulders.

The influence of each habitat complexity variable on D. aff.
antillarum density and barren cover was tested using field data

collected in 1112 belt transects performed throughout the entire
Canarian Archipelago (Fig. 1). We performed three-way distance-
based permutational ANOVAs (Anderson, 2001), in which ‘island’
was treated as a fixed factor with seven levels. Habitat complexity
variables were treated as fixed factors with four levels each for
‘sand’ (Sa), ‘topographic relief’ (TR) and ‘slope’ (Sl) and three levels
for ‘substrate diversity’ (SD). ‘Site’ was treated as a random factor
nested within the interaction ‘island � habitat complexity
variable’.

2.3.4. Temporal variation: effects of sea urchin population expansion
throughout the archipelago (MPAs vs. HFA)

To temporally monitor sea urchin density, three sites were cho-
sen (Fig. 1; see Table 1 in Supplementary materials). Abades was
the most sampled site with three years of monthly sampling from
February 2002 to February 2005, and some additional seasonal
sampling in 2005–2006. Masca was sampled monthly from Febru-
ary 2002 to March 2003 and Boca Cangrejo from January 2004 to
February 2005. In Boca Cangrejo, further data were collected in se-
lected months of 2005, as well as seasonally in 2006. Year to year
variations in urchin density and barren cover were tested, between
Abades and Masca (2002–2003) and between Abades and Boca
Cangrejo (2004 and 2005), with the factor ‘year’ (Y) treated as a
fixed factor and ‘site’ (S) as a random factor.

Sea urchin population outbreaks were detected at two sites in
Tenerife (Abades and Boca Cangrejo) during 2004 and 2005. These
two instances of proliferation can both be related to increases in
water temperature (Hernández, 2006; Hernández et al., 2006a)
and provided the opportunity to study how the response of urchin
populations varied across the Canarian Archipelago. A total of 24
sites, for which previous data were available, were revisited during
2006 to assess the effect of the detected outbreak in different areas:
seven sites in Mar de Las Calmas–MPA (El Hierro), 11 sites in Ten-
erife–HFA and six sites in La Graciosa–MPA (Lanzarote and north-
ern islets; Fig. 1; see Table 1 in Supplementary materials).
Seasonal and spatial variations in adult density and barren cover
were analyzed using a three-way Permutational ANOVA. The
orthogonal factor ‘outbreak event’ (O) was treated as a fixed with
two levels of variation: (1) before and (2) after the event; island
(I) as a fixed factor with three levels: (1) Mar de Las Calmas–MPA,
(2) Tenerife–HFA and (3) La Graciosa–MPA; and ‘site’ (S) as a ran-
dom factor nested within ‘island’ with 24 levels. While Mar de Las
Calmas–MPA had large areas dominated by L. variegata before the
outbreak, La Graciosa–MPA and Tenerife–HFA showed dense bar-
rens of D. aff. antillarum (Brito et al., 2004; Hernández et al., 2007a).

3. Results

3.1. Influence of sea urchin populations on algal assemblages
throughout the Canary Islands

A highly significant log–linear relationship was detected be-
tween sea urchin density and non-crustose macroalgal cover
(Fig. 2). The scatter plot of sea urchin density versus non-crustose
macroalgal cover showed more variability in percentage of algal
cover at the lowest urchin densities, in which higher variability
in the dominant morpho-functional algal group also occurs. At
intermediate densities this variability decreased sharply and at a
threshold density of about 4 individuals m�2 non-crustose macro-
algal cover remains below 30%, with crustose macroalgae clearly
the dominant algal group (Fig. 2). In general, when urchin densities
exceed 4.5 individual m�2, turf, unbranched-erect and branched-
erect macroalgae did not appear as dominant (Fig. 2). Calcified-
erect macroalgae only appeared as the dominant algae when urch-
in densities were below 6.5 individuals m�2 (Fig. 2).
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3.2. Spatial variation at large scale: effect of wave exposure on sea
urchin populations

