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Abstract While positive interactions have been observed
to influence patterns of recruitment and succession in
marine and terrestrial plant communities, the role of facili-
tation in macroalgal phase shifts is relatively unknown. In
December 2012, typhoon Bopha caused catastrophic losses
of corals on the eastern reefs of Palau. Within weeks of
the typhoon, an ephemeral bloom of monospecific mac-
roalgae (Liagora sp.) was observed, reaching a peak of
38.6 % cover in February 2013. At this peak, we observed
a proliferation of a second macroalgal species, Lobophora
variegata. Lobophora was distributed non-randomly, with
higher abundances occurring within the shelter of Liagora
canopies than on exposed substrates. Bite rates of two com-
mon herbivorous fish (Chlorurus sordidus and Ctenochae-
tus striatus) were significantly higher outside canopies
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(2.5- and sixfold, respectively), and cage exclusion resulted
in a significant increase in Lobophora cover. Experimental
removal of Liagora canopies resulted in a 53.1 % decline in
the surface area of Lobophora after 12 days, compared to a
51.7 % increase within canopies. Collectively, these results
indicate that Liagora canopies act as ecological facilitators,
providing a ‘nursery’ exclusion zone from the impact of
herbivorous fish, allowing for the establishment of under-
story Lobophora. While the ephemeral Liagora bloom had
disappeared entirely 9 months post-typhoon, the facilitated
shift to Lobophora has persisted for over 18 months, domi-
nating ~40 % of the reef substrate. While acute disturbance
events such as typhoons have been suggested as a mecha-
nism to reverse algal phase shifts, our results suggest that
typhoons may also trigger, rather than just reverse, phase
shifts.

Keywords Macroalgae - Positive interaction -
Recruitment - Liagora sp. - Lobophora variegata

Introduction

Positive interactions play an important role in controlling
large-scale landscape processes, shaping assemblages and
regulating population dynamics in physically stressful hab-
itats (Bertness and Callaway 1994; Bertness and Leonard
1997; Bruno et al. 2003). Positive interactions (or ‘facilita-
tions’) are defined as ‘encounters between organisms that
benefit at least one of the participants and cause harm to
neither’ (Bruno et al. 2003; Stachowicz 2001), and occur
when one organism renders the local environment more
favourable for another either directly [e.g. reducing ther-
mal stress via shading (Baumeister and Callaway 2006)] or
indirectly [e.g. predator removal (Duffy 2003)]. Facilitation
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can play an important role across a range of ecological pro-
cesses, influencing recruitment patterns, regulating species
distributions, and facilitating succession in a broad range
of communities (Atsatt and O’Dowd 1976; Bertness and
Callaway 1994).

Plant communities have traditionally played an impor-
tant role as a model system for exploring the role of posi-
tive interactions (e.g. Brooker et al. 2008; Callaway 1995).
Positive interactions have been observed to drive patterns of
recruitment in terrestrial plants, resulting in patterns of den-
sity-dependent recruitment survivorship (Callaway 1995).
Such interactions may occur through habitat amelioration,
such as overstory shading by conspecific tree canopies (e.g.
Weltzin and McPherson 1999), and enhanced primary pro-
ductivity (Callaway et al. 1991), or through provision of a
nursery environment to protect against herbivory (Fuentes
et al. 1986). Facilitation can also influence species distri-
butions in marine ecosystems. For example, the abundance
of a palatable species may be positively correlated with the
abundance of another less palatable species in both macroal-
gae (Hay 1986; Pfister and Hay 1988) and sponges (Wulff
1997). Positive interactions are a driving factor in both
primary and secondary succession in marine plant assem-
blages. For example, primary succession of the kelp Mac-
rocystis pyrifera is facilitated by the removal of herbivorous
urchins (Harris et al. 1984), and secondary succession of the
seagrass Syringodium is facilitated by a rhizophytic algae
that stabilises sandy substrates (Williams 1990).

