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ABSTRACT: There is increasing interest in how
facilitation cascades —nested positive indirect inter-
actions involving at least 3 species—maintain com-
munity structure. Here we investigated whether
the positive relationship between the kelp Ecklonia
radiata and the gastropod Phasianotrochus eximius
is mediated by a third species, the sea urchin
Holopneustes purpurascens, via a facilitation cas-
cade. Both the urchin and the gastropod are found
enmeshed within the lamina of the common kelp E.
radiata, which the urchin is known to consume.
Sampling of urchin and gastropod abundances at 4
sites in Sydney, Australia, over 2 yr revealed that
both H. purpurascens and P. eximius were more
abundant on kelp than on other algal substrates
and that the gastropod was more abundant on kelp
with than without the urchin. Large P. eximius
were found only on plants inhabited by H. pur-
purascens, suggesting that either P. eximius is able
to survive longer when it is part of this association
or that adults actively move onto this substrate.
When the presence/absence of H. purpurascens on
kelp plants was manipulated experimentally in the
field, greater recolonisation by P. eximius of kelp
with than without urchins was observed. Urchins,
by contrast, did not differentially respond to kelp
with and without the gastropod, indicating that the
association between the kelp and the urchin is
maintained by a unidirectional facilitation cascade.
Our study adds to growing evidence that facilita-
tion cascades are a common mechanism by which
community structure is maintained. Studies are now
needed to assess their sensitivity to environmental
change.
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The urchin Holopneustes purpurascens and the gastropod
Phasianotrochus eximius enmeshed within the common
kelp Ecklonia radiata.
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INTRODUCTION

Indirect effects, where the effect of one species on
another is mediated by one or more additional spe-
cies, are pervasive in ecological systems (Menge
1995, Abrams & Matsuda 1996, Stachowicz 2001,
Wootton 2002, Werner & Peacor 2003, Ohgushi 2008).
Consequently, our ability to predict the responses of
ecosystems to perturbations is dependent on under-
standing indirect effects (Paine 1980, Dambacher et
al. 2002, Bolker et al. 2003, Borer et al. 2005, Borrett
et al. 2010).

There is growing interest in when and where indi-
rect effects lead to facilitation cascades (Bruno &
Bertness 2001, Bruno et al. 2003, Altieri et al. 2010,
Angelini et al. 2011). In a facilitation cascade, a basal
species facilitates an intermediary species, which in
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turn facilitates the focal species or community (Altieri
et al. 2007, Thomsen et al. 2010). In many instances,
these cascades arise through the provision of struc-
tured habitat by the basal and intermediary facilita-
tors, which are in turn utilised by secondary inhabi-
tants for protection from natural enemies and/or
adverse micro-climates (Thomsen et al. 2010). Among
these habitat cascades are those underpinned by
shelter building. In this case, a plant facilitates a her-
bivore by providing food and/or structural habitat,
and the herbivore in turn facilitates other organisms
by modifying the physical architecture of the plant
to provide shelter (Bruno & Bertness 2001, Ohgushi
2005, Thomsen et al. 2010).

Shelter building occurs when a species provides
habitat that is subsequently utilised by secondary in-
habitants for protection from natural enemies and/or
adverse micro-climates when the builder vacates. In
terrestrial systems, leaf-rolling and stem-boring in-
vertebrates protect themselves from predators and
abiotically stressful conditions by creating shelters that
are used not only by their own populations but also by
whole communities of associated invertebrates (Strauss
1991, Martinsen et al. 2000). By contrast, there are few
examples of shelter building in the sea (Ohgushi
2005). This may be because in many marine ecosys-
tems, such as coral reefs, herbivory is substantially
greater than terrestrial herbivory and often exceeds
the amount of primary production of macrophytes (Cyr
& Pace 1993). In addition, abiotic factors such as wave
action, tides and currents in shallow coastal habitats
where marine herbivory is concentrated may make
shelters more difficult to build and maintain.

This paper examines how shelter building by the
sea urchin Holopneustes purpurascens mediates the
relationship between the gastropod Phasianotrochus
eximius and the common kelp Ecklonia radiata. H.
purpurascens is unusual among sea urchins in that it
is arboreal, inhabiting the canopy of the living alga
that it uses as both habitat and food (Fig. 1; Steinberg
1995, Rogers et al. 1998). H. purpurascens spawn
predominantly in the Australian summer (Williamson
& Steinberg 2002), and larvae settle onto a range of
red foliose and crustose algae such as the coralline
turfing alga Corallina officinalis and the foliose red
alga Delisea pulchra (Swanson et al. 2006). Juveniles
later move to the kelp E. radiata, where they wrap
themselves within the algal thallus (Steinberg 1995,
Williamson et al. 2000, 2004, Marzinelli et al. 2011).
This shift increases the sea urchin's rate of survival,
growth and reproductive output (Williamson & Stein-
berg 2012). The gastropod P. eximius occurs on the
same host plants as the urchin, and the two are

