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Abstract Environmental conditions play an important

role in post-disturbance dynamics of ecosystems by

modulating recovery of surviving communities and influ-

encing patterns of succession. Here, we document the ef-

fects of wave exposure following a catastrophic

disturbance on coral reefs in driving a phase shift to

macroalgal dominance. In December 2012, a Category 5

super typhoon (‘Typhoon Bopha’) passed 50 km to the

south of Palau (Micronesia), causing a major loss of reef

corals. Immediately post-disturbance, a rapid and extensive

phase shift of the macroalgae Liagora sp. (Rhodophyta)

was observed at sites exposed to chronic wave exposure.

To quantify the influence of biotic and abiotic drivers in

modulating the extent of post-disturbance Liagora blooms,

we compared benthic substrates and herbivore assemblages

at sites surveyed pre- and post-disturbance across a gradi-

ent of wave exposure. Relative changes in herbivore

biomass and coral cover before and after disturbance did

not significantly predict the extent of Liagora cover, indi-

cating that changes in herbivore biomass or reductions in

grazing pressure were not directly responsible for driving

the Liagora blooms. By contrast, the degree of wave ex-

posure experienced at sites post-disturbance explained

[90 % of model variance (p\ 0.001, R2 = 0.69), in that

Liagora was absent at low exposure sites, while most ex-

tensive blooms were observed at highly exposed sites. At

regional scales, spatial maps of wave exposure accurately

predicted the presence of Liagora at impacted sites

throughout the Palau archipelago ([150 km distance),

highlighting the predictive capacity of wave exposure as an

explanatory variable and the deterministic nature of post-

disturbance macroalgal blooms. Understanding how phy-

sical conditions modulate recovery of ecosystems after

disturbance allows insight into post-disturbance dynamics

and succession of communities, ultimately allowing man-

agement strategies to prioritise restoration efforts in re-

gions that are most effective.

Keywords Wave exposure � Liagora � Herbivory �
Typhoon � Palau � Micronesia

Introduction

The impact of environmental disturbance on the structure

and function of ecosystems is well documented, resulting

in losses of diversity, regime shifts, and altered ecosystem

function (Scheffer et al. 2001; Folke et al. 2004). Following

disturbance, environmental conditions can also influence

the recovery of ecosystems by affecting primary and sec-

ondary community succession. For example, rainfall me-

diates the recovery of the salt marsh plant Spartina
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alterniflora following drought-induced die-offs (Angelini

and Silliman 2012), and the cold, nutrient-rich waters as-

sociated with La Niña conditions facilitated the recovery of

the giant kelp Macrocystis pyrifera following an El Niño-

related mortality event (Edwards 2004). Understanding

how physical conditions can modulate ecosystem recovery

after disturbance allows insight into post-disturbance dy-

namics and succession of communities, ultimately allowing

management strategies to prioritise restoration efforts in

regions that are most effective (Levin and Lubchenco

2008; Holl and Aide 2011).

In the past few decades, increases in the frequency

and intensity of disturbance have led to significant de-

clines in function and diversity in coral reef ecosystems

(Bruno and Selig 2007; De’ath et al. 2012), resulting in

widespread transitions from coral to macroalgal dom-

inance (e.g., Hughes 1994; Gardner et al. 2003), termed

‘phase shifts’ (sensu Done 1992). Once established,

macroalgae can outcompete corals for space (McCook

1999), compromising ecosystem function and impacting

the ability of reefs to return to a coral-dominated state

(Mumby 2009). Following disturbance and loss of coral,

macroalgal blooms can result from either top-down

changes (depletion of herbivores or a reduction in

grazing intensity; Mumby and Steneck 2008) or bottom-

up environmental changes (increased productivity

through changes in nutrient availability, and further

rendering corals more susceptible to catastrophic dis-

turbances; D’Angelo and Wiedenmann 2014). While

patterns of increasing disturbance are relatively well

understood (Mumby et al. 2013), little is known about

deterministic factors that might predispose a reef to

phase shifts following disturbance.