Following major disturbance events on coral reefs (e.g.
cyclones, coral bleaching), widespread coral mortality
reduces coral cover, in turn opening up new substrate for
recruitment (Connell et al. 1997). If levels of herbivory are
sufficient, then increased colonisation of coralline algae
can, in turn, promote coral recruitment (Edmunds and Car-
penter 2001). If substrates are insufficiently grazed by her-
bivores, then macroalgae can establish and become domi-
nant (e.g. Hughes et al. 2007), inhibiting coral recruitment
(e.g. Dixon et al. 2014) and outcompeting smaller corals
and other benthic organisms (e.g. Lobel and Ogden 1981).
While facilitation can be important for the establishment of
macroalgae in temperate systems (e.g. Harris et al. 1984;
Pfister and Hay 1988; Wahl and Hay 1995), the emergence
of macroalgae in coral reef ecosystems is usually studied
as a direct effect of either nutrification and/or reduced her-
bivory (but see Littler et al. 1986). Here, we examine the
role of positive interactions in facilitating phase shifts from
coral- to algal-dominated states.

Following catastrophic damage to reefs of Palau (Micro-
nesia) from super-typhoon Bopha in December 2012,
we documented a near complete loss of coral cover, with
monospecific blooms of the foliose macroalga Liagora
sp. observed across the exposed eastern reefs in the weeks
following the typhoon. Such a transition from one phase
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(coral dominated) to another (coral depleted and/or algal
dominated) in response to acute disturbance represents a
phase shift (sensu Done 1992). Following establishment,
Liagora blooms are able to proliferate and persist because
of effective anti-herbivory defences, including the presence
of secondary metabolites that actively deter herbivorous
fish (Paul and Fenical 1980; Wylie and Paul 1988), and
incorporation of calcium carbonate directly into their thalli
which may act as a chemical defence against acid-mediated
digestion for grazing herbivores (Hay et al. 1994). Consist-
ent with previous studies of Liagora blooms in the Carib-
bean region (e.g. Hughes 1994; Woodley et al. 1981), the
post-disturbance bloom was ephemeral, lasting ~6 months.
At the peak of the bloom, we observed the proliferation of
a second macroalgal species, Lobophora variegata, which
was first observed in an encrusting growth form underneath
the Liagora canopy. In contrast to the ephemeral foliose
rhodophyte Liagora, Lobophora represents an entirely
different functional group of algae (Steneck and Dethier
1994), being a perennial phaeophyte with a morphology
that is less susceptible to most herbivores (Coen and Tan-
ner 1989). Critically, Lobophora did not exhibit any such
colonisation at sites that lacked the Liagora bloom. Such
a significant expansion of Lobophora across forereef habi-
tats in Palau is unprecedented in at least the past decade (Y.
Golbuu, P. ] Mumby, personal observation).

To determine the roles of positive and negative interac-
tions in successional processes, we first tracked the temporal
dynamics of the macroalgal assemblages in the months fol-
lowing typhoon Bopha. Secondly, we quantified recruitment
processes of Lobophora by determining patterns of abun-
dance inside and outside Liagora canopies. Third, to deter-
mine the potential for Liagora canopies to act as refugia, we
quantified spatial patterns of grazing by two key herbivores
(Ctenochaetus striatus and Chlorurus sordidus) inside and
outside of canopies. Fourth, to test the effectiveness of her-
bivores in removing Lobophora, we experimentally removed
Liagora canopies. Finally, to explore the role of herbivory in
influencing Lobophora cover, we conducted caging experi-
ments to exclude the effects of large herbivorous fish. Col-
lectively, our results show that Liagora canopies provide
an important ephemeral refuge to Lobophora recruits from
herbivory, and indicate that such positive interactions can
be critical in facilitating the establishment of a macroalgal
phase shift in ecosystems characterised by high herbivory.

