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INTRODUCTION

Many ecosystems can exist in alternative community
states and a variety of factors trigger switches between
states in different systems (May 1977, Scheffer et al.
2001). For example, in combination with other factors,

variation in consumer activity causes switches
between states in both terrestrial, aquatic and marine
systems (Dublin et al. 1990, Van de Koppel et al. 1997,
Duffy & Hay 2001, Bertness et al. 2004, Schrage &
Downing 2004). On tropical marine reefs, a reduction
in the abundance, or the total removal of herbivorous
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fishes and sea urchins, results in a switch from a coral-
dominated to a foliose algal-dominated state (Hughes
1994). Similarly, in temperate marine systems, the
occurrence of high-density aggregations of grazing
sea urchins results in a switch from a foliose algal-
dominated to a crustose algal-dominated state (Dean
et al. 1984, Ebeling et al. 1985, Fletcher 1987, Andrew
1993, Leinaas & Christie 1996, Benedetti-Cecchi et al.
1998, Shears & Babcock 2002, Konar & Estes 2003,
Gagnon et al. 2004). Thus, the intense level of her-
bivory that occurs in many marine systems (Hay &
Steinberg 1992, Duffy & Hay 2001) has direct implica-
tions for the community state, and marine communities
often exist as a mosaic of alternative community states
that are a direct result of spatial and/or temporal vari-
ation in grazing intensity (e.g. Ebeling et al. 1985,
Konar & Estes 2003).

The creation of these alternative community states
by marine herbivores also directly influences algal
community composition. Crustose coralline algae
(hereafter crustose algae) are more abundant where
the intensity of grazing is high (Duffy & Hay 2001).
Additionally, some tropical species of foliose, fleshy
and turfing algae (hereafter foliose algae) suffer rela-
tively low loss to grazing fishes and are more abundant
in habitats with high grazing intensity (Hay et al. 1983,
Hay 1984, Lewis 1986, Thacker et al. 2001). Generally,
species of foliose algae that survive in habitats with
intense grazing pressure in the tropics have spatial or
temporal refuges, or have chemical and/or structural
defences that deter grazing (see reviews by Duffy &
Hay 2001, Paul et al. 2001). Unpalatable and/or chem-
ically defended tropical cyanobacteria (Thacker et al.
2001) and sponges (Pawlik et al. 1995) are also more
abundant in habitats with high grazing intensity.

In contrast to evidence from the tropics, the extent to
which different species of temperate foliose algae per-
sist under intense sea urchin grazing pressure is not
well understood. Although many temperate foliose
algae possess chemical defences and sea urchins often
have feeding preferences that can be explained by
those compounds (Hay et al. 1987, Wright et al. 2004),
it is generally assumed that because grazing by aggre-
gations of sea urchins is so intense, they remove foliose
algae non-selectively during the switch from a foliose
algal- to crustose algal-dominated state. There are
probably 2 reasons for this assumption. First, the focus
of most studies of urchin-dominated communities has
been on following the recovery of the foliose algal
community after removal of sea urchins from barrens
habitats (e.g. Fletcher 1987, Andrew & Underwood
1993, Leinaas & Christie 1996, Benedetti-Cecchi et al.
1998, Shears & Babcock 2002); relatively few studies
have added sea urchins to foliose algal beds and fol-
lowed the transition from a foliose algal- to a crustose

algal-dominated community (although see Andrew
1993, Konar & Estes 2003, Hill et al. 2003). Second,
studies examining the effects of sea urchin grazing
often pool algal species into functional groups (e.g.
turfing, filamentous, foliose, articulated corallines;
Ebeling et al. 1985, Benedetti-Cecchi et al. 1998, Konar
& Estes 2003) rather than examining the response of
individual species. In addition, to our knowledge, only
1 study has examined how variation in the density of
sea urchins (i.e. variable ‘high’ densities) affects the
transition to a crustose algal-dominated state (Hill et
al. 2003). For these reasons, it is unclear whether
aggregations of temperate sea urchins remove algae
selectively or whether different sea urchin densities
matter during the transition to the crustose algal-
dominated state.

Heliocidaris erythrogramma (Valenciennes, 1846) is
a common subtidal sea urchin in temperate southeast-
ern Australia (Keesing 2001). It is usually found at den-
sities <10 m–2 (Wright et al. 2000) but has been
described in aggregations exceeding 100 urchins m–2

(Keesing 2001, Wright & Steinberg 2001). In 1995, a
high-density aggregation of H. erythrogramma was
observed moving in a front through an algal commu-
nity at a site near Sydney, Australia (Wright et al.
2000). This aggregation persisted at this site for >3 yr
(J. T. Wright pers. obs.) although the front only took 3
to 4 mo to move through fixed quadrats (Wright &
Steinberg 2001).