In shallow marine environments, wave exposure is cri-

tical in driving ecosystem productivity, primarily by in-

creasing the capacity of macroalgae to acquire nutrients

(Leigh et al. 1987). In temperate rocky shore ecosystems,

wave exposure drives photosynthesis in intertidal

macroalgae (e.g., Hepburn et al. 2007), influences

macroalgal morphology (e.g., Wernberg and Thomsen

2005), and ultimately regulates trophic structure and eco-

logical dominance among rocky intertidal algal commu-

nities (e.g., Dayton 1975; Mcquaid and Branch 1985). In

tropical coral ecosystems, productivity is generally higher

on windward than leeward reefs (Marsh 1970), enhancing

coral growth rates (Barnes 1983), and influencing

macroalgal patch dynamics (Renken et al. 2010). Despite

such strong ecological regulation, surprisingly, little is

known about the influence of wave exposure on the short-

term dynamics of macroalgal phase shifts following

disturbance.

On 2 December 2012, a Category 5 super typhoon

(‘Typhoon Bopha’) with a central pressure of 922 hPa

tracked westward and passed 50 km to the south of Palau

(Micronesia; Electronic Supplementary Materials, ESM,

Fig. S1), with maximum sustained wind speeds of

[250 km h-1 at the centre andwind speeds of[90 km h-1

experienced throughout the Palau archipelago. Typhoon-

driven waves exceeded heights of 10 m, resulting in

widespread damage and loss of corals on the eastern reefs of

Palau. In the wake of the typhoon, previously coral-

dominated reefs underwent a phase shift to macroalgal

dominance, with blooms of Liagora sp. (a Rhodophyte

macroalga) observed across the impacted eastern reefs of

Palau. Although blooms of Liagora have frequently been

observed immediately following hurricane disturbance

throughout the Caribbean (e.g., Woodley et al. 1981; Ed-

munds andWitman 1991; Fenner 1991;Hughes 1994), such

rapid macroalgal blooms are less common in the Indo-

Pacific, due to lower macroalgal growth rates, higher rates

of herbivory, and greater diversity of herbivores (Roff and

Mumby 2012). Such blooms of Liagora are an example of

triggered ecosystem shifts (Scheffer et al. 2008), in that

they result from a major disturbance and are highly

ephemeral, lasting several months following disturbance

(Fenner 1991; Hughes 1994). While Liagora blooms are

thought to be triggered by a temporary relaxation of her-

bivory immediately after hurricane disturbance and/or nu-

trient pulses resulting from sediment recycling on the

benthos (Hughes 1994; Scheffer et al. 2008), the drivers

modulating the spatial distribution and extent of Liagora

blooms are unknown, largely due to their ephemeral nature.

Here, we investigate how chronic levels of wave exposure

modulate ecosystem recovery following disturbance by

driving macroalgal phase shifts. First, we map wave ex-

posure throughout the Palau archipelago in the wake of

Typhoon Bopha based upon wind speeds and coastline

morphology. Second, taking advantage of eight sites sur-

veyed across a gradient of exposure before and after the

typhoon, we quantified the relative contributions of wave

exposure and changes in herbivory in driving Liagora

blooms at local scales. Finally, we relate the effects of wave

exposure to the distribution of Liagora at sites throughout

the entire Palauan archipelago (150 km north–south) fol-

lowing Typhoon Bopha to determine whether wave expo-

sure would accurately predict Liagora blooms at a regional

scale (i.e., 10–150 km scale). Despite significant losses of

coral cover, reduced structural complexity, changes in

herbivore biomass, and decreases in grazing intensity of

herbivores following Typhoon Bopha, our results indicate

that Liagora blooms are primarily influenced by the degree

of chronic wave exposure across sites. At a regional scale,

sites impacted by Typhoon Bopha with high wave exposure

also exhibited Liagora blooms, further highlighting the

deterministic nature of post-disturbance macroalgal

blooms.
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Materials and methods

Study sites

Located in the western Pacific Ocean, Palau experiences a

predominantly eastern wind pattern from December to

April, consistent with the Asian monsoon (Heron et al.

2006). We conducted detailed surveys at six sites on the

eastern coast along a gradient of wave exposure and two

sheltered sites on the western coast (Fig. 1) at a depth of

5–7 m. Surveys were conducted prior to the Typhoon

Bopha in early March 2012, and in the aftermath of

Typhoon Bopha in late February 2013.