Fig. 1. Urchin Holopneustes purpurascens and gastropod
Phasianotrochus eximius (top) enmeshed within the com-
mon kelp Ecklonia radiata

usually found together, enmeshed within the fronds
of E. radiata (Steinberg 1995, Rogers et al. 1998).
Here we test the hypothesis that the association be-
tween Ecklonia radiata and Phasianotrochus eximius
is maintained by a facilitation cascade, whereby the
kelp E. radiata facilitates the intermediary, Holop-
neustes purpurascens, and H. purpurascens in turn
facilitates P. eximius by building shelters from kelp
blades. First, we tested (1) whether H. purpurascens
and P. eximius were each more abundant on the kelp
E. radiata than on other algal species and (2) whether
P. eximius was more abundant on E. radiata with
than without H. purpurascens. Second, we tested the
longevity of the shelter provided by H. purpurascens
for P. eximius by assessing changes in the abundance
of H. purpurascens on E. radiata over time. Third, the
size distribution of P. eximius on all host plants was
compared to that on E. radiata plants containing H.
purpurascens to assess whether P. eximius are likely
to recruit directly to, or immigrate post-recruitment
to, the E. radiata/H. purpurascens association. As the
majority of P. eximius were larger in the association
than on other species of algae (including E. radiata
without H. purpurascens), it was hypothesised that
the gastropods must be actively seeking the shel-
tered association post-recruitment. Hence, fourth, a
field experiment tested the hypothesis that there
would be greater recolonisation of P. eximius to E.
radiata plants with H. purpurascens compared to
those without the urchin. This experiment allowed us
to distinguish the effects of the sea urchin per se from
plant properties that might have made individual E.
radiata attractive to both H. purpurascens and P.
eximius in the absence of any interaction between
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the latter 2 species. Finally, laboratory experiments
were conducted to determine if urchins, by contrast,
responded to kelp with and without the gastropod.

MATERIALS AND METHODS
Study site

Field experiments were done in rocky subtidal
habitats (between 1 and 5 m depth) at Bare Island
(33°59'38"S, 151°12'00"E), Balmoral (33°83'02"S,
151°24'88"E), Long Bay (33°96'50" S, 151°25' 37" E)
and Fairlight (33°80'00"S, 151°27'54"E) in Syd-
ney, New South Wales, Australia. These sites were
sheltered from large waves and comprised irregular
patches of barrens and macroalgal habitat in which
both Holopneustes purpurascens and Phasianotro-
chus eximius occurred. Forests of the kelp Ecklonia
radiata were common at all sites surveyed, with other
spatially dominant macroalgal species including the
brown algae Sargassum vestitum and S. linearifolium,
the coralline turfing red alga Corallina officinalis and
the foliose red alga Delisea pulchra and a mosaic of
crustose algae encrusting understory rock (Sporo-
lithon durum and Lithamnion spp.; Wright et al. 2005).
Other canopy-forming algae, such as Phyllospora co-
mosa, were notably absent from the study region (Cole-
man et al. 2008). A more comprehensive discussion of
the habitat type is found in Wright et al. (2005).

Spatial variation in abundance of snails and urchins

The 4 Sydney study sites were sampled over 2 yr to
test the hypotheses that (1) both Phasianotrochus exim-
ius and Holopneustes purpurascens would be more
abundant on Ecklonia radiata than on the common spe-
cies of macroalgae, Sargassum vestitum, S. linearifolium
and Corallina officinalis; (2) P. eximius would be more
abundant on E. radiata with than without H. purpuras-
cens; and (3) these patterns would persist across seasons
and years. Fairlight and Bare Island were sampled once
every season, in October, February, April and June, be-
tween October 2009 and June 2011. Balmoral was
sampled on the first 4 dates but was replaced by sam-
pling at Long Bay from October 2010 to June 2011 be-
cause by June 2010, both P. eximius and H. purpuras-
censhad virtually disappeared from the Balmoral site.

During each sampling period, 10 haphazardly se-
lected replicate plants of the algal species Ecklonia
radiata (mean wet weight, patted dry + SE: 900 =+
14 g), Sargassum vestitum (250 + 2 g), and S. lineari-

folium (270 + 2 g) and a small amount of Corallina of-
ficinalis (66 + 1 g), a turfing species that does not exist
as discrete plants, were collected. Plants were col-
lected from 2 to 7 m depth at each site using SCUBA,
sealed in plastic bags in situ, and then transported
back to the laboratory at Macquarie University, where
animals were removed for enumeration by twice im-
mersing the plants in fresh water for 30 s. A pilot study
in which the abundances of mobile fauna on plants
were compared between plants with and without im-
mersion confirmed that this method was 100 % effi-
cient in removing all animals greater than 0.5 mm
(J. E. Bell unpubl. data). Within each sample, the num-
bers of P. eximius and H. purpurascens were counted.

Separate univariate permutational analyses of vari-
ance (PERMANOVAs; Anderson 2001a) compared the
abundances of Phasianotrochus eximius and Holo-
pneustes purpurascens among algal substrates and
sampling times at each study site. PERMANOVAs
apply the traditional ANOVA partitioning procedure
to a distance matrix but use permutations to obtain
p-values (Anderson 2001b). Unlike ANOVAs, PER-
MANOVAs do not have explicit assumptions about the
underlying distributions of data. The PERMANOVAs,
run in PRIMER v6 (PRIMER-E), used 4999 permuta-
tions of Euclidean distances among samples. To parti-
tion any differences among algal substrates into
effects of algal identity and algal biomass, 2 sets of
PERMANOVAs were run. The first used raw species
counts, while the second included algal biomass as a
covariate. PERMANOVAs for Bare Island and Fairlight
had 3 orthogonal factors: year (random), season (fixed)
and algal species (fixed). PERMANOVAs for Balmoral
and Long Bay each had 2 factors: season and algal spe-
cies (each fixed). Where significant treatment effects
were seen at oo = 0.05, PERMANOVAs were followed
by pairwise a posteriori tests.