Materials and methods

Temporal trends in benthic cover

This study was conducted at three sites on the eastern side
of Palau that experienced a pronounced Liagora bloom
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Fig.1 a Map of Palau archipelago (dark blue reef crest, blue reef
flat, pale blue lagoon, white open ocean), with inset world map with
location of Palau in the western Pacific and b main study sites with
Liagora blooms marked with red circles (Lighthouse North, Nged-

(Lighthouse North, Ngederrak South and Ngederrak North;
Fig. 1). Surveys were conducted prior to typhoon Bopha in
March 2012, and again following the typhoon in February,
April, September and October 2013, and again in April and
October 2014. Additional surveys (March 2012, February
2013, April 2014) were conducted at adjacent sites that
showed no Liagora or Lobophora blooms (Table S1). At
each site, three line-intercept transects (30-m length, n = 3)
were conducted at 4-6-m depth parallel to the reef slope
at each time period to quantify benthic cover. Line-inter-
cept transects were haphazardly placed on hard substrata,
separated by approximately 20-m distance, and placed in a
similar location at each time point. Live coral (scleractin-
ian coral), coralline algae, turf algae, encrusting and fleshy
macroalgae, cyanobacteria, other invertebrates and non-liv-
ing substrate (rubble, carbonate and sand) were identified
to the lowest possible taxonomic resolution every centime-
tre along each transect. Percent cover for dominant groups
was calculated as a mean from the three replicate transects.

Habitat availability beneath Liagora canopies
and distribution of Lobophora on the reef

Individual Liagora were observed to sway with water
motion from a single holdfast, creating a ‘swept’ zone
underneath the canopy. As such, two possible substrate
types were available for colonisation by Lobophora: areas
free of Liagora and not swept by canopies (exposed sub-
strate) and area that lay within the swept radius of Liagora
canopies (swept substrate). To test whether the distribution

derak South and Ngedderak North) and adjacent study sites with
no evidence of Liagora blooms marked with green triangles (Beluu
Lukes, East Sheltered, Short Drop Off) (color figure online)

of Lobophora was non-random and significantly associated
with swept substrates, we quantified: (1) the availability of
exposed vs. swept substrates, and (2) the overall distribu-
tion of Lobophora across the reef including both categories
of substrate.

To quantify the area of exposed vs. swept substrates,
point-intercept transects (30-m length) were conducted at
all sites in April 2013. At 20-cm intervals along each tran-
sect (total number of points per transect = 150), we quanti-
fied whether or not the transect tape was swept by Liag-
ora canopies, and the proportion of each transect that was
inside or outside of Liagora canopies was determined. To
quantify the distribution of Lobophora among swept and
exposed substrates, we selected 100 individual Lobophora
by swimming a random number of fin kicks in a frequently
changing direction at each site and quantified: (1) maxi-
mum diameter, (2) distance to the nearest Liagora holdfast,
and (3) whether the Lobophora was swept by the Liagora
canopy for each individual Lobophora. From this, the pro-
portion of Lobophora inside or outside of Liagora canopies
was determined. A Xz—test was used to determine whether
the distribution of Lobophora was non-random and signifi-
cantly associated with swept substrates at each site, where
observed was the proportion of Lobophora inside and out-
side of Liagora canopies, and expected was the proportion
of transect inside and outside of Liagora canopies. To test
further for differences in the size structure of individuals of
Lobophora between swept and exposed substrates, we used
a Kolmogorov—Smirnov test in the stats package [R soft-
ware (R Core Team 2014)].
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Patterns of herbivore grazing on Liagora canopies

To quantify the capacity of Liagora canopies to act as a
refuge from grazing herbivores, we collected observational
data on fish grazing behaviour at Lighthouse North for two
common and abundant herbivores: Ctenochaetus striatus
(n = 31) and Chlorurus sordidus (n = 27). Individuals were
observed for 5-min intervals, during which we recorded
a visual estimate of total body length, and the number of
bites inside and outside of Liagora canopies. To determine
the feeding preference of the two herbivore species inside
and outside of canopies, [(E; = r; — n/r; + n;), where r; is
the proportion of all bites that were taken on the ith sub-
strate (i.e. inside and outside of canopies), and ni is the pro-
portional abundance of substrate (Ivlev 1961)]. Differences
in bite rates (bites per min) and E; inside and outside of
Liagora canopies were compared using #-tests in the stats
package [R software (R Core Team 2014)].