Wave exposure

To quantify the degree of chronic wave exposure (i.e., the

degree of wave action on an open shore) at our study sites

following Typhoon Bopha, we used a wave-theory GIS

approach that integrates information on the configuration

of the coastline and reef crests and the wind patterns of the

area (Chollett and Mumby 2012). Following this simple

approach, exposure is only governed by the distance of

open sea that the wind has blown over to generate waves

(fetch), and the strength and direction of the winds.

Therefore, exposure values depict wind-generated waves

and exclude the effects of tides or swell that can only be

captured using computationally intensive third generation

wave models. First, fetch was calculated in 32 compass

directions by tracing a line from each marine location

(pixel) across the sea until either land or a reef crest was

encountered. Then, the average wind speed and probability

of occurrence were calculated for each of these 32 main

directions. Finally, we used the values of fetch, wind speed,

and probability of occurrence in each direction to calculate

wave exposure (in Joules m-3) using equations 1–8 in

Ekebom et al. (2003). In situ hourly wind speed and di-

rection for Koror Airport (*10 km from eastern study

sites) were obtained from Weather Underground (www.

wunderground.com/weather-forecast/KA/Koror.html). The

location of the coastline and reef crests in Palau was ob-

tained from a habitat map produced by Battista et al.

(2007). The wave exposure model at 50 m spatial resolu-

tion was parameterised using wind data from immediately

after Typhoon Bopha (6 December 2012) until the date of

surveys (28 February 2013).

Benthic cover and structural complexity

To quantify benthic cover, twenty-five 1 m2 quadrats were

distributed at each site by using a randomly generated list

of swimming directions (compass points) and a list of

numbers for distance. The quadrats were photographed

using a Canon Powershot G10 camera, and percentage

cover of coral and Liagora within sites was determined

from 20 points randomly placed in quadrat photos using the
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image analysis software Coral Point Count (Kohler and

Gill 2006). Estimates of structural complexity were ob-

tained by using a measuring stick and calculating the dis-

tance between the lowest and highest points within each

quadrat (Harborne et al. 2012).

Herbivore biomass

Roving herbivorous fish assemblages (including Acan-

thuridae, Scaridae, and Siganidae) were surveyed in March

2012 and February 2013 using ten replicate 30 m 9 4 m

transects per site. All surveys were conducted by the same

observer (PJM). The identity, life phase (terminal, inter-

mediate, and juvenile phases), and body length (i.e., total

length to the nearest cm) were recorded for each individual.

The lengths of individual fish were converted to biomass

based on allometric scaling relationships.

Statistical analysis

Two-tailed t tests were used to compare differences in coral

cover, Liagora cover, structural complexity, and herbivore

biomass within sites before (March 2012) and after the

typhoon using the ‘stats’ package in R (R Development

Core Team 2014). Sites were categorised as ‘impacted’

where a significant decline in coral cover was observed

between 2012 and 2013 surveys.

A generalised linear model (GLM) was used to test for

the significance of the intensity of typhoon disturbance

(i.e., change in coral cover before and after the typhoon),

changes in absolute herbivory (i.e., changes in herbivore

biomass before and after the typhoon), grazing intensity

(i.e., herbivore biomass following the typhoon standardised

to per cent grazeable area of substrate), and changes in

productivity (i.e., wave exposure following the typhoon) on

the extent of Liagora blooms (per cent cover) in R using

the ‘nlme’ package (Pinheiro et al. 2014). Multicollinearity

between predictors was tested using variance inflation

factors. Where the variance inflation factor exceeded 10,

predictors were examined and removed from the model

(Kutner et al. 2004). Given the spatial distribution of our

sites, we tested for spatial autocorrelation (Moran 1950)

with Moran’s I tests in R using the ‘ape’ package (Paradis

et al. 2004) following an ‘as the fish swims’ approach

(Little et al. 1997) by calculating the shortest in-water path

between two sites. Spatial structure was confirmed using

variograms and incorporated into the model using a gaus-

sian correlation structure in R using the ‘nlme’ package

(Pinheiro et al. 2014). Wave exposure was transformed

using a power function to ensure normality of the residuals

prior to the analyses. Model selection was conducted by

selecting the lowest Akaike’s Information Criterion results,

and the degree of multicollinearity tested using variance

inflation factor for each predictor. For each model, R2 was

calculated and adjusted for the number of fixed effects and

correlation structure parameters in R using the ‘lmmfit’

package (Maj 2011). To provide estimates of effect sizes,

the overall variation in the best-fit model was partitioned

among predictors of Liagora cover and expressed as a

proportion of the total variance.