High variability in D. aff. antillarum population density through-
out the Canarian Archipelago was detected. Permutational ANOVA
results revealed a highly significant effect of the main factor ‘island’
and to a lesser extent of the factor ‘exposure’ (Table 2A). A posteriori
pairwise analyses showed that the maximum sea urchin densities
were recorded at Tenerife island, which differs significantly from
the medium densities registered in Lanzarote-La Graciosa (t = 2.42,
p < 0.05), La Gomera (t = 3.14, p < 0.01), La Palma (t = 4.01,
p < 0.01), Fuerteventura (t = 3.83, p < 0.01) and Gran Canaria
(t = 4.16, p < 0.01). El Hierro comprised the lowest densities, which
were significantly different from those recorded on the other islands
(t = 8.07, p < 0.01; t = 5.44, p < 0.01; t = 8.36, p < 0.01; t = 4.09,
p < 0.01; t = 1.94, p < 0.05; and t = 6.64, p < 0.01, respectively;
Fig. 3A1). Results concerning the factor ‘exposure’ show that sites
with high levels of exposure to wave action maintained significantly
lower D. aff. antillarum densities (2.27 ± 0.14 individuals m�2) than
those less exposed (3.49 ± 0.12 individuals m�2; Fig. 3A2). There
were also differences in urchin densities between sites at each island
(Table 2A).

The assessment of barren ground cover across the archipelago
showed a significant interaction of factors ‘island � exposure’
(Table 2B). Barren ground cover differed depending on level of
exposure to wave action in relation to each island considered, as shown by a posteriori pairwise analyses. The only island for which

differences were obtained was Tenerife, where barren cover was
found to be significantly higher at less exposed sites (t = 2.92,
p < 0.01; Fig. 3B). No significant differences were obtained at El
Hierro (t = 1.25, p = 0.23), La Palma (t = 0.10, p = 0.93), La Gomera
(t = 0.99, p = 0.34), Gran Canaria (t = 0.43, p = 0.68), Fuerteventura
(t = 1.90, p = 0.09) and Lanzarote-La Graciosa (t = 1.60, p = 0.13;
Fig. 3B). On the other hand, differences at the scale of factor ‘site
(island)’ were also significant (Table 2B), differing in the percent-
age of barren ground cover between sites at each island.

3.3. Spatial variation at large scale: interaction between sea urchin
and humans

A significant log–linear relationship was detected between sea
urchin density and number of islander’s resident along the coastal
perimeter (Fig. 4A). The scatter plot of sea urchin density versus
number of islanders per coastal perimeter showed Tenerife’s more
populated coastal perimeter also had the highest sea urchin den-
sity. A low significant linear relationship was detected between
sea urchin density and number of tourist per coastal perimeter
(Fig. 4B), and a low significant log–linear relationship was found
between sea urchin density and number of fishing boats (Fig. 4C).

M
ac

ro
al

ga
l c

ov
er

 (%
)

0

20

40

60

80

100

120

0 2 4 6 8 10 12 14 16 18 20
Abundance (individuals m -2)

Crustose macroalgae
Turf
Unbranched erect
Branched erect
Calcified erect

Non-crust
macroalgae

y = -7.871 ln(x) + 28.216
R2 = 0.441
P<0.001

Fig. 2. Log–linear relationship between sea urchin (Diadema aff. antillarum) abundance and macroalgal cover.

Table 2
Results of three-way Permutational ANOVA comparing (A) density (individuals m�2)
of Diadema aff. antillarum and (B) barren cover (%) between the seven islands (1, El
Hierro; 2, La Palma; 3, La Gomera; 4, Tenerife; 5, Gran Canaria; 6, Fuerteventura; 7,
Lanzarote and islets), two different levels of wave exposure (1, high wave exposure; 2,
low wave exposure), and 125 sites across the Canarian Archipelago (Table 1
Supplementary material)

df MS F P (perm)

A. Density
Island (I) 6 405.46 12.15 0.001
Wave exposure (E) 1 131.42 4.10 0.040
I � E 6 28.63 0.86 0.545
Site (I � E) 111 37.19 18.31 0.001
Residual 987 2.03
Total 1111