Experimental manipulation of Liagora canopy
and herbivory on Lobophora cover

We identified 50 individuals of Lobophora within Liagora
canopies at Lighthouse North in April-May 2013, and
measured the canopy heights. We randomly selected half
of the Lobophora individuals and removed the overstory
canopy of Liagora, while the other half remained intact.
Each individual of Lobophora was tagged, photographed
and the surface area measured using Image-J software (US
National Institutes of Health, Bethesda, MD), with two
stainless steel nails on either side of each individual as ref-
erence points for size calibration. The surface area of each
individual Lobophora was measured at 0-, 5- and 12-day
intervals, and differences between treatments tested using
a repeated-measures ANOVA in the stats package [R soft-
ware (R Core Team 2014)].

Herbivore-exclusion experiments

To explore the role of herbivory in influencing Lobo-
phora cover, we conducted additional caging experiments
to exclude the effects of large herbivorous fish. Using a
mould, we created tiles (10 x 10 cm) with equally spaced
exposed and crevice surfaces (1-cm depth) to mimic small-
scale micro-complexity observed on the reef (Fig. S1). Tiles
were assigned to three treatments: caged, open, and partially
caged, with replicate plots (n = 5 per treatment) separated
by >1 m and interspersed along the benthos at a depth
of ~7 m. The cages and partially closed cages measured
20 x 20 x 30 cm, and were constructed from PVC-coated
galvanised steel, with a 2.5 x 2.5-cm mesh size. The par-
tially closed cage had part of the roof and two sides removed
to create large holes. Un-preconditioned tiles were deployed
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facing upright ~5 cm above the benthos in April 2013, pho-
tographed in July 2013 (100 days following deployment),
and percent cover of Lobophora quantified in the exposed
and crevice microhabitats among treatments from the pho-
tographs. Significant differences in the percent cover of
Lobophora among treatment and microhabitats (crevice vs.
exposed surfaces) were tested using a two-way ANOVA,
and significant differences among treatments tested using a
Tukey’s honest significant difference post hoc test using the
stats package, R software [R software (R Core Team 2014)].

Results
Temporal trends in macroalgal cover

Baseline data recorded prior to typhoon Bopha in Febru-
ary 2012 indicated low macroalgal cover at all three sites
(<2.3 %), consisting entirely of Halimeda spp. within the
understory of branching acroporid corals. Coral cover
ranged from 64 % at Ngederrak South to 77 % at Light-
house North (Fig. 2a). No Lobophora or Liagora were
recorded at any of the three sites (Fig. 2b, c). Following
Typhoon Bopha, which struck on 2 December 2012, our
surveys revealed a near complete loss of coral at all sites
(Fig. 3a). Blooms of Liagora were observed following the
typhoon in late December 2012 (G. Mereb, Palau Inter-
national Coral Reef Center, personal communication). By
February 2013, Liagora was the dominant benthic cover,
ranging between 7.4 and 38.6 % (Fig. 2b; Table S1). Sub-
sequent surveys in April 2013 revealed a 62.4-95.9 %
decline in Liagora cover as the bloom passed its peak
(Fig. 2b), coinciding with the appearance of Lobophora,
ranging between 3.9 and 10.9 % (Fig. 2c). By September,
Liagora was completely absent (Fig. 2b), yet Lobophora
continued to increase throughout September and October
2013 (Fig. 2c), reaching a maximum of 41.5 % by April
2014 (12 months after the first sighting). Lobophora per-
sisted at the study sites until October 2014 at the last survey
date, 18 months after it was first observed, and 22 months
following the typhoon. Repeat surveys conducted at three
additional adjacent sites (Fig. 1) that lacked Liagora indi-
cated a complete absence of Lobophora throughout the
study period (Table S1).