Regional dynamics of Liagora blooms

To explore the potential effect of wave exposure in driving

Liagora blooms at a regional scale, we took advantage of

data collected during long-term monitoring surveys by the

Palau International Coral Reef Center (PICRC) at existing

exposed ‘outer-reef’ monitoring sites (Golbuu et al. 2012)

during (January–March 2013; ESM Fig. S2) and prior

(October 2012) to the Liagora bloom. Benthic cover at 3 m

depth was assessed using 0.25 m2 photoquadrats taken with

a digital camera (Sea & Sea 2G, DX-2G) at each metre of a

50 m transect (totalling 50 photos per transect), with five

replicate transects per site. Per cent cover of coral and

Liagora within sites was determined from five points ran-

domly placed in every quadrat photo (i.e., 250 points

transect-1) using the image analysis software Coral Point

Count (Kohler and Gill 2006).

To quantify the impact of Typhoon Bopha at a regional

scale, monitoring sites were categorised into either im-

pacted sites (i.e., loss of coral cover and structural com-

plexity resulting from Typhoon Bopha), or unimpacted

sites (i.e., no visible loss of coral cover or structural

complexity resulting from Typhoon Bopha) based upon

post-typhoon surveys. The cover of Liagora estimated in

regional surveys was not directly comparable to local

surveys due to (1) differences in depth (3 vs. 5 m), (2)

differences in sampling methods (transects vs. random

quadrats), and (3) differences in the timing of surveys.

Therefore, we used a presence/absence approach for re-

gional surveys, where Liagora was considered either ab-

sent or in bloom among sites (ESM Fig. S2). A binomial

GLM using a bias-reduction method in R using the ‘brglm’

package (Kosmidis 2013) was used to determine whether

wave exposure would predict the presence of Liagora

blooms, using wave exposure as the fixed predictor and

Liagora presence as the response variable.

Results

Pre-disturbance patterns of benthic structure

and herbivore biomass (2012)

Surveys in 2012, prior to the Typhoon Bopha, revealed high

coral cover across all eight sites ranging from 21.9 ± 3 %

718 Coral Reefs (2015) 34:715–725
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(average ± SE) at ‘New Drop Off’ on the western coast to a

maximum of 79 ± 4 % coral cover at ‘Lighthouse Reef’ on

the eastern coast (Table 1). Coral cover was dominated by

branching and tabular acroporids at Sites 1–5 (Fig. 2a, c)

with Pocillopora and small Porites colonies dominating

Sites 6–8. Structural complexity ranged from 20.6 to

45.4 cm (Table 1) and was positively related to increasing

coral cover (R2 = 0.88, F6 = 44.68, p\ 0.001).

Levels of macroalgal cover were generally low across all

sites (\2 %) and comprised mainly of Halimeda spp. un-

derneath branching acroporid canopies. Liagora was entirely

absent in 2012 surveys at all sites. Herbivore biomass ranged

from 687 ± 91 g 120 m-2 at ‘Ngederrak North’ on the

eastern reefs of Palau to a maximum of 7965 ± 1952 g

120 m-2 at ‘New Drop Off’ on the western reefs.

Post-disturbance patterns of benthic structure

and herbivore biomass (2013)

Repeat surveys in 2013 following Typhoon Bopha revealed

substantial losses in coral cover among the eastern sites

(Fig. 2b, d, e). Impacted sites were characterised by sig-

nificant losses of coral, ranging between -8.9 and

-78.9 % absolute change in coral cover between 2012 and

2013 (Table 1; Fig. 3a). Per cent change in structural

complexity between 2012 and 2013 was significantly and

linearly related to absolute change in coral cover between

2012 and 2013 (R2 = 0.89, F6 = 45.31, p\ 0.001), in that

sites with the highest loss of coral cover suffered the

greatest loss of structural complexity. Declines in structural

complexity were highest at the most impacted sites, rang-

ing between -58 and -72 %, while a non-significant in-

crease in structural complexity was recorded at the least

impacted site (Fig. 3).