B. Barren
I 6 66881 18.24 0.001
E 1 5203.10 0.70 0.422
I � E 6 8521.40 2.32 0.038
Site (I � E) 111 4087.80 18.94 0.001
Residual 987 215.80
Total 1111
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3.4. Spatial variation at medium–small scale

3.4.1. Depth
When assessing the variability of D. aff. antillarum density with

depth, the scatter plot showed higher variability in urchin density
at shallower depths (<7 m) for those sites less exposed to wave ac-
tion (Fig. 5). At highly exposed sites urchin density hardly varied in
shallow water but variability was found to increase with depth
(Fig. 5). The critical threshold of 4 individuals m�2 previously re-
ported to drastically reduce non-crustose macroalgal cover, was
not reached at highly exposed sites at depths less than about
7 m, while at less exposed sites this density is common in shal-
lower water (�3 m; Fig. 5).

3.4.2. Sedimentation
Permutational ANOVA analysis showed a significant effect of the

factor ‘sedimentation’ over D. aff. antillarum densities, as well as of
the factor ‘island’ (Table 3A). A posteriori pairwise analyses showed
urchin density to be significantly lower on substrates where sand

was >20% compared to those without any sand (t = 2.82, p < 0.01),
1–10% (t = 2.13, p < 0.05) and 10–20% (t = 1.87, p < 0.05; Fig. 6A).
Variations at the scale of ‘site (island � sedimentation)’ were ob-
tained (Table 3A), differing urchin density between sites at each is-
land in relation to the sedimentation level considered.

Analyses showed no significant effect of either ‘sedimentation’
or the interaction of factors ‘island � sedimentation’ on barren cover,
although differences at the level of ‘island’ and ‘site (island �
sedimentation)’ were still found (Fig. 6A; Table 3B).

3.4.3. Topographic relief
Permutational ANOVA analysis showed both ‘island’ and ‘topo-

graphic relief’ (TR) had highly significant effects on D. aff. antilla-
rum density (Table 4A). A posteriori pairwise analyses showed
urchin density to be significantly higher at the highest TR level
(4) than in habitats with lower TR: levels 1 (t = 5.17, p < 0.01), 2
(t = 4.67, p < 0.01) and 3 (t = 3.15, p < 0.01; Fig. 6B). Moreover, dif-
ferences with regard to the factor ‘site (island � rugosity)’ were
significant (Table 4A), meaning that urchin density differed be-
tween sites at each island in relation to the rugosity level.

When analyzing barren cover, a significant effect of TR and
highly significant effects of factors ‘island’ and ‘site (island � TR)’
were obtained (Table 4B). A posteriori tests showed significant dif-
ferences in percentage of barren cover between sites within the
highest TR (4); which had a higher percentage of barren cover than
at lower levels 1 (t = 1.87, p < 0.05), 2 (t = 3.16, p < 0.01) and 3
(t = 1.92, p < 0.05; Fig. 6B).

3.4.4. Slope
Permutational ANOVA analyses showed no significant effect of

‘slope’ or the interaction ‘island � slope’ on D. aff. antillarum den-
sity and on percentage of barren cover. However, differences at
the level of ‘island’ and ‘site (island � sedimentation)’ were always
found to be significant (see Table 2 in Supplementary material).

3.4.5. Substrate diversity
There were no significant effects of factor ‘substrate’ or even of

the interaction ‘island � substrate’ on urchin density and barren
cover, although differences at the levels of ‘island’ and ‘site
(island � sedimentation)’ were significant (see Table 3 in Supple-
mentary material).