In this study, we examined the impacts of these high-
densities of H. erythrogramma on the algal community
and asked 2 main questions: (1) Is there differential
removal of foliose algal species during grazing? (2) Do
the impacts of grazing (i.e. differential removal of
foliose algal species and changes in community
composition) vary between 2 different densities of
aggregating sea urchins? If the assumption of non-
differential removal holds, all species of foliose algae
will be removed at the same rate during grazing and
no discernable difference in foliose algal composition
will occur during the transition from a foliose algal- to
a crustose algal-dominated state. Similarly, if the im-
pacts of H. erythrogramma are density-independent,
then the hierarchy of species removal and foliose algal
community composition should not differ with urchin
density. To examine these questions, we first estab-
lished permanent transects perpendicular to the front
of H. erythrogramma, followed their movement, and
measured changes in algal community composition
during the switch from a foliose algal- to a crustose
algal-dominated state. These permanent transects
allowed us to determine whether there were differ-
ences in the foliose algal community composition
before, during, and after grazing by high sea urchin
densities. Following these surveys, we transplanted
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H. erythrogramma at 2 ‘high’ densities into a foliose
algal-dominated community to determine their effect
on the rate and hierarchy of foliose algal removal, and
foliose algal community composition during the transi-
tion to a crustose algal-dominated state.

MATERIALS AND METHODS

Study site. This study was undertaken on a sub-
tidal reef approximately 3 to 4 m below MLLW at
Bare Island, near Sydney, Australia (33° 59’ 32’’ S,
151° 13’ 50’ E). The macroalgal community at Bare
Island is diverse with the most abundant species being
the foliose red alga Delisea pulchra, various brown
algae (Ecklonia radiata, Sargassum vestitum, Sargas-
sum linearifolium, Zonaria diesingiana and Dilophus
marginatus), coralline turfing red algae (Corallina
officinalis and Amphiroa anceps) and crustose red
algae (Sporolithon durum, Lithamnion spp.). Several
sea urchins and large gastropods occur at Bare Island
(Andrew 1991, Wright et al. 2000, Williamson et al.
2004) but Heliocidaris erythrogramma is the most
abundant and grazing by high-density aggregations of
this urchin (>80 urchins m–2) resulted in lower recruit-
ment and higher mortality of D. pulchra compared to
sites without H. erythrogramma (Wright & Steinberg
2001).

Sea urchin movement and changes in the algal com-
munity. In December 1996, 5 permanent transects each
15 m in length were established perpendicular to the
high-density front of Heliocidaris erythrogramma, and
marked at each end with eyebolts. Ten 0.5 m × 0.5 m
quadrats were placed at 1.5 m intervals along each
transect. Each transect started with 3 to 4 quadrats
within the foliose algal habitat (where high densities of
sea urchins had yet to invade) and passed through the
sea urchin front into the crustose algal-dominated
habitat. These permanent quadrats were sampled on
December 19, 1996, February 21, 1997, April 24, 1997,
June 24, 1997 and September 2, 1997. In each quadrat,
the number of H. erythrogramma was counted and the
cover of each foliose algal species, crustose algae (all
species pooled) and bare substratum was measured
using a 100-point grid where each point of the grid that
fell over algae or bare rock was recorded.

Although initially all transects were established so
that they contained a similar number of quadrats posi-
tioned before, during and after the sea urchin front had
passed, the front did not move perpendicular to the
transects, but instead crossed at an angle (~45°) to
them. By the end of the surveys, the sea urchin front
was diffuse and scattered. Consequently, quadrats in
the same spatial position on different transects did not
always have the same grazing history. In order to com-

pare changes in algal composition as a function of sea
urchin grazing, we defined all quadrats at each sam-
pling time into 1 of 3 categories: ‘before’, ‘during’ or
‘after’ the sea urchin front had passed using a quanti-
tative definition based on Heliocidaris erythrogramma
density. At Bare Island, densities of H. erythrogramma
ranged from 10 to 20 m–2 before the front to >100 m–2 at
the front before declining to <40 m–2 after the front had
passed (Wright & Steinberg 2001). We defined the
‘before’ category as <40 urchins m–2; the ‘during’ cate-
gory as >40 urchins m–2; and the ‘after’ category as <40
urchins m–2. Because we were following urchin move-
ment, with the exception of the initial sampling time
(December 19, 1996), we could easily separate qua-
drats with <40 urchins m–2 into ‘before’ and ‘after’ cat-
egories. For December 19, 1996, we designated
quadrats with <40 urchins m–2 as ‘before’ and ‘after’
based on their position in the transect relative to the
direction of urchin movement.