Liagora blooms were observed at some, but not all

impacted sites (Fig. 2f) and ranged from 0.14 ± 0.15 to

43.6 ± 5.1 % (Table 1; Fig. 3a). Repeat surveys of herbi-

vores in 2013 demonstrated no significant differences in

herbivore biomass compared to 2012 (Fig. 3c), with the

exception of ‘Beluu Lukes’ where herbivore biomass

declined 2.3-fold between 2012 and 2013 (t = 5.53,

df = 14, p\ 0.001; Fig. 3c).

Wave exposure

Analysis of the wind patterns and wave exposure following

Typhoon Bopha indicated strong winds from the northeast,

resulting in a high degree of exposure for eastern reefs,

while the western reefs were relatively sheltered from wave

action (Fig. 1). Eastern sites, however, experience hetero-

geneity in wave exposure patterns due to the complexity of

the coastline in the area, with westernmost sites (Sites 1–4)

showing the highest exposure (Fig. 1).

Environmental drivers of Liagora abundance

following disturbance

Wave exposure significantly predicted Liagora cover

(p\ 0.001, R2 = 0.61), which followed a power function

(y = axb) such that impacted and non-impacted sites with

exposure of\3 J m-3 did not experience Liagora blooms;

impacted sites with exposure[3 J m-3 experienced blooms

of Liagora ranging from 10.4 to 43.6 % (Fig. 4). Results

from model simplification (Table 2) indicate that, while the

best-fit model based on AIC also included herbivore bio-

mass and change in coral cover (R2 = 0.69), neither of these

were significant predictors of Liagora cover (p[ 0.1;

Table 3). Variance inflation factors indicated that none of

the predictors were highly correlated (Table 2). Partitioning

the variance of the best-fit model among predictors indicated

that wave exposure explained nearly all of the variance

within the final model, whereas herbivore biomass (2.0 %)

and change in coral cover (6.6 %) explained substantially

less variance in the final model.

Regional dynamics of post-disturbance Liagora

blooms

No Liagora was recorded at any sites throughout the region

prior to the Typhoon Bopha. Consistent with our local-scale

Table 1 Percent coral cover,

Liagora cover, and structural

complexity (D height in cm) for

sites in 2012 and 2013

(average ± SE)

Side Reef Coral cover Liagora cover Structural complexity

2012 2013 2012 2013 2012 2013

East (1) Lighthouse Reef 79.0 ± 3.7 0 0 43.6 ± 5.1 45.4 ± 3 18.9 ± 2

East (2) Ngederrak South 77.2 ± 4.7 2.5 ± 2.1 0 36.7 ± 4.7 40.4 ± 2 9.9 ± 1

East (3) Ngederrak North 74.5 ± 3.6 1.1 ± 0.5 0 10.4 ± 3.2 44.5 ± 2 12.6 ± 2

East (4) Beluu Lukes 57.5 4.1 0 0 34.6 ± 2 9.9 ± 1

East (5) East Sheltered 70 ± 4.7 73.6 ± 4.1 0 0 39.5 ± 2 47.7 ± 3

East (6) Short Drop Off 23.9 ± 4.6 15.1 ± 2.1 0 0.14 ± 0.15 20.6 ± 2 26.0 ± 2

West (7) New Drop Off 21.9 ± 2.8 20.5 ± 3 0 0 22.1 ± 2 25.6 ± 1

West (8) Ngercheu Reef 45.4 ± 4.3 42.3 ± 3.2 0 0 38.4 ± 3 36.4 ± 3

Coral Reefs (2015) 34:715–725 719
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surveys, significant damage was observed across the eastern

reefs following the typhoon. Survey sites that were unaffected

by Typhoon Bopha with low wave exposure (\3 J m-3,

n = 7) showed no Liagora blooms (Fig. 5). Impacted sites

with high wave exposure ([3 J m-3) throughout the Palau

Archipelago (n = 4) exhibited blooms of Liagora (Fig. 5) of

[10 % cover (ESM Fig. S2). The binomial model indicated

that wave exposure (power transformed) was a significant

predictor of Liagora blooms (Z = 1.987, p\ 0.05).