3.5. Temporal variation in sea urchin populations

3.5.1. Medium-term monitoring
Sea urchin densities exceed 4 individuals m�2 at all studied

sites and sampling periods, with higher values at Abades than at
Masca and Boca Cangrejo. While the range of densities registered
at each site was more stable from 2002 to 2005, Abades and Boca
Cangrejo sites showed a trend of substantial increase of densities
during 2005 and 2006 (Fig. 7A). Analyses comparing urchin density
over the studied years showed significant effects of both main fac-
tors ‘year’ and ‘site’ (Table 5A). A posteriori tests showed that den-
sities recorded in 2002 and 2004 (t = 0.37, p = 0.81) differed (02 vs.
05: t = 23.32, p < 0.05; 02 vs. 06: t = 24.25, p < 0.05; 04 vs. 05:
t = 39.74, p < 0.05; and 04 vs. 06: t = 368.45, p < 0.01) from those
collected in 2005 and 2006 at all sites (t = 4.84, p = 0.13; Fig. 7A).

Percentages of barren cover remained high (above 80%) over the
whole duration of the study with slight variability between sites
(Fig. 7B). Analyses comparing this variable over the years showed
significant effects of the interaction ‘year � site’ (Table 5B), with
percentages differing in relation to the site (Table 5B).

3.5.2. Analysis of the sea urchin outbreak
A two-way Permutational ANOVA was used to assess the sea-

sonal and spatial variations of a population ‘outbreak’ across the
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meter and sea urchin (Diadema aff. antillarum) abundance. (B) Linear relationship
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Canarian Archipelago. A significant effect of the interaction ‘out-
break event � island’ on urchin density was obtained (Table 6A),
differing urchin density before and after the reported event in rela-
tion to the island considered (Figs. 8A and 9). A posteriori pairwise
analyses of this interaction showed densities recorded before com-
pared to after the event were significantly different at El Hierro
where urchin density was lower after the event (t = 4.79,
p < 0.01), and at Tenerife where urchin density was found to be
higher after the event (t = 4.21, p < 0.01; Figs. 8A and 9). In La
Graciosa there was an increase in urchin density but the a posteriori
test did not show the difference to be significant (t = 1.79, p = 0.14;
Figs. 8A and 9).

Similarly, in terms of percentage barren cover, there was shown
to be a significant effect of the main factor ‘island’ as well as of the
interaction of factors ‘outbreak event � site (island)’ (Table 6B),
with these variables differing before and after the reported event
in relation to the site considered at each island (Fig. 8B).

4. Discussion

4.1. Influence of urchin populations on macroalgal assemblages
throughout the Canary Islands: barren ground state definition

Diadema aff. antillarum exhibits a key role in controlling fleshy
macroalgae on rocky bottoms of the eastern Atlantic Islands (Ma-
deira, Salvajes, Canary Islands) as demonstrated by various authors
in recent years (Alves et al., 2001; Brito et al., 2004; Tuya et al.,
2004; Hernández et al., 2007a). However, the urchin barren state
was noticed long before in the Canary Islands (Brito et al., 1984).

In general, at a density of 4 individuals m�2, non-crustose per-
centage cover of macroalgal assemblages is drastically reduced to
around 30% or less. Nevertheless, the effect over algal cover differs
depending on the algal group in question. While crustose macroal-
gae maintain a high percentage cover with increasing urchin den-
sity, others such as branched and unbranched macroalgae virtually
disappear at densities around 4 individuals m�2. Filamentous algae
and articulate coralline assemblages have been seen to maintain a
low presence on densely populated barrens. At an urchin density
above 2 individuals m�2, non-crustose macroalgal cover is drasti-
cally reduced below 15%, and at densities above 4 individuals m�2

it barely exceeds 10%. Even though there is spatial variability in
this general pattern, due to the particular environmental condi-
tions that may favor recruitment and growth of algae (Sansón
et al., 2001; Tuya and Haroun, 2006; Sangil et al., 2006), we con-
sider a threshold density of 2 individuals m�2 in a rocky subtidal
habitat to represent an urchin barren ground in the Canary Islands.
When urchin density exceeds 4 individuals m�2 it could be consid-
ered a degraded urchin barren where non-macroalgae beds can de-
velop. Definitions of these thresholds are useful with regard to
conservation strategies, as they allow one to distinguish between
habitats with urchins simply present and habitats dominated by
urchins, which could be considered ‘undesired states’ and have
high resistance to restoration (Hernández et al., 2007a). Barren
grounds are continuously invaded by algal spores and propagules
but intensive grazing by urchins prevents the establishment of
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Table 3
Results of three-way Permutational ANOVA comparing (A) density (individuals m�2)
of Diadema aff. antillarum and (B) barren cover (%) between the seven islands (1, El
Hierro; 2, La Palma; 3, La Gomera; 4, Tenerife; 5, Gran Canaria; 6, Fuerteventura; 7,
Lanzarote and islets), four different sedimentation levels (1 = 0; 2 = 1–10%; 3 = 10–
20%; 4 = >20%), and 125 sites across the Canarian Archipelago (Table 1 Supplementary
material)