We examined how the algal community composi-
tion changed as the front of Heliocidaris erythro-
gramma moved through it using non-metric multidi-
mensional scaling (nMDS). Similarity matrices were
constructed using the Bray-Curtis coefficient and
square root-transformed data (Clarke & Warwick
1994). Algal composition was contrasted between the
‘before’, ‘during’ and ‘after’ categories by analysis of
similarities (ANOSIM; Clarke & Warwick 1994).
Analyses were run twice: first, including all foliose
algal species and crustose algae and second, with
crustose algae excluded. The latter contrast allowed
an examination of changes in foliose algal species
composition only during the formation of a crustose
algal-dominated barren instead of simply document-
ing that a barren had been formed. In both analyses,
samples in which there were no algae present were
excluded. Samples from the ‘after’ category were
excluded from the second analysis because only 4
quadrats in this category contained algae other than
the crustose corallines.

Experimental manipulation of sea urchin densities.
We manipulated sea urchin density in cages at Bare
Island on an area of reef approximately 400 m2 in size.
This reef had not been invaded by high densities of
Heliocidaris erythrogramma, and contained the typical
foliose algal community for this site. The experiment
had 5 treatments: (1) high-urchin density (100 m–2), (2)
low urchin density (40 m–2), (3) zero urchin treatment,
(4) cage control and (5) open plot. Cages were plastic-
coated steel mesh baskets 52 cm long by 42 cm wide by
18 cm high (mesh size = 3 cm) bolted to the substratum
in an inverted position. Cages for the urchin density
treatments and the zero urchin treatment had mesh
tops; the cage controls had the mesh tops removed,
while the open plots were areas the same size as the
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cage marked with eyebolts at each corner. Cages were
attached to the substratum using strips of rubber
looped around the corners of each cage and bolted to
the substratum with dynabolts. Attaching the cages to
the substratum with rubber strips allowed a small
amount of movement and reduced the effects of drag
by waves, but did not allow enough movement for
urchins to escape. There were 8 replicates per treat-
ment.

The 2 experimental densities of Heliocidaris erythro-
gramma were higher than the densities of adjacent
uninvaded areas at Bare Island and both can persist for
long periods of time (Wright & Steinberg 2001, also see
results). Hence, our experimental densities reflect
invasion into the foliose algal community by 2 un-
usually high, albeit naturally-occurring, densities of
H. erythrogramma (Wright et al. 2000, Wright & Stein-
berg 2001). To stock the 2 sea urchin density treat-
ments, H. erythrogramma (test diameter 50 to 70 mm)
were collected by carefully removing them from the
substratum to avoid damage, and immediately placed
into cages at appropriate densities.

The experiment began on February 27, 1998 and
lasted for 208 d. At time zero, we counted the cover of
each foliose algal species, crustose algae and bare sub-
stratum in each replicate using a 120-point grid on the
mesh top of each cage. The 120-point grid excluded
the points around the cage perimeter. For the 2 treat-
ments without mesh tops (cage controls and open
plots), identical cages were temporarily placed over
plots so cover could be measured. We determined the
total cover of algae and bare substratum in each cage
approximately every 2 wk for 2 mo, and then approxi-
mately every 4 to 6 wk after that. During sampling, we
also counted the number of sea urchins in each cage
and added more when required. Points that fell over
sea urchins were not counted but this was uncommon
as most sea urchins were around the perimeter of the
cages during the day.

We used both univariate and multivariate analyses to
examine the effects of the 2 high densities of Helioci-
daris erythrogramma on algal community structure.
Analysis of variance (ANOVA) was used to determine
whether the cover of the 6 most abundant foliose algal
species (which comprised approximately 95% of total
foliose algal cover), crustose algae and bare substratum
differed among treatments at 4 sampling times: 0, 33,
92 and 159 d. Because we sampled the same quadrats
at 4 different times, we corrected for multiple compar-
isons and tested at a significance level of 0.0125 in
these analyses. Following ANOVA, we made compar-
isons between treatments using Tukey’s tests. To gain
further insight into the survival of foliose algae under
intense sea urchin grazing, we determined whether
there was a difference in the decline of the 6 most

abundant foliose algae in both urchin density treat-
ments. To make these comparisons, we first calculated
the mean percentage cover of those 6 species in the
high urchin density, low urchin density and zero urchin
treatments for each time as a function of the mean per-
centage cover of that species at time zero. Then, using
these standardised (for initial cover) values, we calcu-
lated the mean percentage cover of the 6 species in the
high and low urchin density treatments, each time as a
function of the mean percentage cover of those same
species in the zero urchin treatment. We then calcu-
lated the slope of the relationship between time and
percentage cover (relative to zero urchin treatment) for
each species in the 2 sea urchin treatments. Differences
among slopes of the 6 species within each sea urchin
density category and, between the 2 sea urchin density
treatments within species, were examined separately
using analysis of covariance (ANCOVA; Quinn &
Keough 2002). The significance of these ANCOVAs
was tested after correcting for multiple comparisons.