Habitat availability beneath Liagora canopies
and distribution of Lobophora on the reef

The proportion of substrate within the ‘swept’ area of
Liagora canopies varied from 59 % at Lighthouse North
to 0.1 % at Ngederrak North (Fig. 4a). Despite such vari-
ability in Liagora canopies, the distribution of Lobo-
phora was non-random at all sites, with higher abundance
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Fig. 2 Percent cover of a coral, b Liagora, ¢ Lobophora at Light-
house North, Ngederrek South and Ngederrek North between 2012
and 2014 (£SE). Question marks indicate presumed trajectories in
the absence of survey data

of Lobophora occurring within canopies (Fig. 4a) than
would have been expected by chance (Lighthouse
North x2 = 48.2, z = 6.94, p < 0.001; Ngederrak South
xz = 109.5, z = 1047, p < 0.001; Ngederrak North
X2 = 8.3,z = 2.9, p <0.01). Measurements at Lighthouse
North indicated an average sweep radius of 11.9 £ 0.9 cm
per Liagora individual (n = 181). Most Lobophora were
found close to the centre of canopies, with an average
distance of 2.9 &+ 0.8 cm from the holdfast (n = 53). Sig-
nificant differences were observed in the size structure of
Lobophora inside and outside of canopies (Fig. 4b; Kol-
mogorov—Smirnov test, D = 0.39, p < 0.001), in that a
higher proportion of smaller individuals were recorded out-
side of Liagora canopies. Mean size of Lobophora inside
of canopies (n = 93) was significantly higher than outside
(19.3 £+ 0.7 vs. 14.5 £ 0.8 mm, r-test = 4.16, n = 101,
p <0.001).

Fig. 3 a High cover of Liagora canopies following typhoon Bopha
and subsequent loss of coral (February 2013), b canopies formed
by individual Liagora plants attached by a single holdfast (February
2013) and ¢ recruits of Lobophora visible following removal of Liag-
ora canopies (April 2013)

Patterns of herbivore grazing on Liagora canopies
Bite rates of C. striatus were sixfold higher outside of can-

opies (21 + 6.6 bites min~'; Fig. 5a) than within Liagora
canopies (3.6 £ 2.5 bites min~ !, -test = 12.72, p <0.001).
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Bite rates of C. sordidus were lower than that of C. stria-
tus (Fig. 5b) yet were also significantly higher outside
of Liagora canopies (4 & 2.9 bites min~') than within
canopies (1.6 = 1.9 bites min~!, rtest = 3.84, p < 0.01).
C. striatus exhibited a clear avoidance of Liagora cano-
pies compared with outside of Liagora canopies (Fig. 5c;
t-test = 10.45, p < 0.001), and a similar pattern was
observed with C. sordidus (Fig. 5d; t-test = 3.57, p < 0.01).

Grazing impact on Lobophora growth

Experimental removal of the Liagora canopy reversed the
direction of Lobophora growth from positive to negative.
Lobophora continued to grow under the Liagora canopy,
with an average increase in surface area of 51.7 £ 8.7 % in
12 days (Fig. 6a). In contrast, Lobophora with the overstory
canopy removed were reduced to 53.1 % of their initial size
within 12 days of the canopy removal (Fig. 6a), resulting
in a clear and significant difference between treatments
(repeated-measures ANOVA, F, o = 33.42, p < 0.001).
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Of the 25 Lobophora individuals in the canopy-removal
treatment, reductions of surface area were associated with
evidence of continuous scrape marks associated with par-
rotfish feeding in all individuals (Fig. 6a). The remnant sec-
tions of Lobophora appeared visually unaffected, with no
signs of pigment loss throughout repeated observations.