A 1-way univariate PERMANOVA of Euclidean dis-
tances among samples tested for any significant dif-
ference in the abundances of Phasianotrochus eximius
on plants with Holopneustes purpurascens compared
to plants without H. purpurascens. This analysis used
data pooled across all algal species at all seasons and
sites and was chosen over a correlation because gas-
tropod abundance was not necessarily expected to in-
crease with urchin abundance on kelp with urchins.
In addition, to assess the degree to which the
presence of H. purpurascensincreases the abundance
of P. eximius on Ecklonia radiata, we calculated a
‘magnification ratio’ (sensu Thomsen et al. 2010). This
was simply the ratio of the number of P. eximius on E.
radiata with H. purpurascens to the number of P. ex-
imius on E. radiata without H. purpurascens.
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Persistence of urchins

For Phasianotrochus eximius to benefit from shel-
ter building by Holopneustes purpurascens, presum-
ably there would need to be some temporal persist-
ence of shelters and, hence, urchins on individual
Ecklonia radiata. The temporal stability of urchin
numbers on individual E. radiata was assessed through
a study at Fairlight. In December 2009, 15 E. radiata
plants were randomly selected, 5 initially with no H.
purpurascens, 5 with a low density of H. purpuras-
cens (1 to 2 per plant) and 5 with a high density of
snails (3 or more snails per plant). Plants were tagged
with flagging tape and surveyed at the same time
(mid-morning) every day for 7 consecutive days. The
number of H. purpurascens on tagged plants was
recorded over time. A PERMANOVA on Euclidean
distances among samples, with the factors (1) initial
urchin density (zero, low, high); (2) plant nested
within density; and (3) time as a repeated measure,
was used to assess whether differences in numbers of
urchins among plants were maintained through time.

Size-frequency distribution of snails

To assess whether Phasianotrochus eximius are
likely to recruit directly to, or immigrate post-recruit-
ment to, the Ecklonia radiata/Holopneustes purpur-
ascens association, we determined the size distribu-
tion of P. eximius on host plants with and without H.
purpurascens. A length-frequency plot was gener-
ated from the individuals collected at Fairlight during
seasonal algal collections between October 2009 and
June 2011. Whole plants were bagged and taken to
the laboratory, where the numbers of H. purpuras-
cens and P. eximius were counted, and P. eximius
were then measured (described above). Individuals
were pooled into 1 mm size classes. A Kolmogrov-
Smirnov test was used to test for a difference in the
size class frequency distributions of P. eximius on E.
radiata with versus without H. purpurascens.

Post-recruitment movement
Snails

To test the hypothesis that the positive relationship
between the gastropod and urchin is, in part, main-
tained by juvenile and adult Phasianotrochus eximius
immigrating more rapidly to Ecklonia radiata with
than without Holopneustes purpurascens, we con-

ducted a recolonisation experiment at Fairlight in
December 2010. All mobile fauna >10 mm in dia-
meter were removed from 20 haphazardly selected
E. radiata by hand using SCUBA. Two H. purpurascens
(determined from the average number of urchins per
E. radiata, see 'Results’) were added to 10 of the
defaunated plants that had been randomly assigned
to this treatment, with the other 10 plants left free of
urchins. Each of the treatments contained a mix of
E. radiata plants that immediately prior to the ex-
periment housed urchins and those that did not. To
maintain assigned urchin densities, all experimental
plants were caged using flexible plastic garden fenc-
ing (mesh size 20 mm). The mesh was fine enough to
prevent urchins from passing through but coarse
enough to allow free movement of P. eximius. Cages
covering the head of the plant were attached to eye-
bolts in the rocky substratum using bungee cords.
This allowed for the natural movement of the cages
with the water currents. After 24 h, plants were har-
vested and sealed in plastic bags (as described
above) before being taken back to the laboratory,
where plants were immersed in fresh water (as de-
scribed above) and the number of recolonising P.
eximius on each plant counted.

The process of caging can impact the number of
epifauna (Kennelly 1991, Taylor 1998). To test how
complete the recolonisation was on caged plants
after 24 h, we compared numbers of gastropods re-
colonising cages with and without urchins to num-
bers on 10 replicate unmanipulated plants with Holo-
pneustes purpurascens and 10 replicate unmanipu-
lated plants without the urchin.

To test the hypotheses that (1) there was a differ-
ence in the number of gastropods recolonising kelp
with urchins and without and (2) this difference
matched the natural difference in gastropod density
between uncaged kelp with urchins and without, a 2-
factor, fully orthogonal PERMANOVA was con-
ducted. The test used Euclidean distances, with sta-
tistical procedures as described above.

Urchins

The field experiment tested whether colonisation
of kelp by Phasianotrochus eximius is influenced by
the presence of Holopneustes purpurascens. To test
the converse, that H. purpurascens actively select
Ecklonia radiata with P. eximius over kelp without
the gastropods, a laboratory experiment was run.
Similar-sized pieces and weights (30 to 60 g) of E.
radiata were placed at opposite ends (separated by
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14 cm) of a 40 1 plastic bin filled with filtered sea-
water (0.22 pm). The pieces of kelp were chosen to
contain minor grazing scars from H. purpurascens,
as this presumably indicates that they are palatable
to the urchins. First, no-choice controls, in which
urchins were offered pieces of gastropod-free E.
radiata at either end of the tank, determined whether
in the absence of choice gastropods displayed a con-
sistent pattern of movement towards a particular end
of the tank. Second, choice treatments where 6 P.
eximius (average number of P. eximius per E. radiata
in the field, see ‘Results’) were added to one but not
the other piece of kelp assessed selection of one
treatment over the other. At the start of each test, 1
adult H. purpurascens (32 to 58 mm oral-aboral
length) was placed in the centre of the plastic bin
(7 cm from either treatment) and given 30 min to
make a choice between E. radiata pieces. An urchin
was deemed to have made a choice if it touched one
of the pieces of kelp. Positions of the treatments (with
or without P. eximius) were swapped after 15 repli-
cates to account for any bias between sides, and the
seawater was changed between replicates (30 repli-
cates in total). New urchins and kelp and fresh sea-
water were used for each replicate. The experiment,
initially conducted during the day, was repeated at
night, when H. purpurascens may be more active
(J. E. Williamson unpubl. data).

