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Abstract

Herbivorous fish maintain a critical ecosystem function on coral reefs by grazing algae and
maintaining highly productive algal turf assemblages. Current paradigms implicate habitat
complexity, predation and primary productivity as major drivers of the distribution and abundance of
herbivorous fishgyet little is known about the relative contribution of these factors. Here, we compare
bottom-up and\top-down drivers of notional herbivore assemblages across an environmental gradient
of wave exposure in the Palau archipelago. We surveyed herbivore assemblages at reef slopes (6 -
9m) across 187sites, and quantified proxies of top-down control (predator biomass, habitat
complexity) and bottom-up drivers (net primary production, nutrients) at each site. Despite
substantial vagiability in herbivore biomass throughout the archipelago (6 to 65 g m™), general
additive models‘indicate that neither top-down nor bottom-up drivers significantly predicted biomass
or density of herbivores among sites. In contrast to expectations, herbivore biomass was highest at
sites with high predator biomass, low structural complexity and low benthic productivity. Rather, the
highest biomass_of herbivores was associated with shallow, tidally emergent, productive reef flats
located adjacenttossteep vertical walls (‘drop-offs’). The emergent nature of this neighbouring habitat
precluded occupation by territorial fishes, and multiple species of herbivores were observed to make
foraging runs=nto this habitat once tidally inundated. We hypothesize that this habitat configuration
provides an_important cross-habitat resource subsidy. Multivariate ordination and permutation of
herbivore communities revealed strong evidence for biogeographic partitioning throughout the
archipelago (western, south-western, inner eastern and outer eastern clusters), contributing to an
emerging picturé™that the habitat heterogeneity of seascapes can overwhelm the effects of

conventional top=down and bottom-up structuring of herbivory on coral reefs.

Key words:_coral reefs, habitat heterogeneity, herbivory, productivity, seascapes, wave exposure
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Introduction

The role of top-down vs bottom-up processes in structuring assemblages has been a central debate in

ecology over the past century (Hairston et al. 1960, Matson and Hunter 1992, Menge 2000). Early

studies placed a strong emphasis on the importance of bottom-up regulation of assemblages, and
argued that predators are largely dependent on the seasonal flux of lower trophic levels (Elton 1927,

Lindeman 1942, Odum and Odum 1955). This viewpoint was challenged in the early 1960’s by the

‘green world "hypothesis’, which proposed that plant abundance was regulated through top-down

control of herbivores by predation (Hairston et al. 1960). Consequently, emphasis shifted towards

top-down control of ecosystem function and community structuring (Paine 1966, Estes and

Palmisano 1974)«More recently, studies have moved away from the dichotomy of top-down vs

bottom-up paradigms (Hunter and Price 1992, Menge 1992), towards focusing on interactions among

bottom-up and top-down forcing in structuring assemblages (e.g. Menge 2000, Munch et al. 2005,

Hunt and McKinnell 2006). The extent to which relative ecological forces determine population

change and structure assemblages are largely context dependent (Menge 2000) and vary over
geographical sealesi(e.g. Gripenberg and Roslin 2007). While such studies are inherently challenging,

quantifying the'relative strengths of top-down and bottom-up drivers is particularly difficult in marine
environmentswgiven the additional complexities of strong environmental drivers such as wave

exposure, lightyand tidal flux (Bertness et al. 1999).

Herbivory is particularly complex in species-rich tropical marine ecosystems (Steneck et al. 2017).

Moreover, changes“in herbivory can result in undesirable ecological outcomes as it does in many

ecosystems (Hughes et al. 2005, Estes et al. 2011, Verges et al. 2016). Like their temperate

counterparts, some coral reef systems appear to exhibit macroalgal regime shifts when herbivory is

depleted through processes like disease (Carpenter 1990) and fishing (Newman et al. 2006, Mumby et

al. 2013b). While=high biomass of herbivores is correlated to low macroalgal cover at reef scales

(Williams and Polunin 2001, Fox and Bellwood 2007, Mumby et al. 2007, Wismer et al. 2009,

McClanahan et'al. 2011), individual herbivore species have different roles in regulating and removing

macroalgaes(Bellwood et al. 2006, Burkepile and Hay 2008). Despite the importance of herbivory for

resilience of coral reef ecosystems (Mumby and Harborne 2010, Graham et al. 2015), the relative

contributions of ecological and environmental drivers in structuring herbivorous fish assemblages on

Pacific reefs are little understood.

From a top-down perspective, predation exerts an important role in structuring the abundance and
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distribution of coral reef fish (Hixon 2015). Smaller predators can have profound direct effects on

early post-settlement of herbivorous reef fish (Almany 2004, Heinlein et al. 2010, Feeney et al.