df MS F P (perm)

A. Density
Island (I) 6 246.06 19.82 0.001
Sand (Sa) 3 36.25 2.89 0.029
I � Sa 18 11.209 0.85 0.631
Site (I � Sa) 237 19.941 12.96 0.001
Residual 847 1.5387
Total 1111

B. Barren
I 6 52668 41.69 0.001
Sa 3 1783.8 1.40 0.235
I � Sa 18 1993.5 1.49 0.07
Site (I � Sa) 237 2002.6 10.24 0.001
Residual 847 195.5
Total 1111
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most species and maintains any existing macroalgal assemblage in
the early succession stage (Brito et al., 2004). Once a habitat is in
the barren state, urchins can survive indefinitely by feeding upon
animals, coralline algae, microbial films and drift algae (Hernández
et al., 2007b).

Compared to typical urchin barrens elsewhere in the world
(Chapman, 1981; Pearse and Hines, 1987; Valentine and Johnson,
2005; Guidetti and Dulčić, 2007), barrens in the Canary Islands ap-
pear to be maintained by sea urchins at relatively low densities
(�2 individuals m�2). Their movement rate and food consumption
rate, which involves grazing large areas of rocky substrate at night,
could explain these differences. Through its movements and
potentially large grazing grounds, D. antillarum can efficiently re-
move its preferred macroalgal species (Carpenter, 1981). In the oli-
gotrophic Caribbean waters mean urchin densities around
10 individuals m�2 were recorded (Bak et al., 1984; see review in
Lessios, 1988) and high abundances were noticed before a mass
mortality event (Lessios, 1988). In similar oligotrophic conditions,
the limited ‘nutrient’ resources provided by waters surrounding
the Canary Islands are not enough to maintain high urchin popula-
tions, but, as already stated, a relatively low urchin density is able

to maintain a barren habitat. Despite limited nutrient supply in the
Caribbean, the high abundance of urchins recorded in the area
could be due to the increased habitat complexity created by corals
which benefit the urchins (Lee, 2006), as also shown in this study
in the case on rocky bottoms (see Section 4.3 below).

4.2. Actual status of D. aff. antillarum populations throughout the
Archipelago: influence of human pressure and wave exposure

Diadema aff. antillarum is spread across the entire Canarian
Archipelago, with noticeable spatial variation in density. However,
there is no a clear pattern to show oceanographic gradient affect-
ing species distribution. Other authors have postulated that the ex-
tent of overfishing at each particular island determines urchin
density (Tuya et al., 2004), and overfishing is thought to be a gen-
eral problem in the Canaries (Brito et al., 1984; Falcón et al., 1996).
The highest urchin densities were recorded in Tenerife, the island
that supports high number of locals and tourists, denoting more
pollution, more fishing pressure and less conservation of the mar-
ine environment. El Hierro, the smallest island, has less residents
and tourists (Bortone et al., 1991), less intense fisheries, as well
as MPA-conservation policies, and therefore provides a higher level
of conservation along its coastline (Hernández et al., 2007a). Gran
Canaria showed less dense urchin populations, as would be ex-
pected considering the human pressure and high level of fishing ef-
fort (Bortone et al., 1991; Bas et al., 1995; Tuya et al., 2006a).
Although, skewed sampling distribution in this island may be
underestimating the real density.