Herbivore-exclusion experiments

A significant difference was observed in the cover of Lobo-
phora among herbivory treatments (two-way ANOVA,
Fi, = 5.774, p < 0.001), but no significant differences
were observed among microhabitats (exposed or crevices)
or herbivory x microhabitat interactions (Fig. 6b). Post
hoc tests revealed no significant difference in the cover of
Lobophora among open and partially caged treatments,
while a significant difference was observed between caged
treatments and open (p < 0.01) and partially caged treat-
ments (p < 0.05), indicating that the cover of Lobophora
was higher when herbivores were excluded (Fig. 6b).
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Fig. 6 a Change in surface area (percent cover) of Lobophora
recruits (n = 25 per treatment) through time following experimen-
tal removal of Liagora canopies and controls (£SE) and time series
(days 0-12) of an individual tagged Lobophora with parrotfish bite

Discussion

Temporary and persistent shifts from coral to macroalgal
states have been observed following disturbance on coral
reefs (e.g. Diaz-Pulido et al. 2009; Done 1992; Hughes
1994). Here, we define a phase shift as a marked change
in the community structure of a coral reef as first defined
by Done (1992). Importantly, the existence of a phase shift
makes no assertion about stability or the presence of alter-
nate attractors (Mumby et al. 2013b; Petraitis and Dudg-
eon 2004). The mechanisms influencing patterns of suc-
cession and persistence of coral—macroalgal phase shifts

Microhabitat

D Exposed
- Crevice

Caged > Open = Partially caged ?<°%

Al el

Partially
caged

w
o
1

ns

Lobophora cover (%)
3
1

-
o
1

0 T
Caged

Open

marks following removal of Liagora canopy on day O and b percent
cover of Lobophora after 100 days in exposed and crevice microhabi-
tats of tiles deployed in caged, partially caged and open treatments
(£SE, n = 5 per treatment)

are largely unknown. Here, we report a case of phase shift
facilitation made possible by the response of Liagora to cat-
astrophic typhoon disturbance that removed living coral. In
the wake of typhoon Bopha in December 2012, coral cover
on the eastern reefs of Palau declined from ~70 to <1 %
cover. Consistent with previous studies in the Caribbean
region (e.g. Hughes 1994; Woodley et al. 1981), blooms of
Liagora were observed across impacted sites. By late Feb-
ruary 2013, three months after typhoon Bopha, we docu-
mented a phase shift to monospecific canopies of Liagora,
reaching a maximum of 38.6 % cover. The extent of the
Liagora bloom was primarily determined by the degree of
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wave exposure, in that highest Liagora cover was observed
at highly exposed sites (G. Roff, unpublished data). By
April 2013, the Liagora bloom had started to decline. How-
ever, a second and more persistent macroalga, Lobophora
variegata, had established under the Liagora canopy and
continued to increase throughout the study, reaching up to
41.5 % cover, and persisting for over 18 months following
the first observations. Through a combination of observa-
tion and experiments we conclude that the secondary suc-
cession of Lobophora was facilitated by the Liagora can-
opy, which offered an ephemeral refuge to the understory
brown alga from intense herbivory. Previous investigations
of associational escapes in macroalgae have been studied
on a scale of millimetres (i.e. epiphytic associations) or
several centimetres (i.e. neighbouring associations), and
focused on explaining patterns of distribution and mainte-
nance of diversity within algal assemblages (e.g. Hay 1986;
Littler et al. 1986; Pfister and Hay 1988). Here, we identify
a novel associational escape that resulted in a larger com-
munity-scale phase shift to Lobophora dominance.