Separate chi-squared tests for differences in the
proportion of urchins moving towards one treatment
over the other were done for trials run during the day
and the night. These analyses only used urchins that
made a choice and had the null hypothesis that the
proportion of urchins moving towards each treat-
ment would not statistically differ from a 50:50 ratio.

RESULTS
Spatial variation in abundance of snails and urchins

Across all sites and sampling times, the mean (+SE)
abundance of Phasianotrochus eximius was 1.8 £
0.3 ind. per plant on Ecklonia radiata, 0.2 + 0.1 ind.
per plant on Sargassum vestitum, 0.3 = 0.1 ind. per
plant on S. linearifolium and 0.2 + 0.1 ind. per plant
on Corallina officinalis. The magnitude of this differ-
ence among algal substrates, however, varied ac-
cording to season and site (significant Se x S inter-
actions, Table 1). The pattern of greater abundance
of P. eximius on E. radiata than on any of the 3 other
algal substrates was strongest in summer, the sea-
son of peak gastropod abundance (post hoc tests,

Table S1 in the Supplement, available at www.int-
res.com/articles/suppl/m501p001supp.pdf). At 3 of
the 4 sites, this pattern, although weaker, also per-
sisted at other times of the year (Table 1). At the fourth
site, Balmoral, no significant difference in gastropod
abundance was evident among algal substrates in
autumn. Among the 3 other algal species, few differ-
ences in gastropod abundance were seen (Table S1
in the Supplement). Where differences were appar-
ent, C. officinalis generally supported fewer gas-
tropods than S. vestitum and S. linearifolium. The dif-
ference in gastropod abundance between E. radiata
and other algal substrates was largely independent
of differences in algal biomass among treatments
(Table S2 in the Supplement).

Holopneustes purpurascens displayed similar dif-
ferences in abundance among algal substrates as the
gastropod. Across all sites and sampling times, the
mean (+SE) abundance of H. purpurascens was 0.5 +

Table 1. Permutational analyses of variance testing for
sources of spatial variation in the abundance of Phasiano-
trochus eximius among potential host plant species (S: Eck-
lonia radiata, Sargassum vestitum, S. linearifolium, Coral-
lina officinalis), seasons (Se: spring, summer, autumn, winter)
and years (Y: 2009/2010, 2010/2011). Balmoral and Long
Bay were sampled only in 1 yr each. Numbers in bold indi-
cate a significant difference at p < 0.05. n = 10

df MS Pseudo-F P
Bare Island
Y 1 28.8 14.8 0.001
Se 3 1.5 0.8 0.513
S 3 18.2 9.4 0.001
Y x Se 3 1.2 0.6 0.613
Y xS 3 11.9 6.1 0.001
Se x S 9 1.3 0.7 0.732
Y xSexS 9 2.2 1.1 0.345
Residual 288 1.9
Fairlight
Y 1 26.5 5.1 0.021
Se 3 49.9 9.7 0.001
S 3 59 11.4 0.001
Y x Se 3 11.5 2.2 0.084
Y xS 3 14.4 2.8 0.036
Se x S 9 20.3 3.9 0.001
Y xSexS 9 8.6 1.6 0.098
Residual 288 5.2
Balmoral
Se 3 107.7 12.1 0.001
S 3 137.6 15.4 0.001
Se x S 9 49.4 5.6 0.001
Residual 144 8.9
Long Bay
Se 3 1.6 2.7 0.055
S 3 3.6 6.3 0.001
Se x S 9 0.6 1 0.433
Residual 144 0.6
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0.1 ind. per plant on Ecklonia radiata, 0.02 + 0.01 ind.
per plant on Sargassum vestitum, 0.01 = 0.01 ind. per
plant on S. linearifolium and 0.01 + 0.01 ind. per plant
on Corallina officinalis. Like Phasianotrochus eximius,
H. purpurascens displayed variation in abundance
among algal substrates in at least some seasons and
years at each of the 4 sites sampled (Table 2, Table S1
in the Supplement). During all seasons and at all sites
where differences among algal substrates were de-
tected, the urchin was more abundant on E. radiata
than on the other 3 algal species (Table 2, Table S1).
Like the gastropod, the urchin displayed stronger
patterns of difference among algal substrates in sum-
mer, when its abundance was greatest, than in other
seasons (Table S1). Significant differences in urchin
abundance between E. radiata and the other algal
substrates were in most instances still apparent in
analyses where algal biomass was included as a
covariate (Table S3 in the Supplement).
Phasianotrochus eximius not only was more abun-
dant on Ecklonia radiata than on any of the other
algal species sampled but was also significantly more
abundant on E. radiata plants that contained Holop-
neustes purpurascens (mean + SE: 4.6 = 0.8 ind. per
plant) compared to those that did not (mean + SE:
0.7 £ 0.2 ind. per plant; PERMANOVA: pseudo-
Fj 955 = 5.6, p =0.024). On E. radiata, H. purpurascens
magnified the abundance of P. eximius 6.6-fold.

Persistence of urchins

During the tagging study, up to 11 urchins were
recorded on 1 Ecklonia radiata host (Fig. 2). Abun-
dances of urchins on individual plants displayed con-
siderable temporal variation at the scale of days, with
abundances changing by as much as 6 individuals in
the space of 24 h (Fig. 2). There was no consistent
direction to this change (i.e. increase or decrease
in numbers), with both emigration and immigration
occurring. However, plants that started with higher
numbers of urchins maintained higher numbers of
urchins than plants starting with few or no urchins
throughout the experiment (a posteriori tests, signifi-
cant urchin density effect, repeated measures PERM-
ANOVA: F; g, = 35.83, p = 0.001, Fig. 2).