Discussion

A broad range of factors can influence succession and re-

covery of terrestrial and marine ecosystems following

disturbance, such as competition (Dayton 1971), herbivory

(Chapman and Johnson 1990), recurrent disturbance events

(Connell et al. 1997), and environmental stress (Menge and

Sutherland 1987). Favourable environmental conditions

can modulate patterns of recovery by increasing

Fig. 2 a High coral cover at Lighthouse Reef in March 2012, b post-

typhoon at Lighthouse Reef in February 2013, c near 100 % cover of

coral pre-typhoon at Lighthouse Reef in March 2012, d*40 % cover

of Liagora and acroporid rubble at Lighthouse Reef in February 2013,

e partially buried massive Porites colonies (1–2 m height) overturned

by typhoon waves, f extensive Liagora blooms at Ngederrak South in

February 2013

720 Coral Reefs (2015) 34:715–725
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reproductive output (e.g., Nylehn and Totland 1999) and

recruitment success (e.g., Edwards 2004), or by driving

growth and expansion of existing patches of vegetation

(e.g., Angelini and Silliman 2012). Conversely, adverse

environmental conditions can be detrimental to post-dis-

turbance recovery by impacting reproductive output (e.g.,
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Table 2 Results from model simplification of linear mixed effects

models, where ‘I(exposure^2)’ = power transformation of exposure,

‘biomass’ = absolute change in herbivore biomass, ‘der-
bivor’ = herbivore biomass standardised to per cent grazeable area,

and ‘Dcoral’ = per cent change in coral cover between 2012 and

2013 surveys, ? is an additional term, the superscript number above

the predictor variable is the variance inflation factor test result, and R2

is the adjusted R2

Model predictors AIC R2

I(exposure^2)2.6 ? Dcoral2.1 ? dbiomass1.5 62.4 0.67

I(exposure^2)2.7 1 Dcoral2.7 1 biomass1.6 59.4 0.69

I(exposure^2)1.5 ? Dcoral1.5 69.4 0.66

I(exposure^2)1.5 ? biomass1.5 64.5 0.57

I(exposure^2)1.5 ? dbiomass1.5 65.1 0.59

I(exposure^2) 64.3 0.61

Final model highlighted in bold

Table 3 Best-fit result from linear mixed effects models (see

Table 2), where ‘I(exposure^2)’ = power transformation of expo-

sure, ‘biomass’ = herbivore biomass, and ‘Dcoral’ = per cent

change in coral cover between 2012 and 2013 surveys

Predictor Value SE t value p value

Intercept -9.556 13.514 -0.71 [0.05

I(exposure^2) 2.640 0.279 9.47 \0.01

Biomass 0.057 0.185 0.31 [0.5

DCoral 0.191 0.086 2.22 [0.1
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Matson and Edwards 2007), altering patterns of competi-

tion and succession (e.g., Thompson and Naeem 1996), and

affecting growth of surviving individuals (e.g., Larcher

2000). Here, we report a shift to a macroalgal dominance

following catastrophic disturbance in a coral reef ecosys-

tem, which was primarily correlated with wave exposure.

In the aftermath of the catastrophic disturbance upon the

eastern reefs of Palau in the wake of Typhoon Bopha, we

documented a transition from high coral cover to dom-

inance of a monospecific macroalga, Liagora. Such blooms

are thought to be triggered by a temporary relaxation of

herbivory and/or nutrient pulses resulting from sediment

recycling on the benthos (Hughes 1994; Scheffer et al.

2008). Yet, the drivers responsible for sustaining Liagora

blooms are largely unknown. Several factors could be re-

sponsible for influencing the magnitude of Liagora blooms

following Typhoon Bopha. Firstly, reductions in herbivore

biomass following disturbance could have resulted in a

reduction in grazing pressure (Mumby 2006), causing a

proliferation of Liagora. Secondly, catastrophic losses of

coral cover associated with Typhoon Bopha would have

increased the amount of grazeable substrate available to

herbivores (Mumby and Steneck 2008), causing a decrease

in grazing pressure regardless of changes in herbivore

biomass. Thirdly, wave exposure may have been directly

responsible for driving Liagora blooms, in that Liagora

cover would be greater in higher productivity sites. These

hypotheses are discussed below.

Following Typhoon Bopha, wave damage resulted in

extensive and significant coral losses at some, but not all

eastern sites. Previous thickets of highly diverse, branching

and tabular acroporids were reduced to rubble resulting in a

rapid opening up of benthic space for algal colonisation.