Temporal change in the composition of the algal
community within each treatment was examined using
nMDS. For each sampling time, the algal composition
was contrasted across treatments using ANOSIM in 2
different ways. First, using all foliose algal species and
crustose algae and then, with crustose algae excluded.
The significance level of the pairwise comparisons
within ANOSIM was corrected for multiple compar-
isons.

Statistical analyses. Univariate analyses were car-
ried out using SYSTAT (Version 10, SPSS). The
assumptions of normality and heterogeneity of vari-
ance were checked using frequency histograms of
residuals and plots of residuals versus means, respec-
tively (Quinn & Keough 2002). Logarithmic transfor-
mations were made where appropriate. Multivariate
scaling and ANOSIM were conducted using Primer
(Version 5.2.2, Primer-E). The significance level was
taken as p < 0.05 except where stated.

RESULTS

Sea urchin movement and changes in the algal
community

The front of Heliocidaris erythrogramma moved
across the substratum in densities greater than 100 m–2

(maximum density: 192 m–2). Initially (December
1996), there was a transition along transects from low
(<10 m–2) to high (>80 m–2) average densities. How-
ever, this transition changed as the urchin front
became diffuse. This scattering of urchins was empha-
sised by similar average densities of sea urchins in
quadrats across transects in September 1997 (Fig. 1).
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Additionally, in quadrats 1 to 4, average H. erythro-
gramma densities generally remained between 20 and
40 m–2 from February to September 1997, considerably
lower than the very high densities (>80 m–2) that occur
at the urchin front.

Each sampling time, quadrats with high densities of
Heliocidaris erythrogramma had low cover of all algae
except crustose algae (Fig. 1). Generally, with low den-
sities of urchins, there was a relatively high cover of
Delisea pulchra, Corallina officinalis and Amphiroa
anceps. Other foliose algal species including Sargas-
sum vestitum, Sargassum linearifolium, Ecklonia radi-
ata and Zonaria diesingiana were also present with
low densities of urchins but in lower abundance.
D. pulchra, and to a lesser extent C. officinalis, main-
tained low cover in quadrats 6 to 8, which had mean ±

SE H. erythrogramma densities between 60.0 ± 7.0 and
87.2 ± 3.9 m–2 throughout our sampling (Fig. 1). All
other foliose algae were in very low abundance, or
were completely absent at these sea urchin densities.
The cover of crustose algae and bare substratum
increased with sea urchin density and both covered
approximately 50% of the substratum at high densities
of sea urchins.

When we separated the abundance of each algal
species into the 3 sea urchin grazing categories, the
role of high densities of sea urchins in removing all
foliose algae was emphasised. With the exception of
the rare Sargassum vestitum, all non-crustose species
had a much lower cover in the ‘during’ and ‘after’ cat-
egories compared to the ‘before’ category (Fig. 2). In
contrast, crustose algae and bare substratum had high
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average cover in the ‘during’ and ‘after’ categories.
The composition of the algal community varied
strongly among samples in the ‘before’, ‘during’ and
‘after’ categories (Fig. 3A; ANOSIM contrasting
‘before’, ‘during’ and ‘after’: R = 0.514, p < 0.001; all
pairwise comparisons between ‘before’, ‘during’ and
‘after’ were significant: p < 0.001). The changes in the
composition of the algal community during the forma-
tion of the urchin barrens were not, however, simply
due to the declining cover of foliose algae and increas-
ing cover of crustose algae. The composition of foliose
algae when considered on their own contrasted
strongly between samples ‘before’ and ‘during’ graz-
ing by high urchin densities (Fig. 3B, ANOSIM, R =
0.22, p < 0.001). Over the 5 sampling times, quadrats
were in the ‘before’ category for 1.36 ± 0.52 of the time,
the ‘during’ category for 3.2 ± 0.24 of the time and the
‘after’ category for 0.44 ± 0.12 of the time (n = 50
quadrats; mean ± SE).

Experimental manipulation of sea urchin densities

With the exception of an initial period (up to Day 14),
when some Heliocidaris erythrogramma escaped from
cages, and August when there was a mass mortality of
sea urchins after an influx of fresh water at our site fol-
lowing heavy rain, the cages maintained the 2 densi-
ties of urchins in the treatments (Fig. 4). In addition,
only 3 urchins in total were ever observed in control
quadrats during the experiment. Following the mass
mortality (>88%) of urchins at the end of August, there
was a period of 3 wk when we were unable to gain
access to our site and consequently, cages were not re-
stocked until September 18 (Day 204). However, these
urchins used to re-stock cages appeared unhealthy
and had poor survivorship, hence the experiment was
stopped on September 22 (Day 208). Because of the
potential artefacts after the mass mortality, we have
only analysed data up to Day 159, the sampling time
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immediately prior to that event, although we have
presented plots of percentage cover and MDS ordina-
tions up to Day 208.