Spatial variation and patchiness found at each island illustrate
that other environmental factors are controlling and influencing
sea urchin abundance. Of particular importance is the existence
of great water depths very close to the breakers. For example, in
El Hierro Island, 50 m offshore the water is 50 m deep, therefore
waves conserve much of their initial energy up to the breakpoint
(Yanes et al., 2006). Consequently, NW-NNW sea swells seems to
affect urchin populations more than trade winds, and the incidence
of storms determines their distribution as waves induce dislodge-
ment, particularly in this species (Tuya et al., 2007). Urchin density
also tends to be higher along sheltered coastlines compared to ex-
posed ones, as previously noted in the Caribbean (Debrot and
Nagelkerken, 2006). Consequently, general urchin distribution is
controlled by wave force and island slope that affects the energy
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Table 4
Results of three-way Permutational ANOVA comparing (A) density (individuals m�2)
of Diadema aff. antillarum and (B) barren cover (%) between the seven islands (1, El
Hierro; 2, La Palma; 3, La Gomera; 4, Tenerife; 5, Gran Canaria; 6, Fuerteventura; 7,
Lanzarote and islets), four different topographic relief level (1 = flat; 2 = <1 m; 3 = 1–
3 m; 4 = high relief), and 125 sites of the Canarian Archipelago (Table 1 Supplemen-
tary material)

df MS F P (perm)

A. Density
Island (I) 6 389.35 35.92 0.001
Topographic relief (TR) 3 110.70 10.30 0.001
I � TR 18 14.45 1.24 0.214
Site (I � TR) 251 16.16 10.77 0.001
Residual 833 1.50
Total 1111

B. Barren
I 6 47084 33.93 0.001
TR 3 4182.5 3.04 0.03
I � TR 18 1183.1 0.79 0.707
Site (I � TR) 251 2065.3 10.46 0.001
Residual 833 197.39
Total 1111
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of the wave. Protected coasts have calmer waters that promote
urchin larvae retention and increased water temperature that en-
hances larval metamorphosis and settlement (Hernández, 2006),
while at exposed sites larvae tend to get washed away. Such has
been noticed for Strongylocentrotus purpuratus in capes and head-
lands due to high upwelling flow (Ebert and Russell, 1988).

4.3. Does habitat complexity affect sea urchin distribution?

Different patterns of variation in urchin populations and macro-
algae have been reported at the studied areas with regard to depth.
Areas with higher hydrodynamics show greater urchin density in
the deeper band between 14 and 20 m water depth. In less exposed
areas denser populations appear between 5 and 11 m. Depth limits
recorded here agree with the theoretical model described by Tuya
et al. (2007) who performed hydrodynamic experiments in a flow
tank to estimate depth-limits beyond which urchin species cannot

withstand unidirectional waves. Density accumulation below cer-
tain depth limit could be explained as a migratory strategy of urch-
ins which tend to form fronts just below the algal stand, as has
been observed in S. droebachiensis (Lauzon-Guay and Scheibling,
2007). Along sheltered coasts, algal beds exist only at the shallower
level and urchin biomass accumulates in this band where more
food is available. However, along exposed coasts high urchin den-
sities appear at greater depth but just below the algal stand.
Hydrodynamics allows algal growth by removing Diadema by dis-
lodgement, preventing its grazing activity (Tuya et al., 2007) or
limiting their movement. Wave action is therefore an important
force limiting urchin grazing and density, and is the mechanism
that maintains shallow water algal stands throughout the Canary
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Table 5
Diadema aff. antillarum. Summary of the factorial two-way Permutational ANOVA to
assess significant differences in (A) abundance of adult D. aff. antillarum individuals;
and (B) percentage barren cover between sampling years (Y) and sites (S, Abades;
Boca Cangrejo and Masca) surveyed from 2002 to 2006 and their interactions

df MS F P (perm)

A. Density
Year (Y) 3 414.14 48.97 0.005
Site (S) 1 710.18 96.26 0.001
Y � S 3 8.45 1.15 0.321
Residual 434 7.38
Total 441