2012), creating “priority effects”, where the species composition of resident reef fish regulate
community structure by inhibiting or enhancing recruitment of other reef fish species (Shulman et al.

1983, Almany 2004; Stallings 2008, Mumby et al. 2012). Predator-prey interactions can also have

indirect impacts onyherbivore assemblages through behavioural modification, resulting in shifts in

foraging patterns=andsrates of algal consumption (Madin et al. 2011, Rizzari et al. 2014). Habitat

complexity plays an important role in mediating predation by providing increased availability of

refuges, resulting in enhanced recruitment and survival of prey fishes (Hixon and Beets 1993, Caley

and St John 1996)¢ Consequently, herbivore biomass tends to increase with structural complexity

(Mumby and Wabnitz 2002, Verges et al. 2011, Bozec et al. 2013, Graham and Nash 2013).

From a bottom=apiperspective, productivity plays an important role in regulating the structure of

coral reef food*webs (Hatcher and Larkum 1983, Hatcher 1990). The high biomass of herbivorous

fish on undisturbed atolls are supported by highly productive algal turfs (Steneck 1988, Hatcher

1990). Ubiquitous in nature but diverse in composition, turf algae exhibit high mass-specific rates of

productivity (Steneck 1988), and have been described as “master producers in nutrient poor seas”

(Adey andiGoertemiller 1987). Herbivore biomass is more strongly linked to rates of turf algal

productivity thanto standing crop of turfs (Carpenter 1986, Russ 2003, Tootell and Steele 2016).

Benthic productivity is strongly influenced by local environmental factors such as light, nutrients,

substrate availability and water flow (Hatcher and Larkum 1983, Carpenter 1986, Steneck and

Dethier 1994) and varies across spatial scales and among habitats on coral reefs (Odum and Odum

1955, Klumpp.and McKinnon 1992, Renken et al. 2010, Marshell and Mumby 2015). While several

studies have ipvestigated bottom-up drivers of coral reef fish assemblages among habitats (e.g. reef

flat vs reef slopesRuss 2003) and exposure (e.g. windward vs leeward, Marshell and Mumby 2015),

the relationship between productivity and environmental drivers (primarily light and flow, Steneck

and Dethier 1994) across environmental gradients have not been studied widely. Moreover, insights

into the specific dietary targets of ‘herbivores’ are changing rapidly. For example, parrotfish of the

most speciose,genus, Scarus, were thought to be primarily detritivorous (Choat et al. 2002, Wilson et

al. 2003), but there is now greater appreciation of the importance of cyanobacteria and endolithic

algae in their diet (Clements et al. 2017).

At larger spatial scales, habitat heterogeneity can play an important role in structuring herbivore

assemblages (Taylor 2014). In particular, fundamentally different reef geomorphologies (fringing
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reefs, barrier reefs and atolls) appear to support different herbivore assemblages (Pinca et al. 2012,

Taylor et al. 2015), although the exact ecological mechanisms supporting these differences are

unclear. In theory, habitat heterogeneity driven by island geomorphology regulates the spatial
distribution and proximity of adjacent habitats (e.g. lagoons) that can act as resources (e.g. nursery
habitats), which insturn influences the diversity and abundance of herbivore assemblages (see

Harborne et alv2016). While this phenomena has been explored at large geographic scales of

thousands of kilometres among Pacific islands (Pinca et al. 2012, Taylor et al. 2015), the extent to

which habitat;heterogeneity and geomorphological zonation can influence herbivore assemblages at

smaller spatial scales (tens of kilometres) is unclear.

Here, we quantified seascape patterns of herbivore assemblages in a relatively lightly exploited
system in Palau (Micronesia, western Pacific). By quantifying top-down (predator biomass, structural
complexity) and*bottom-up drivers (turf algal productivity, nutrients) across a gradient of wave
exposure and "geomorphology types throughout the archipelago, we aimed to quantify the relative
contribution of these drivers in structuring herbivorous fish communities. Palau was chosen for two
reasons. First, it is one of few locations in the Pacific where predator biomass remains high, and shark

fisheries are banned entirely. Second, despite the existence of a herbivore fishery (Bejarano et al.

2013), herbivorerdensities are still regionally high (Mumby et al. 2013a), lightly fished, and benefit
from a series of mo-take reserves throughout the Palau archipelago. We point out upfront that our
inclusion of species as notional herbivores follows Steneck et al. (2017) in that they have a functional
role in removing algal biomass on coral reefs, though many species derive their nutrition from

microorganisms _that are either epilithic or endolithic (Clements et al. 2017).