Several lines of evidence led us to conclude that Liag-
ora canopies facilitated the secondary succession of Lobo-
phora. First, the distribution of Lobophora was non-ran-
dom, in that Lobophora occurred more frequently within
than outside of Liagora canopies. Secondly, the size dis-
tribution of Lobophora within canopies was consistently
larger than those outside of canopies. Thirdly, most Lobo-
phora were found closer to the main holdfast rather than
around peripheries of Liagora canopies, where they were
more susceptible to herbivory. Fourth, direct measurements
of bite rates of two common herbivores were higher outside
than inside of canopies, and both actively avoided feed-
ing within Liagora canopies. Fifth, Lobophora is season-
ally abundant from November up to and including April
in Micronesia (Tsuda 1972), making the timing of the
Lobophora increase largely consistent with facilitation and
inconsistent with seasonality (Lobophora would usually
decrease from April to September). Sixth, removal of Liag-
ora canopies resulted in a significant loss of Lobophora
through herbivory whereas Lobophora continued to grow
when the Liagora canopy remained intact. Seventh, and
perhaps most conclusively, the cover of Lobophora was
higher in tiles that were deployed in caged treatments than
in open or partially caged treatments, indicating that while
Lobophora was present in all treatments after 100 days,
exclusion of herbivores resulted in a significantly higher
cover of Lobophora. Finally, repeat surveys of exposed
Lobophora revealed clear evidence of scrape marks associ-
ated with parrotfish feeding within days of removing Liag-
ora canopies (n = 25 individuals). From this, we infer that
grazing parrotfish were the primary cause of the reduction
in Lobophora following canopy removal. While herbivory
has been implicated in the removal of Lobophora, previous
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studies have implicated browsing species (e.g. Siganus
doliatus and Kyphosus vaigiensis) as primary consumers
(Bennett et al. 2010). Our results provide an interesting
example of grazing species influencing the distribution and
abundance of a brown alga on Indo-Pacific reefs.

Importantly, the emergence of Lobophora is not simply
a response to mass coral mortality because a previous mass
bleaching event at our study sites (Golbuu et al. 2007), that
resulted in a similar loss of coral but without a Liagora
bloom, did not result in a rise of Lobophora (Y. Golbuu,
personal observation). Moreover, only those storm-dam-
aged sites that resulted in a Liagora bloom were found to
undergo a phase shift towards Lobophora. Collectively,
these results provide strong evidence that Liagora cano-
pies provided a refuge from herbivory, driving patterns of
recruit survival and growth in Lobophora. These results are
consistent with associational plant refuges against herbi-
vores previously documented in both temperate (Hay 1986;
Pfister and Hay 1988; Turner 1983) and tropical environ-
ments (Littler et al. 1986).

Through selective herbivory on seedlings and saplings,
herbivores are able to alter patterns of ecological succession
(Huntly 1991). This influence on community development
occurs through several mechanisms. Firstly, the spatial
distribution of palatable and unpalatable plants can affect
herbivore foraging behaviour, in turn affecting patterns of
survival of mixed plant assemblages (e.g. Hay 1986; Hixon
and Brostoff 1996; Pfister and Hay 1988). Secondly, plants
can influence sapling survival through habitat amelioration
from abiotic extremes, which ultimately influences the spa-
tial distribution of communities (e.g. Gomez-Aparicio et al.
2008; Weltzin and McPherson 1999). Thirdly, the structure
of plants can provide a physical refuge for new recruits
from herbivory (e.g. Fuentes et al. 1986; Harris et al. 1984;
Turner 1983). While all three processes could feasibly have
contributed to facilitation in our study, our results indicate
that physical refuge from herbivory was likely the primary
mechanism involved in driving the secondary succession of
Lobophora. Similar processes have been documented fol-
lowing storm disturbance in kelp forests, where early suc-
cessional dominant turf algae provide refuge from herbi-
vores for kelp sporophytes (Harris et al. 1984).