Grazing by high densities of Heliocidaris erythro-
gramma caused a decline in the abundance of all foli-
ose algae. By Day 33, there was a significantly lower

cover of Amphiroa anceps and Zonaria
diesingiana in the high-density treat-
ment (Fig. 5). By Day 92, there was also a
significantly lower cover of Corallina
officinalis in the high-density treatment.
Moreover, the mean ± SE total cover of
foliose algae in the high-density treat-
ment declined from a cover of 64.59 ±
3.71 (initially) to 19.13 ± 2.53% (Day 92)
and, with the exception of Delisea pul-
chra, the cover of individual species was
<3.5%. By Day 130, the total cover of
foliose algae in the high-density treat-
ment was 5.88 ± 1.41% and all foliose
species remained in very low cover in
that treatment until the end of the exper-
iment. Despite such low cover, there
were significant differences between the
high-density and zero urchin treatment
at Day 159 for A. anceps and Sargassum
vestitum only. In the low-density treat-
ment, there was a significantly lower
cover of A. anceps (Days 33, 92 and 159)
and Z. diesingiana (Day 33, although for
Day 92 p = 0.06) compared to the zero
urchin treatment (Fig. 5). There were no
differences in the cover of crustose
coralline algae between the zero urchin
treatment and both urchin density treat-
ments throughout the experiment but
there was a significantly higher cover of
bare substratum in the high-density

treatment versus the zero urchin treatment at Days 33
and 159, and in the low-density treatment versus the
zero urchin treatment at Day 159. The cover of D. pul-
chra and Sargassum linearifolium did not differ
between the zero urchin treatment and either urchin
density treatment for any dates despite S. linearifolium
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being at <0.13% cover from Day 130. Three other
foliose algae occurred in plots during the experiment;
Ecklonia radiata, Dilophus marginatus and Wrangelia
plumosa. However, both E. radiata and D. marginatus
were always in very low cover (0 to 5%), while W. plu-
mosa only occurred briefly from Days 0 to 49 as an epi-
phyte. The cover of these 3 species did not differ
among treatments at any time. There were 2 occasions
when caging artefacts were apparent for individual
species; for A. anceps (Day 92) and S. linearifolium
(Day 159), there were differences in the cover in the
open plots versus the zero urchin treatment.

ANCOVA revealed no difference in regression
slopes among species for either urchin density treat-
ment (F5,36 = 1.448, p = 0.231 for high; F5,36 = 0.953,
p = 0.459 for low). The relative cover of foliose algal
species at Day 159 was greater in the low-density
treatment compared to the high-density treatment
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(t-test comparing high versus low density treatments: t
= 3.273, df = 10, p = 0.008). The hierarchy of species
decline was similar for both densities with Delisea
pulchra predicted to reach 0% cover (the x-intercept of
the lines of best fit) last at both densities (Fig. 6).
D. pulchra was the only species for which there was
a difference in regression slopes between the high and
low urchin density treatments (F1,12 = 13.833, p =
0.003). To examine whether initial cover of species was
important in its relative decline, correlations were per-
formed at both sea urchin densities between the aver-
age initial cover and the estimated time to removal (the
x-intercept of the lines of best fit, Fig. 6) of each spe-
cies. There were positive but non-significant correla-
tions at both densities (low-density treatment: r =

0.656, p = 0.157; high-density treatment: r =
0.701, p = 0.121).

Multidimensional scaling done with all
species demonstrated a rapid change in the
algal community composition with urchin
grazing (Fig. 7A). There were no differences
in community composition among high-
density, low-density and zero urchin treat-
ments at 0 and 14 d, but by Day 33, both sea
urchin density treatments were significantly
different to the zero urchin treatment
(Table 1). Moreover, with the exception of
Days 92 and 159 (for the low density treat-
ment), sea urchin density treatments dif-
fered to zero urchin treatments for all other
times. There was only 1 occasion (Day 33)
when both sea urchin density treatments
did not differ to cage controls and open plots
as well. There were also differences
between high and low density treatments
for Days 75, 130 and 159 (Table 1), indicat-
ing density-dependent effects of grazing on
the algal community composition. These
effects were not only due to the decline in
foliose algae and an increase in the relative
cover of crustose algae as the area pro-
gressed toward a crustose-dominated bar-
ren. Similar changes in composition were
evident when only foliose algae were
included in the analyses (Fig. 7B, Table 2).
Differences in foliose algal community com-
position between the high-density and the
zero urchin treatment occurred by Day 33
and between the low-density and zero
urchin treatment occurred by Day 49. These
differences remained throughout the exper-
iment with the exception of Day 159 when
low-density and zero urchin treatments did
not differ. Differences in the foliose algal
community composition between high and