Within 3 months following extensive coral loss, Liagora

cover was high at impacted sites, reaching upwards of

[40 % cover at ‘Lighthouse Reef’ and[20 % at ‘Nged-

errak South’. Such rapid macroalgal growth is surprising,

considering that the levels of herbivore biomass in Palau

are some of the highest in the Indo-Pacific (Mumby et al.

2013), two of our sites (North and South Ngederrak) were

situated inside a no-entry/no-take marine reserve estab-

lished in 2001, and that Liagora is readily consumed by

herbivorous fish in feeding assays (Rasher and Hay 2010).

Comparisons of surveys before and after the typhoon re-

vealed no consistent differences in herbivore biomass,

suggesting that herbivore assemblages did not decline as a

result of the loss of coral cover or structural complexity,

nor increase in response to increased macroalgal cover.

Further, the results of our model also support the notion

that changes in herbivore biomass did not significantly

influence the extent of Liagora blooms, as herbivore bio-

mass explained only a minor contribution to the overall

variance (2.0 %), and was not significantly related to per

cent cover of Liagora within sites.

While no significant changes in herbivore biomass were

observed following the typhoon, as grazing intensity is

inversely linked to the area of grazable substrate on reefs

(Mumby and Steneck 2008), the rapid loss of coral cover at

impacted sites most likely resulted in a near instantaneous

relaxation of grazing intensity. Consequently, a successful

recruitment pulse may saturate an area and escape grazing

(Vadas et al. 1992; Doropoulos et al. 2013), enhancing the
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likelihood of establishment of macroalgal propagules. Yet,

a reduction in grazing intensity brought about by a loss of

coral cannot easily explain the magnitude of Liagora

bloom at some of the typhoon-impacted sites. Despite a

profound loss of coral at ‘Beluu Lukes’ (57–4 % cover)

and a less severe, but still significant loss of coral at ‘Short

Drop Off’ (24–15 % cover), Liagora failed to bloom (0 %

cover), even though herbivore biomass declined 2.8-fold at

‘Beluu Lukes’ and 1.8-fold at ‘Short Drop Off’ following

the typhoon. In contrast, near-complete loss of coral at

‘Lighthouse Reef’ and ‘Ngderrak Reef’ resulted in sub-

stantial blooms of Liagora. Further, herbivore biomass

standardised to grazeable area was not a significant pre-

dictor of Liagora cover. Collectively, these results suggest

that top-down controls (loss of herbivory or a change in

available grazing area) were not directly responsible for the

observed pattern of Liagora blooms following Typhoon

Bopha.

By mapping the spatial patterns of wave exposure in the

months following Typhoon Bopha, our results indicate that

the extent of Liagora blooms (i.e., percentage cover) was

strongly related to the degree of wave exposure at local

scales, explaining [90 % of the variance in our model.

While change in coral cover (2012–2013) explained a

minor contribution to the overall variance (6.6 %), this was

not significantly related to the cover of Liagora within

sites, suggesting that the impact of the typhoon on loss of

coral cover alone was not sufficient to trigger Liagora

blooms. Indeed, despite a profound loss of coral at Beluu

Lukes (from 57 to 4 %), wave exposure was insufficient to

trigger a bloom of Liagora, while at impacted sites with

high wave exposure ([3 J m-3), substantial Liagora

blooms were observed.

At regional scales, maps of wave exposure successfully

predicted the presence of Liagora blooms at additional

monitoring sites located throughout the entire Palauan

archipelago (*150 km). Consistent with our local-scale

studies, Liagora blooms were observed at sites with high

wave exposure following the typhoon ([3 J m-3). These

results corroborate our local-scale results and further

highlight the deterministic nature of Liagora blooms across

broad spatial scales. The presence of blooms at remote sites

throughout the Palau archipelago suggests that nutrients

from terrestrial catchments cannot account for the observed

pattern of Liagora blooms at a regional scale. Furthermore,

as no Liagora was observed at any of our sites in Palau

during extensive surveys in 2012, it is unlikely that post-

disturbance blooms resulted from growth and expansion of

remnant Liagora holdfasts. While these results demonstrate

the importance of wave exposure in driving regional pat-

terns of Liagora blooms following disturbance in the Indo-

Pacific, future studies should be conducted in different

biogeographic regions (e.g., Caribbean) and under varying

wave exposure regimes for different macroalgal assem-

blages to test the generality of our results.