Size-frequency distribution of snails
There was a significant difference in the size-

frequency distribution of Phasianotrochus eximius be-
tween kelp plants with and without Holopneustes pur-

Table 2. Permutational analyses of variance testing for
sources of spatial variation in the abundance of Holop-
neustes purpurascens among potential host plant species (S:
Ecklonia radiata, Sargassum vestitum, S. linearifolium, Coral-
lina officinalis), seasons (Se: spring, summer, autumn, win-
ter) and years (Y: 2009/2010, 2010/2011). Balmoral and Long
Bay were sampled only in 1 yr each. Numbers in bold indi-
cate a significant difference at p < 0.05. n = 10

df MS Pseudo-F P
Bare Island
Y 1 1.13 6.4 0.004
Se 3 0.64 3.6 0.012
S 3 4.02 22.7 0.001
Y x Se 3 0.08 0.4 0.687
Y xS 3 0.84 4.8 0.001
Se xS 9 0.43 2.4 0.008
Y xSe xS 9 0.13 0.7 0.693
Residual 288 0.18
Fairlight
Y 1 0.25 0.9 0.353
Se 3 0.7 2.5 0.049
S 3 6.14 22.3 0.001
Y x Se 3 0.26 0.9 0.443
Y xS 3 0.54 1.9 0.123
Se xS 9 0.89 3.2 0.002
Y xSe xS 9 0.24 0.9 0.543
Residual 288 0.28
Balmoral
Se 3 0.04 0.7 0.572
S 3 0.23 3.8 0.01
Sex S 9 0.04 0.7 0.718
Residual 144 0.06
Long Bay
Se 3 0.36 2.2 0.091
S 3 2.03 12.4 0.001
SexS 9 0.36 2.2 0.027
Residual 144 0.16

purascens (Kolmogrov-Smirnov test: p < 0.01, Fig. 3).
P. eximius greater than 9 mm in length were only ob-
served on Ecklonia radiata with H. purpurascens; how-
ever, smaller P. eximius were found across habitats
both with and without H. purpurascens (Fig. 3).

Post-recruitment movement
Snails

Following removal of Phasianotrochus eximius from
Ecklonia radiata, an average of 7.2 (+1.9, 1 SE) gas-
tropods recolonised each kelp plant with Holopneustes
purpurascens, while 2.8 (1.2, 1 SE) recolonised kelp
plants without urchins (Fig. 4). By contrast, on un-
caged kelp, the average gastropod density was 8.7
per plant (+2.2, 1 SE) where urchins were present
and 1.6 (1.2, 1 SE) per plant where they were absent
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(Fig. 4). Hence, in the recolonization experiment, the
effect of urchins on gastropod abundance matched
natural differences in gastropod numbers between
kelp plants with and without urchins (PERMANOVA,
main effect of urchins: pseudo-F; ; = 12.0, p = 0.004;
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Fig. 3. Size-frequency distribution of Phasianotrochus eximius on
kelp with Holopneustes purpurascens (with H. p.; n = 21 plants)
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and without H. purpurascens (without H. p.; n = 8 plants)

turbed plants; dark grey bars) and post-recruit-
ment recolonisation following removal (experi-
mental plants; light grey bars) of Phasianotrochus
eximius on Ecklonia radiata with and without
Holopneustes purpurascens (H.p.). n = 10 plants

either end of the tank, only 2 individuals out of the 30
tested selected a piece of kelp. The 2 urchins differed
from one another in the direction they moved, such
that there was no evidence for selection in the ab-
sence of choice (x> = 0, df = 1, p = 1). When Holo-
pneustes purpurascens were offered E. radiata ver-
sus E. radiata with Phasianotrochus eximius during
the day, no urchins out of the 30 individuals tested
made a choice. When H. purpurascens was given a
choice between E. radiata with versus without P.
eximius at night, 12 out of 30 urchins made a choice,
but there was no significant difference in the choice
made (2= 1.2, df = 1, p = 0.273).

DISCUSSION

The objective of this study was to determine the
nature of the relationship between the kelp Eck-
lonia radiata, the canopy-dwelling sea urchin
Holopneustes purpurascens and the gastropod
Phasianotrochus eximius. Through a combination
of field and laboratory experiments and surveys,
it was demonstrated that the relationship be-
tween E. radiata and P. eximius was the net out-
come of a positive indirect effect, whereby E.
radiata facilitates H. purpurascens, and the
urchin in turn facilitates P. eximius. This relation-
ship appeared to be hierarchical, as the urchin
did not respond to the abundance of the gas-
tropods. Hence, the relationship fitted the defini-
tion of a facilitation cascade (see Altieri et al.
2007, Bishop et al. 2012).

Following recruitment to the coralline turfing
alga Corallina officinalis or foliose red algae
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Delisea pulchra (Swanson et al. 2004, 2006), Holop-
neustes purpurascens displays a chemically mediated
ontogenetic shift in diet and moves to Ecklonia radi-
ata (Williamson et al. 2004). Consequently, at each of
the 4 field sites surveyed, H. purpurascens was more
abundant on the kelp E. radiata than on the other
representative habitat-forming algae examined (Sar-
gassum vestitum, S. linearifolium, C. officinalis). Pha-
sianotrochus eximius abundances followed those of
the urchin, with more P. eximius on E. radiata than on
the other 3 algal substrates, and over 6 times more P.
eximius on E. radiata with the urchin than without.
Although E. radiata had a larger surface area than
the other algal species, differences in the abundance
of gastropods and urchins among algal substrates
persisted even when differences in algal biomass
were controlled. The relatively high magnification
ratio for the association between the gastropod and
urchin (cf. Thomsen et al. 2010) highlights the strength
of this relationship.