low density treatments occurred for Days 75, 92 and
159 (Table 2). The only differences in foliose algal com-
munity composition among the 3 control treatments for
both analyses, indicating caging artefacts, occurred
between the zero urchin treatment and the open plots
for Days 14 and 159 (Table 2).

DISCUSSION

Many sea urchin species trigger a switch in temper-
ate subtidal communities from a foliose algal- to a crus-
tose algal-dominated state (Dean et al. 1984, Ebeling et
al. 1985, Fletcher 1987, Andrew 1993, Leinaas &
Christie 1996, Benedetti-Cecchi et al. 1998, Shears &
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Babcock 2002, Konar & Estes 2003). As expected, graz-
ing by high densities of Heliocidaris erythrogramma
caused such a switch in this community. More specifi-
cally, this community went from being dominated by a
mix of foliose algae before grazing, through an inter-
mediate state incorporating some of these foliose algae
(particularly Delisea pulchra) and crustose algae, and
finally to a state containing almost entirely crustose
algae. The time for the transition from a foliose algal-
to a crustose algal-dominated community was rela-
tively quick; within 130 d, grazing by high densities of
H. erythrogramma caused a decline in the total cover
of foliose algae from 64.58 to 5.88% (also see Konar &

Estes 2003). We have also demonstrated that the
foliose algal community composition is different in
areas grazed by sea urchins compared to ungrazed
areas, indicating the differential removal of foliose
algae by high densities of sea urchins during grazing.
Different densities of sea urchins also resulted in dif-
ferent foliose algal community composition, indicating
that if low sea urchin densities persist, then an inter-
mediate state composed of less palatable foliose algae
(e.g. D. pulchra) and crustose algae can occur.

Differential removal of foliose algae

Under intense sea urchin grazing, some foliose algae
were removed before others. Amphiroa anceps and
Zonaria diesingiana, in particular, were quickly re-
moved and within 33 d, both occurred in lower abun-
dance with high and low urchin densities compared to
ungrazed areas. This contrasted to Delisea pulchra and
Corallina officinalis, and to a lesser extent both Sargas-
sum species, particularly in the low urchin density
treatment. Laboratory consumption rates on these
foliose algae by Heliocidaris erythrogramma do not
fully explain the differences in persistence observed in
the field. In no-choice experiments, D. pulchra was
consumed at a low rate compared to C. officinalis and
at a similar rate compared to Z. diesingiana and Sar-
gassum vestitum (Wright et al. 2004). These inconsis-
tencies suggest that for a variety of reasons, results
from feeding experiments with sea urchins may not
always reflect patterns of consumption in the field (also
see Hill et al. 2003). For example, C. officinalis may be
more vulnerable to grazing in the laboratory versus the
field if small unattached pieces used in laboratory
feeding experiments are more susceptible to grazing
than attached thalli.

Differential consumption of algal species by sea
urchins is usually linked to differences in defensive
traits among species, particularly differences in chemi-
cal defences (Steinberg 1992, Paul et al. 2001). Delisea
pulchra is defended against feeding by Heliocidaris
erythrogramma and other macrograzers by non-polar
secondary metabolites (halogenated furanones; Wright
et al. 2004), and this may be an important reason for
the resistance of D. pulchra to grazing. We have not ex-
amined the effects of the chemical defences of other fo-
liose algae from this community against H. erythro-
gramma, but other sea urchins in this region also
consume D. pulchra at low levels relative to brown al-
gae, and are strongly deterred by halogenated fura-
nones, but weakly deterred by brown algal phlorotan-
nins (Steinberg & van Altena 1992, Williamson et al.
2004, Wright et al. 2004, P. D. Steinberg & R. de Nys
unpubl. data). The removal of Zonaria diesingiana,
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Sargassum vestitum and Sargassum linearifolium,
which all contain phlorotannins, by H. erythrogramma
suggests phlorotannins may be a weak deterrent to
H. erythrogramma. In general, non-polar compounds
such as furanones or terpenes appear to be more deter-
rent than phlorotannins to sea urchins in Australia
(Steinberg & van Altena 1992) even though phlorotan-
nins are deterrent to urchins in other temperate
regions (Steinberg 1992).