B. Barren
Year (Y) 3 166.55 1.46 0.370
Site (S) 1 189.67 13.48 0.003
Y � S 3 113.84 8.09 0.001
Residual 434 14.071
Total 441

Table 6
Results of three-way Permutational ANOVA comparing (A) density (individuals m�2)
of Diadema aff. antillarum and (B) barren cover (%) before and after an outbreak event
and between three areas (1, El Hierro–MPA (Marine Protected Areas); 2, Tenerife–HFA
(Highly Fished Areas); 3, La Graciosa–MPA) and 24 sites of the Canarian Archipelago
(Table 1 in Supplementary material)

df MS F P (perm)

A. Density
Outbreak (O) 1 90.06 3.62 0.160
Area (A) 2 1330 33.79 0.001
Site (A) 21 40.58 8.27 0.001
O � A 2 25.31 3.95 0.033
O � Site (A) 21 6.47 1.32 0.139
Residual 451 4.90
Total 498

B. Barren
Outbreak (O) 1 1827.10 0.87 0.441
Area (A) 2 2.4613E5 61.49 0.001
Site (A) 21 4138.60 24.96 0.001
O � A 2 2121 1.78 0.218
O � Site (A) 21 1227.20 7.40 0.001
Residual 451 165.81
Total 498
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Islands (Tuya and Haroun, 2006) and other places (Alves et al.,
2001; Lauzon-Guay and Scheibling, 2007).

Another important factor limiting urchin density is the percent-
age of sand or sedimentation, as other studies have demonstrated
on rocky reef organisms (Airoldi, 2003). Levels above 10–20% sand
keep urchin densities below 2 individuals m�2. The combined ef-
fects of water motion and sediment scouring the substrate can
weaken the attachment between urchin and substrate as well as
impair their mobility.

Surveys revealed that substrate topographic relief and Diadema
density were positively related, as has been noted in the Caribbean
(Lee, 2006). Increasing habitat complexity by adding physical
structure significantly increased the proportion of urchins, while
low habitat complexity was found to permit macroalgal-domi-
nated reefs. High topographic relief provides more suitable habitat
on which urchins can reside (Hernández, 2006) and these areas can
support denser populations, as noted by Clemente et al. (2007) in
barren grounds of Tenerife. Future conservation strategies need
to consider habitat complexity, since certain habitats are poten-

tially occupied by higher numbers of urchins and are likely to pres-
ent high resistance to restoration due to positive feedback
mechanisms that stabilize the system (Knowlton, 2004). Further-
more, it is important to consider that human actions along the
coast such as the construction of piers, harbours, jetties and artifi-
cial reefs, could act as a potential stepping stone for spread of this
urchin. Artificial substrates such as these offer high relief habitat
space and a sheltered area for larval settlement, which means they
can encourage and support large urchin populations (Herrera,
1998).

4.4. Persistence of algal/urchin states and influence of recent urchin
demographic outbreak throughout the Canary Islands

‘Barren ground’ and ‘Lobophora bed’ states exhibit a high degree
of persistence and stability in the Canary Islands (Brito et al., 1984;
Bortone et al., 1991; Hernández et al., 2007a). However, the area
occupied by each system clearly differs. Barren grounds are spread
over the entire archipelago and can reach 50 m depth, whereas
Lobophora beds only appear in large areas of rocky bottom (0–
60 m) in El Hierro and southwestern La Palma, and in the rest of
the archipelago they are restricted to shallow areas where wave
action keeps urchin grazing activity at a very low intensity.