Greater numbers of Phasianotrochus eximius re-
colonised kelp with than without Holopneustes pur-
purascens, irrespective of whether the kelp had
recently housed urchins or not, but in laboratory
experiments, the urchin did not respond to the pres-
ence of the gastropod. Hence, it appears that the
urchin and gastropod were not simply responding
independently to the same sort of kelp and that the
relationship between the kelp, urchin and gastropod
was, instead, a hierarchical facilitation cascade (sensu
Thomsen et al. 2010, Angelini et al. 2011). Although
we did not quantify the position on the kelp at which
the gastropod was found, our field observations and
previous research (Steinberg 1995) suggest that the
majority of gastropods are enmeshed in the kelp-
blade nests formed by urchins. Hence, the urchin
facilitates the gastropod. Nevertheless, during win-
ter, when urchin densities decreased, P. eximius
was sometimes found away from urchins, nestled
in the centre of Ecklonia radiata plants (J. E. Bell
pers. obs.). Hence, the relationship was facultative,
not obligate, and varied in strength over time. Our
study did not determine the mechanism by which H.
purpurascens facilitated P. eximius.

By providing shelter and increasing the hetero-
geneity of the kelp substrate, Holopneustes pur-
purascens may reduce Phasianotrochus eximius
dislodgement during wave action and/or protect the
gastropod from predation by large crustaceans or
predatory fish (Steinberg 1995, Rogers et al. 1998,
Williamson et al. 2004). Alternatively or additionally,
P. eximius may eat the excrement of H. purpuras-
cens. Coprophagy is often exhibited by animals that

have simple digestive systems (such as isopods and
some gastropods; Wieser 1978) and are less able to
assimilate the necessary levels of nutrients from
plants alone (Mattson 1980). P. eximius may employ
this strategy by consuming the readily available and
relatively large fecal pellets produced by H. pur-
purascens, with which it is closely associated.

Larger Phasianotrochus eximius were only found
on host plants with Holopneustes purpurascens,
whereas smaller gastropods were found on Ecklonia
radiata both with and without the urchin. This sug-
gests that small P. eximius recruit to the kelp, irre-
spective of whether it houses an urchin, but that
subsequent processes restrict larger gastropods to
kelps with urchins. This pattern was at least in part
because of post-settlement movement of large P.
eximius onto kelp with the urchin. When we re-
moved all P. eximius from E. radiata, there was
greater recolonisation of plants with the urchin than
of plants from which it had been excluded. This
movement may be in response to a cue produced by
the urchin or, alternatively, P. eximius may move
around randomly until they find a plant with the
urchin. It is possible, however, that greater rates of
growth and/or survivorship of P. eximius on E. radi-
ata with the urchin than without may also contribute
to the pattern.

The abundance of Holopneustes purpurascens on
individual Ecklonia radiata displayed considerable
temporal variation at the scale of days, indicative of
their movement within and between plants. As sam-
pling of urchins was only conducted every 24 h, it is
possible that the urchins displayed movement at
even shorter temporal scales, and indeed, from the
laboratory experiment, it appeared that most of this
movement might occur overnight. Despite this move-
ment of urchins, certain plants tended to maintain
higher densities of urchins, and gastropods were able
to rapidly respond to their presence. In recolonisation
experiments, differences in gastropod abundance
between kelp with and without urchins were estab-
lished in less than 24 h. Previous studies on facilita-
tion cascades have primarily focused on relationships
established over much longer periods of time (Thom-
sen et al. 2010, Bishop et al. 2013).

Our study has shown that facilitation cascades can
be maintained even where distributions of intermedi-
ary facilitators are spatially and temporally dynamic.

Although early evidence for facilitation cascades
has primarily come from marine intertidal (e.g. Altieri
et al. 2007) and terrestrial (e.g. Angelini et al. 2011)
environments, our study adds to growing evidence
that these interactions might also be common in the
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marine subtidal (see Thomsen et al. 2010) environ-
ment. Subtidal seagrass can, by trapping drift macro-
algae, facilitate invertebrates (Thomsen 2010). In the
lagoons of French Polynesia, gammarid amphipods
and chaetopterid polychaetes induce the growth of
branch-like ‘fingers’ on corals through nutrient pro-
visioning, which in turn facilitates the abundance
and diversity of fishes (Bergsma 2012). In subtidal
environments, where predation is often intense and
waves and currents produce abiotically stressful con-
ditions, positive interactions among species may
be expected to play a particularly important role in
the organisation of ecological communities (Bertness
& Callaway 1994, Jones et al. 1994, 1997, Hacker &
Gaines 1997, Stachowicz 2001). Further studies are
now needed to address those factors that influence
the incidence and strength of facilitation cascades in
subtidal environments.

Acknowledgements. We thank P. Schlegel, P. Tung, P.
McCracken, M. Kosnik, T. Obadia and N. Obadia for help
with fieldwork. We thank Vivian Ward at Auckland Univer-
sity for her illustration. This project was supported by an
Australian Postgraduate Award to J.E.B., Department of Bio-
logical Sciences and Marine Ecology Group at Macquarie
University. The comments of 3 anonymous reviewers im-
proved the quality of this manuscript.