The persistence of Delisea pulchra in the low urchin
density treatment indicates that non-polar secondary
metabolites may play an important community role and
allow unpalatable species to persist under sea urchin
grazing. Important roles have been described for chem-
ical defences in the persistence of foliose algae,
cyanobacteria and sponges in tropical regions against
grazing fishes (Pawlik et al. 1995, Duffy & Hay 2001,
Paul et al. 2001) and in the persistence of sponges in

temperate regions against sea urchins
(Wright et al. 1997). Although temper-
ate brown algae off North Carolina that
are unpalatable to grazing fish are dom-
inant where these fish are common
(Miller & Hay 1996, Duffy & Hay 2000),
this is the first description of a commu-
nity-structuring role for differential
grazing by temperate sea urchins
linked to algal chemical defences.

The persistence of Corallina offici-
nalis during urchin grazing raises the
possibility that structural defences (cal-
cium carbonate) of foliose algae may
also deter grazing by Heliocidaris ery-
throgramma. However, the early re-
moval of Amphiroa anceps by H. ery-
throgramma indicates that any effects
of calcium carbonate are not consistent
across articulated coralline species.
Calcium carbonate deters feeding by
some marine herbivores (Pennings &
Paul 1992, Schupp & Paul 1994, Hay et
al. 1994), although the sea urchin
Diadema antillarum was only partially
deterred by calcium carbonate, and
deterrence increased when secondary
metabolites were also present (Hay et
al. 1994). Ultimately in our system, it
appears that when urchin densities are
very high and persist for long enough,
even chemically- and/or physically-
defended foliose algae are removed.

Several other factors unrelated to
palatability may have influenced the
different rates of removal of foliose
algae by Heliocidaris erythrogramma.

First, rate of removal may simply have been a function
of initial abundance. The non-significant, but positive
correlations between initial cover and the estimated
time to removal provide some support for that idea.
However, the finding that Zonaria diesingiana and
Corallina officinalis declined at different rates, particu-
larly at ‘low’ urchin densities, even though both had
low initial cover indicates that other factors are im-
portant too. Second, some species may be removed
more quickly if they are more easily located than other
species, or if they are more vulnerable to a strategi-
cally-placed bite (e.g. species with a small holdfast
area:thallus size ratio may be more susceptible than a
species with a relatively large holdfast area:thallus size
ratio). Third, differences among species in the ability to
tolerate or recover from grazing because of different
life histories may also be important. There appeared to
be different growth rates among foliose algae during
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Day
0 14 33 49 75 92 130 159

Global R 0.058 0.169 0.230 0.372 0.465 0.342 0.401 0.511

Comparison
HU vs. LU ns ns ns ns * * ns *
HU vs. ZU ns ns * * * * * *
HU vs. CC ns ns * * * * * *
HU vs. OP ns * * * * * * *
LU vs. ZU ns ns ns * * * * ns
LU vs. CC ns ns ns * * * * *
LU vs. OP ns ns ns * * * * *
ZU vs. CC ns ns ns ns ns ns ns ns
ZU vs. OP ns * ns ns ns ns ns *
CC vs. OP ns ns ns ns ns ns ns ns

Table 2. Results of ANOSIM comparing algal community composition (foliose
algae only) during the sea urchin density experiment. Abbreviations and

symbols as for Table 1

Day
0 14 33 49 75 92 130 159

Global R 0.099 0.173 0.263 0.384 0.382 0.303 0.364 0.446

Comparison
HU vs. LU ns ns ns ns * ns * *
HU vs. ZU ns ns * * * * * *
HU vs. CC * ns * * * * * *
HU vs. OP ns * * * * * * *
LU vs. ZU ns ns * * * ns * ns
LU vs. CC ns ns * * * * * *
LU vs. OP ns * ns * * * * *
ZU vs. CC ns ns ns ns ns ns ns ns
ZU vs. OP ns ns ns ns ns ns ns ns
CC vs. OP ns ns ns ns ns ns ns ns

Table 1. Results of ANOSIM comparing algal community composition (all
species) during the sea urchin density experiment. Treatments: HU: high sea
urchin density; LU: low sea urchin density; ZU: zero urchin treatment; CC: cage
control; OP: open plot. The level of significance was set at p = 0.005. *p < 0.005;

ns: non-significant
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our experiment. For example, in the control treat-
ments, both Sargassum species increased cover by up
to 2 to 3 times compared to their initial cover. Similarly,
the apparent increase in C. officinalis cover between
days 159 and 208 in both urchin density treatments fol-
lowing the mass mortality of H. erythrogramma, sug-
gests that some small thalli of C. officinalis remained
after grazing and grew rapidly once grazing pressure
was removed. Tropical foliose algae can tolerate
intense grazing by fishes and regrow rapidly when
grazers are removed (Carpenter 1986, Lewis 1986,
Lewis et al. 1987).