Previous studies of the dynamics of Lobophora on Indo-
Pacific reefs have found it to be strongly limited in areas
of high herbivory (Diaz-Pulido and McCook 2003; Verges
et al. 2011). Indeed, previous surveys of our study sites
and extensive surveys around Palau have not reported sig-
nificant populations of Lobophora in this habitat (though it
is found in shallow backreefs). Moreover, Lobophora did
not bloom at sites that were unaffected by typhoon Bopha.
This raises the question, how did the Lobophora canopy
continue to expand even after the Liagora declined, par-
ticularly seeing as experimental manipulation of the canopy
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led to a reduction in Lobophora size? We hypothesize a
duality of explanation. First, the density of Liagora was
high, reaching ~40 % cover, thereby providing a large,
albeit ephemeral, refuge from herbivory. Second, while
Lobophora can reproduce sexually and by fragmentation,
colonisation tends to occur from vegetative growth along
the marginal meristem from points of establishment, in
that the rate of expansion increases with the patch size of
Lobophora (van Steveninck and Breeman 1987). Thus, we
hypothesize that local patches of Lopophora were able to
become large enough in the presence of Liagora such that
population growth could continue even when subjected to
a moderately high herbivore regime once the Liagora died
off. Such size-escape thresholds from herbivory have been
previously documented in temperate and tropical macroal-
gae (e.g. Doropoulos et al. 2013; Lubchenco 1983), and
both grazing and browsing herbivores avoid high-density
patches of macroalgae (Hoey and Bellwood 2011). Had the
Liagora bloom died back earlier, when Lobophora patches
were smaller, the outcome may have been different as her-
bivory might plausibly have prevented a net increase in
Lobophora population size.

The recovery of kelp forests after storm damage
involves a facilitated primary succession (Harris et al.
1984), but to our knowledge, this is the first report of
facilitated secondary succession towards a phase shift
following acute disturbance. A phase shift in favour of
Lobophora is a cause for concern. While Liagora is an
ephemeral alga (Hughes 1994; e.g. Woodley et al. 1981),
Lobophora is considered to be one of the strongest com-
petitors for space on coral reefs (Nugues and Bak 2006),
and is generally unpalatable to herbivores in decumbent
growth form (Coen and Tanner 1989). The encrusting
growth of Lobophora is competitively dominant (van Ste-
veninck et al. 1988), and through allelopathic mechanisms
(Rasher and Hay 2010), Lobophora is able to negatively
impact upon multiple coral reef organisms, including
corals (Diaz-Pulido et al. 2011; Lobel and Ogden 1981;
Rasher and Hay 2010), sponges (Graham et al. 2013) and
other macroalgal taxa (Brock 1979). While Lobophora
is commonly found on forereefs in the Caribbean (e.g.
Renken et al. 2010), blooms of it tend to be confined to
inshore and somewhat eutrophic reefs in the Pacific (e.g.
Diaz-Pulido et al. 2009). Palauan reefs tend to have rela-
tively high herbivory (Mumby et al. 2013a) so the occur-
rence of Lobophora is unusual. That Lobophora has now
persisted for over 18 months following the initial observa-
tions, and 22 months following the typhoon, raises ques-
tions as to the potential longer-term impacts of Lobophora
in terms of competition with regenerating coral fragments
that survived the initial typhoon disturbance, and potential
effects on the recruitment of corals to the sites in succes-
sive recruitment events.

Many reefs have experienced algal phase shifts in the
past few decades, raising questions over how to reverse
such communities once established. While phase shifts on
coral reefs might be difficult to reverse because of reinforc-
ing biotic feedbacks (Mumby and Steneck 2008), a com-
pelling argument has been made that acute disturbance
events, such as typhoons, may lead to a reversal of phase
shifts by removing macroalgal cover and promoting suc-
cessful coral recruitment (Graham et al. 2013). Conversely,
our results show that acute disturbance from typhoons may
have the reverse effect, in becoming a mechanism by which
persistent phase shifts are triggered, rather than reversed.
While we do not suggest that this is a general phenome-
non on coral reefs, the study of phase shift reversal should
begin to consider the roles of algal facilitation.
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