LITERATURE CITED

Abrams PA, Matsuda H (1996) Positive indirect effects
between prey species that share predators. Ecology 77:
610-616

Altieri AH, Silliman BR, Bertness MD (2007) Hierarchical
organization via a facilitation cascade in intertidal cord-
grass bed communities. Am Nat 169:195-206

Altieri AH, Wesenbeeck BKV, Bertness MD, Sillman B
(2010) Facilitation cascade drives positive relationship
between native biodiversity and invasion success. Ecol-
ogy 91:1269-1275

Anderson MJ (2001a) A new method for non-parametric
multivariate analysis of variance. Austral Ecol 26:32-46

Anderson MJ (2001b) Permutation tests for univariate or
multivariate analysis of variance and regression. Can J
Fish Aquat Sci 58:626-639

Angelini C, Altieri AH, Sillman BR, Bertness MD (2011)
Interactions among foundation species and their conse-
quences for community organization, biodiversity, and
conservation. Bioscience 61:782-789

Bergsma GS (2012) Coral mutualists enhance fish abun-
dance and diversity through a morphology-mediated
facilitation cascade. Mar Ecol Prog Ser 451:151-161

Bertness MD, Callaway R (1994) Positive interactions in
communities. Trends Ecol Evol 9:191-193

[] Bishop MJ, Byers JE, Marcek BJ, Gribben PE (2012) Den-

sity-dependent facilitation cascades determine epifaunal
community structure in temperate Australian mangroves.
Ecology 93:1388-1401

O

Bishop MJ, Fraser J, Gribben PE (2013) Morphological traits
and density of foundation species modulate a facilitation
cascade in Australian mangroves. Ecology 94:1927-1936

Bolker B, Holyoak M, Kivan V, Rowe L, Schmitz O (2003)
Connecting theoretical and empirical studies of trait-
mediated interactions. Ecology 84:1101-1114

Borer ET, Seabloom EW, Shurin JB, Anderson KE and others
(2005) What determines the strength of a trophic cascade?
Ecology 86:528-537

Borrett SR, Whipple SJ, Patten BC (2010) Rapid development
of indirect effects in ecological networks. Oikos 119:
1136-1148

Bruno JF, Bertness MD (2001) Habitat modification and
facilitation in benthic marine communities. In: Bertness
MD, Gaines SD, Hay ME (eds) Marine community eco-
logy. Sinauer Associates, Sunderland, MA, p 201-218

Bruno JF, Stachowicz JJ, Bertness MD (2003) Inclusion of
facilitation into ecological theory. Trends Ecol Evol 18:
119-125

Coleman MA, Kelaher BP, Steinberg PD, Millar AJ (2008)
Absence of a large brown macroalga on urbanized rocky
reefs around Sydney, Australia, and evidence for histori-
cal decline. J Phycol 44:897-901

Cyr H, Pace ML (1993) Allometric theory: extrapolations
from individuals to communities. Ecology 74:1234-1245

Dambacher JM, Li HW, Rossignol PA (2002) Relevance of
community structure in assessing indeterminacy of eco-
logical predictions. Ecology 83:1372-1385

Hacker SD, Gaines SD (1997) Some implications of direct
positive interactions for community species dynamics.
Ecology 78:1990-2003

Jones CG, Lawton JH, Shachak M (1994) Organisms as
ecosystem engineers. Oikos 69:373-386

Jones CG, Lawton JH, Shachak M (1997) Positive and nega-
tive effects of organisms as physical ecosystem engineers.
Ecology 78:1946-1957

Kennelly SJ (1991) Caging experiments to examine the
effects of fishes on understorey species in a sublittoral
kelp community. J Exp Mar Biol Ecol 147:207-230

Martinsen GD, Floate KD, Waltz AM, Wimp GH, Whitman
TG (2000) Positive interactions between leafrollers and
other arthropods enhance biodiversity on hybrid cotton-
woods. Oecologia 123:82-89

Marzinelli EM, Underwood AJ, Coleman RA (2011) Modi-
fied habitats influence kelp epibiota via direct and indi-
rect effects. PLoS ONE 6:€21936

Mattson WJ (1980) Herbivory in relation to nitrogen content.
Annu Rev Ecol Syst 11:119-161

Menge BA (1995) Indirect effects in marine rocky intertidal
interaction webs: patterns and importance. Ecol Monogr
65:21-74

Ohgushi T (2005) Indirect interaction webs: herbivore-
induced effects through trait change in plants. Annu Rev
Ecol Evol Syst 36:81-105

Ohgushi T (2008) Herbivore-induced indirect interaction
webs on terrestrial plants: the importance of non-trophic,
indirect, and facilitative interactions. Entomol Exp Appl
128:217-229

Paine RT (1980) Food webs: linkage, interaction strength
and community infrastructure. J Anim Ecol 49:666-685

Rogers CN, Williamson JE, Carson DG, Steinberg PD (1998)
Diel vertical movement by mesograzers on seaweeds.
Mar Ecol Prog Ser 166:301-306

Stachowicz JJ (2001) Mutualism, facilitation, and the struc-
ture of ecological communities. Bioscience 51:235-246