Density-dependent effects

There were important density-dependent effects of
grazing by Heliocidaris erythrogramma on this algal
community. By the end of our experiment, the areas
grazed by 100 urchins m–2 consisted almost entirely of
crustose algae and bare substratum whereas the areas
grazed by 40 urchins m–2 contained a mix of foliose
algae, crustose algae and bare substratum. These
effects were reflected in the differences in the commu-
nity structure between these 2 urchin densities con-
sidering all algae, and considering just foliose algae.
The latter indicates these effects were not simply due
to a decline of foliose algae and an increase in crustose
algae. Grazing by different densities of Centro-
stephanus rodgersii also resulted in different algal
composition (Hill et al. 2003).

Because the hierarchy of species removal was simi-
lar for the 2 experimental sea urchin densities, differ-
ences in community composition between densities
on the same dates may be due to similar processes
occurring at different rates. However, the difference
in the relative decline of Delisea pulchra between
high and low urchin densities suggests that a lower
density of Heliocidaris erythrogramma does not just
mean a slower rate of removal for this species. In
fact, a threshold density of H. erythrogramma (~80
urchins m–2; see Wright & Steinberg 2001) may be
required before Delisea pulchra is consumed. Similar
threshold densities of H. erythrogramma were not
apparent in the decline of other foliose algae,
although note the variable slopes between relative
cover and time for Corallina officinalis (Fig. 6). The
mechanisms responsible for this threshold effect for
D. pulchra are unclear, but may be related to the
strong feeding deterrent effects of furanones (Wright
et al. 2004). Similarly, once sea urchins have estab-
lished a crustose-dominated state, total sea urchin
removal may be required for the transition to a
foliose algal- dominated state (Benedetti-Cecchi et al.
1998, Hill et al. 2003).

Transitions between alternative community states

Many temperate subtidal algal communities exist as
a mosaic of alternative community states that fluctuate
in space and time (Ebeling et al. 1985, Konar & Estes
2003). Both the survey and experimental components
of this study indicated that an intermediate community
state occurs in addition to the foliose algal- and crus-
tose algal-dominated states. This intermediate com-
munity state consisted of a mix of foliose algae, crus-
tose algae and bare rock, and occurred as a function of
both time grazed by sea urchins (the ‘during’ category)
and sea urchin density (high versus low urchin density
treatments). Although, for the most part, in experimen-
tal cages, this intermediate state persisted from Day 75
to Day 159, even foliose algae more resistant to grazing
are predicted to eventually decline to zero cover (i.e.
where the line of best fit intercepts the x-axis, Fig. 6),
suggesting that this intermediate state is transitory.
The complete removal of foliose algae observed in
most quadrats in the ‘after’ category supports this
notion of a transitory intermediate state.

An intermediate community state may have impor-
tant consequences following a mass mortality of sea
urchins. Trajectories of community succession after
disturbance are influenced by a variety of stochastic
and deterministic factors including the species compo-
sition of a site or adjoining sites, a range of site-specific
factors, and recruitment (Dudgeon & Petraitis 2001,
Sousa 2001). Here we did not follow community devel-
opment after the mass mortality of Heliocidaris erythro-
gramma. However, because there were differences in
the foliose algal composition between grazed and
ungrazed areas, and between areas grazed for different
times and by different densities of sea urchins, mass
mortality of H. erythrogramma may result in different
foliose algal community composition because of differ-
ent grazing histories.

Clearly, whether subtidal temperate communities
end-up at the crustose- or foliose algal-dominated state
depends on both the urchin density and its persistence
in time (Ebeling et al. 1985, Fletcher 1987, Andrew
1993, Shears & Babcock 2002, Konar & Estes 2003). Sea
urchin predators may influence the switching between
these alternative community states (e.g. Estes &
Pamisano 1974, Estes & Duggins 1995). In southeastern
Australia, large crustose algal-dominated areas occur
on coastal reefs (Andrew & O’Neill 2000), possibly due
to a reduction in predation on herbivorous sea urchins
because of a reduction in abundance, or lack, of sea
urchin predators (Estes & Steinberg 1988, Steinberg et
al. 1995). Theory predicts that the switch between al-
ternative community states requires not just a restora-
tion of the original conditions, but a catastrophic shift
(Scheffer et al. 2001). Mass mortality of sea urchins due
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to factors such as storms, reduced salinity or pathogens
(Ebeling et al. 1985, Scheibling 1986, Andrew 1991,
Scheibling & Hennigar 1997) may enable such a cata-
strophic shift to occur and allow southeast Australian
reef communities to switch from a crustose-dominated
state back to a foliose algal-dominated state.
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