The monthly variation in urchin density in shallow waters
found by Tuya et al. (2006b) agrees with our results in which wave
exposure is related to adult density. However, our depth range
study shows that this variation only occurs in shallow waters.
The persistence of the high urchin densities even where little food
remains may be down to a continuous larval supply (Hernández
et al., 2006b) and the absence of urchin’s main predators. Overfish-
ing creates a trophic cascade effect which allows urchins to flour-
ish, as seen in Tenerife (Clemente et al., 2007). In addition,
enrichment of coastal waters with sewage effluent due to high hu-
man activity (amino acid enrichment) adds significantly to the
nutrition received by urchins (North and Pearse, 1970), and recent
sea water warming may have also increased Diadema larval settle-
ment (Hernández et al., 2006a; Hernández, 2006) by increasing lar-
vae development. Other areas around the world have shown
continuation of barren states (Chapman, 1981; Valentine and John-
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son, 2005) although mass mortality events have also occurred
(Lessios, 1988; Scheibling and Hennigar, 1997). No mass mortality
event has been found to have occurred in the Canary Islands over
the last decade (Brito et al., 1984; Lessios, 1988), not even during
the early 80s when a huge mortality took place in the western
Atlantic and eliminated almost the entire Caribbean D. antillarum
population (see review in Lessios, 1988). Some factors may have
kept the eastern species free of disease. The Atlantic Ocean itself
acts as barrier and the two populations have been separate for
about 2 million years (Lessios et al., 2001). Moreover, the high
urchin density found on the Caribbean before the mortality event
(Sammarco, 1982; Bak et al., 1984; Lessios, 1988) and in other
areas involving other urchin species (Pearse et al., 1977; Scheibling
and Hennigar, 1997) compared to the low densities in barrens of
the Canary Islands, lends itself to disease propagation.

During 2005 and 2006 an increase in water temperature around
the Canaries caused a sudden outbreak in the urchin population by
assisting larval settlement (Hernández, 2006; Hernández et al.,
2006a); but the effects were clearly variable across the Archipel-
ago. Densities increased after the demographic outbreak in barren
areas in Tenerife and at most sites in Lanzarote, except in a no-take
area in La Graciosa–MPA where lower urchin density and higher
non-crustose macroalgal cover were recorded after the outbreak.
Due to protection policies introduced at the site 11 years ago, urch-
in predators are gradually becoming more abundant, which will
ultimately help alleviate the barren situation. Although, this is a
seemingly promising result, barren grounds have still persisted at
this site. On El Hierro very low urchin densities and high cover of
Lobophora were recorded before the outbreak event and no change
in urchin density or percentage barren cover was detected. A com-
parison of this result with the latter, demonstrates that the sys-
tem’s degree of resilience to an outbreak event is dependent on
how well structured the system is, which means that no distur-
bance has altered any trophic levels. El Hierro was well structured
before the event, with high macroalgae cover and abundant fish
predators (Bortone et al., 1991; Hernández et al., 2007a), which
has provided the island protection against the general trend to-
ward an increase in urchin density.

Algal beds have persisted on El Hierro for decades, even before
the implementation of the MPA (Brito et al., 1984; Bortone et al.,
1991). The Lobophora state seems to act as a buffer against urchin
domination trend in the Canary Islands (Hernández, 2006), due
either to a well structured system where predators control urchins
or simply because Lobophora beds are not suitable for larval settle-
ment or urchin growth. It has been speculated that predation at El
Hierro (Bortone et al., 1991; Falcón et al., 1996; Tuya et al., 2004)
controls urchin population by ‘top down forces’, although specific
experiments are needed to verify this hypothesis. As noted by Sala
(2006) and Guidetti and Sala (2007), a well structured system
seems to be resilient as it is shielded from external human impacts
and sea water warming (Knowlton, 2004). Lobophora algal beds
seem to be resistent to various biotic and abiotic perturbations, a
situation comparable to that of kelp in temperate regions (Suther-
land, 1981). Additionally, the higher sea water temperatures sur-
rounding the western islands combined with the general increase
in temperature detected in the Canary Islands (Hernández, 2006)
could be favouring the development and persistence of the tropical
L. variegata beds, by aiding its settlement and growth.

In conclusion, D. aff. antillarum abundance clearly determines
barren grounds distribution and algal beds dominated by Lobopho-
ra in the Canary Islands. Extension and persistence of both barrens
and algal stands appear to be related to certain environmental fac-
tors, as well as to anthropogenic disturbances. The latter points out
the importance of protection measures such as MPAs and the need
to implement restrictive fishing policies that help promote healthy
systems which in turn control urchin populations.
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