http://dx.doi.org/10.1641/0006-3568(2001)051[0235%3AMFATSO]2.0.CO%3B2
http://dx.doi.org/10.3354/meps166301
http://dx.doi.org/10.2307/4220
http://dx.doi.org/10.1111/j.1570-7458.2008.00705.x
http://dx.doi.org/10.1146/annurev.ecolsys.36.091704.175523
http://dx.doi.org/10.1146/annurev.es.11.110180.001003
http://dx.doi.org/10.1371/journal.pone.0021936
http://dx.doi.org/10.1007/s004420050992
http://dx.doi.org/10.1016/0022-0981(91)90183-W
http://dx.doi.org/10.1890/0012-9658(1997)078[1946%3APANEOO]2.0.CO%3B2
http://dx.doi.org/10.2307/3545850
http://dx.doi.org/10.1890/0012-9658(1997)078[1990%3ASIODPI]2.0.CO%3B2
http://dx.doi.org/10.1890/0012-9658(2002)083[1372%3AROCSIA]2.0.CO%3B2
http://dx.doi.org/10.2307/1940493
http://dx.doi.org/10.1111/j.1529-8817.2008.00541.x
http://dx.doi.org/10.1139/z93-199
http://dx.doi.org/10.1016/S0169-5347(02)00045-9
http://dx.doi.org/10.1111/j.1600-0706.2009.18104.x
http://dx.doi.org/10.1890/03-0816
http://dx.doi.org/10.1890/0012-9658(2003)084[1101%3ACTAESO]2.0.CO%3B2
http://dx.doi.org/10.1890/12-1847.1
http://dx.doi.org/10.1890/10-2296.1
http://dx.doi.org/10.1016/0169-5347(94)90088-4
http://dx.doi.org/10.3354/meps09615
http://dx.doi.org/10.1525/bio.2011.61.10.8
http://dx.doi.org/10.1139/f01-004
http://dx.doi.org/10.1890/09-1301.1
http://dx.doi.org/10.1086/510603
http://dx.doi.org/10.2307/2265634

10

Mar Ecol Prog Ser 501: 1-10, 2014

Steinberg PD (1995) Interaction between the canopy dwelling
echinoid Holopneustes purpurescens and its host kelp
Ecklonia radiata. Mar Ecol Prog Ser 127:169-181

Strauss SY (1991) Direct, indirect, and cumulative effects of
three native herbivores on a shared host plant. Ecology
72:543-558

Swanson RL, Williamson JE, de Nys R, Kumar N, Bucknall
MP, Steinberg PD (2004) Induction of settlement of
larvae of the sea urchin Holopneustes purpurascens by
histamine from a host alga. Biol Bull 206:161-172

Swanson RL, de Nys R, Huggett MJ, Green JK, Steinberg
PD (2006) In situ quantification of a natural settlement
cue and recruitment of the Australian sea urchin Holo-
pneustes purpurascens. Mar Ecol Prog Ser 314:1-14

Taylor RB (1998) Short-term dynamics of a seaweed epi-
faunal assemblage. J Exp Mar Biol Ecol 227:67-82

Thomsen MS (2010) Experimental evidence for positive
effects of invasive seaweed on native invertebrates via
habitat formation in a seagrass bed. Aquat Invasions 5:
341-346

Thomsen MS, Wernber T, Altieri A, Tuya F and others (2010)
Habitat cascades: the conceptual context and global
relevance of facilitation cascades via habitat formation
and modification. Integr Comp Biol 50:158-175

Wieser W (1978) Consumer strategies of terrestrial gastro-
pods and isopods. Oecologia 36:191-261

Editorial responsibility: Christine Paetzold,
Oldendort/Luhe, Germany

O

Werner EE, Peacor SD (2003) A review of trait-mediated
indirect interactions in ecological communities. Ecology
84:1083-1100

Williamson J, Steinberg P (2002) Reproductive cycle of the
sea urchin Holopneustes purpurascens (Temnopleuri-
dae: Echinodermata). Mar Biol 140:519-532

Williamson JE, Steinberg PD (2012) Fitness benefits of size-
dependent diet switching in a marine herbivore. Mar
Biol 159:1001-1010

Williamson JE, De Nys R, Kumar N, Carson DG, Steinberg
PD (2000) Induction of metamorphosis in the sea urchin
Holopneustes purpurascens by a metabolite complex
from the algal host Delisea pulchra. Biol Bull 198:
332-345

Williamson JE, Carson DG, De Nys R, Steinberg PD (2004)
Demographic consequences of an ontogenetic shift by a
sea urchin in response to host plant chemistry. Ecology
85:1355-1371

Wootton JT (2002) Indirect effects in complex ecosystems:
recent progress and future challenges. J Sea Res 48:
157-172

Wright JT, Dworjanyn SA, Rogers CN, Steinberg PD,
Williamson JE, Poore AGB (2005) Density-dependent sea
urchin grazing: differential removal of species, changes
in community composition and alternative community
states. Mar Ecol Prog Ser 298:143-156

Submitted: April 8, 2013; Accepted: January 13, 2014
Proofs received from author(s): February 27, 2014


http://dx.doi.org/10.1111/j.1744-7429.2001.tb00161.x
http://dx.doi.org/10.3354/meps298143
http://dx.doi.org/10.1016/S1385-1101(02)00149-1
http://dx.doi.org/10.1890/02-4083
http://dx.doi.org/10.2307/1542689
http://dx.doi.org/10.1007/s00227-012-1880-2
http://dx.doi.org/10.1007/s00227-001-0716-2
http://dx.doi.org/10.1007/BF00349808
http://dx.doi.org/10.1093/icb/icq042
http://dx.doi.org/10.3391/ai.2010.5.4.02
http://dx.doi.org/10.1016/S0022-0981(97)00262-1
http://dx.doi.org/10.3354/meps314001
http://dx.doi.org/10.2307/1543640
http://dx.doi.org/10.2307/2937195
http://dx.doi.org/10.3354/meps127169

	cite43: 
	cite28: 
	cite42: 
	cite27: 
	cite13: 
	cite41: 
	cite26: 
	cite40: 
	cite25: 
	cite53: 
	cite38: 
	cite11: 
	cite24: 
	cite52: 
	cite37: 
	cite8: 
	cite23: 
	cite51: 
	cite36: 
	cite6: 
	cite22: 
	cite50: 
	cite35: 
	cite4: 
	cite48: 
	cite21: 
	cite34: 
	cite19: 
	cite2: 
	cite47: 
	cite33: 
	cite18: 
	cite46: 
	cite32: 
	cite17: 
	cite31: 
	cite16: 
	cite9: 
	cite7: 
	cite30: 
	cite15: 