Water motion has long been recognised as a key factor

influencing the growth of marine macroalgae (Leigh et al.

1987) through a range of direct and indirect responses (see

Hurd 2000 for a concise review). Primarily, flow rates af-

fect the boundary layer between the marine environment

and the plant surface and influence the rates of mass

transfer. High flow rates reduce the thickness of the

boundary layer and increase rates of mass transfer (Car-

penter et al. 1991). Mass transfer rates in turn enhance the

metabolic functioning of algae (Munk and Riley 1952)

through enhanced carbon exchange and fixation (Wheeler

1980), nitrogenase activity (Carpenter et al. 1991), and

nitrate uptake (Gerard 1982). Experimental studies in giant

kelp (M. pyrifera) indicate that the effect of flow on

metabolism is substantial, with photosynthetic output in-

creased by a factor of 300 % by increasing water speeds

from 0 to 4 cm s-1 (Wheeler 1980). Field measurements

indicate that growth of kelp blades is *4 times higher in

wave-exposed sites than in sheltered sites (Hepburn et al.

2007). Considering the significant relationship between

wave exposure and Liagora cover in the present study and

the absence of Liagora in sheltered sites, our results indi-

cate that higher wave-driven productivity at exposed sites

enhances the occurrence of Liagora blooms. These results

are consistent with higher rates of productivity and calci-

fication on windward than on leeward coral reefs (Marsh

1970; Barnes 1983). Further experimental studies are

needed to determine the exact physiological mechanisms

by which Liagora responds to increased wave exposure.

While our results imply that changes in herbivore bio-

mass and grazing intensity were not directly linked to the

proliferation of Liagora following disturbance, it seems

plausible that wave action may have an interactive effect

with herbivory in modulating algal dynamics. Increased

wave exposure affects swimming performance in coral reef

fish assemblages (Fulton et al. 2005), directly affecting

grazing rates and foraging patterns in herbivores (Foster

1987) that may well have influenced the post-disturbance

dynamics of Liagora blooms in our study. Similarly, re-

suspension of sediments at higher exposures may suppress

herbivory following disturbance (Goatley and Bellwood

2013), providing an escape from herbivory and enabling

proliferation of Liagora at exposed sites. While we hy-

pothesise that wave exposure is the primary driver of Li-

agora dynamics post-disturbance, we suggest that further

studies are needed to separate the potential interactive ef-

fects between herbivory and wave exposure in driving post-

disturbance macroalgal dynamics.

As the frequency and intensity of disturbance on

ecosystems increases (Scheffer et al. 2001; Folke et al.

2004), understanding factors that influence post-
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disturbance dynamics is of increasing importance. Our

results highlight the relevance of environmental drivers in

modulating the recovery of ecosystems following distur-

bance by driving phase shifts to macroalgal dominance.

While ephemeral in nature, the post-disturbance Liagora

blooms resulted in a range of direct and indirect effects,

further impacting the recovery of coral assemblages fol-

lowing Typhoon Bopha. During our study, canopies of

Liagora were observed to cause direct mortality of the few

corals that survived the typhoon through direct contact and

abrasion, reducing already fragmented surviving popula-

tions. Further surveys following Typhoon Bopha revealed

that, while coral recruitment was recorded at low exposure

sites where Liagora was absent, a near-complete recruit-

ment failure was observed at high exposure sites dominated

by Liagora blooms (Doropoulos et al. 2014), indicating

indirect and lasting effects on coral recovery (Dixon et al.

2014). Unlike other parameters influencing macroalgal

growth (e.g., herbivore biomass), wave exposure is con-

sistent, predictable, and can be easily mapped requiring

only information on the configuration of the coastline and

the prevailing wind patterns (Ekebom et al. 2003; Chollett

and Mumby 2012). The deterministic nature of blooms

means that the vulnerability of reefs to phase shifts can be

mapped at a scale that is useful for management allowing

conservation strategies to prioritise restoration efforts at

regional scales (Holl and Aide 2011). For example, if

blooms of Liagora coincide with annual coral spawning

events, targeting high exposure areas by removing Liagora

could facilitate recruitment and recovery of reefs following

catastrophic disturbance.
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