Methods
Site selection & geomorphological drivers

Palau predominantly experiences north-eastern trade winds between December to March, and south-
west monsoonal winds between June to October (Appendix S1, Figure S1). All surveys and
experiments weres€onducted between the 3" to the 16™ of March 2012 (unless otherwise stated)
during a period,of moderate north-eastern to eastern wind trade winds. Eighteen sites were selected
throughout the Palau archipelago (Micronesia) across a gradient of wave exposure (Figure 1) and
stratified to include both western (leeward, n = 6) and eastern locations (windward, n = 12). Surveys
and experimental manipulations were conducted at 6 — 9m depth on the reef slope at each site. Cross-

shelf profiles and depths of barrier reef sites and carbonate banks sites were quantified using a GPS
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and a depth sounder at high tide. Benthic habitat maps of the Palau archipelago were obtained from
the National Oceanographic Institute (NOAA) National Centers for Coastal Ocean Science website

(https://coastalscience.noaa.gov/project/benthic-habitat-palau/).

Benthic cover was quantified at each site through 1m” high-resolution photo-quadrats (n = 25 per
site, Canon'G12 camera). Quadrats were surveyed at each site at the same time as herbivore surveys,
and were placed by using a randomly generated list of swimming directions (compass points) and a
list of numbers_for distance, covering an area of approximately 450m? of reef slope. Benthic cover
was estimated,from photographs (scleractinian coral, soft coral / gorgonian / sponge, macroalgae,
and grazeablg substrate [turf algae, crustose coralline algae and bare substrate combined]) using

CPCe (Kohler and Gill 2006). Additional line intercept transects (n = 3, 10 m length) laid parallel to

the reef slope were recorded by the same observer (RSS) to quantify turf algal cover and higher
resolution benthie'cover (hard coral, soft coral / gorgonian / sponge, crustose coralline algae [CCA],
turf algae, macroalgae, Lobophora spp., non-crustose corallines, articulated corallines). Benthic
cover was recorded every centimetre, and turf algal height was measured at five points along the
transect to the nearest 0.5 mm using a vertical ruler. Turfs were defined as multi-species assemblages
of diminutive algae (primarily filamentous) with a typical canopy height of 1 - 10mm (Steneck

1988).
Herbivore assemblage composition

Herbivore assemblages were surveyed using 6 replicate 30 m by 4 m transects per site by the same
observer (PJM)."Herbivores were identified to species but then categorised according to family level
and to functional groups (excavators, scrapers, grazers, browsers) following Green & Bellwood
(2009). While Ctenochaetus striatus is primarily a detritivore, it was included as a functional grazer

in the present study as it plays a key role in removing algal turfs (Marshell and Mumby 2012, 2015).

The identityglifesphase (terminal, intermediate, and juvenile phases), and body length (total length to
the nearest cm) were recorded for each individual. The bumphead parrotfish (Bolbometopon
muricatum) were only observed at a single site, and due to their comparatively low densities and

large homeranges (~10km, Green et al. 2015), were excluded from further analysis. The lengths of

individual herbivores were converted to biomass based on allometric scaling relationships (Appendix
S1, Table S1). Significant differences between herbivore biomass and density between eastern and
western sites and between geomorphology types (“barrier-reefs” and “carbonate banks”) were

determined using Kruskal-Wallis rank sum tests using the ‘stats’ package in R (R Development Core
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Team 2017).
Environmental drivers

Wave exposure, flow, light and temperature were quantified across all sites during the study period.
Wave exposure was,determined using a fetch-based GIS approach at a 50 m spatial resolution (see

Roff et al. 2015.fox further details). The study was conducted in early March 2012 during the months

where Palau experiences predominantly north-eastern trade winds prior to a switch to predominantly
south-west monsoonal winds between June to October (Appendix S1, Figure S1). To parameterise the
wave exposure model, in-situ hourly wind speed and direction were obtained for Koror Airport

between February and March 2012 from Weather Underground (www.wunderground.com/weather-

forecast/KA/Keoror:html). The resultant values of wave exposure (] m’) were log-normal transformed.

Flow at each site was quantified using using gypsum dissolution methods (see Marshell and Mumby

2015 for further details). All gypsum moulds were fixed approximately 30 cm above the reef

substrate for a_24-hour period. Upon recovery, moulds were dried and reweighed, and dissolution
rates were caleulated from the difference between final and initial weights. Hobo™ pendant data
loggers were totecord light intensity (lumens m™) and temperature at 5-minute intervals at each site.
Measurements “of light intensity (lumens m™) were converted to PAR using published coefficients

(Long et al. 201.2).

Bottom-up drivers=productivity and nutrient loading

Net primary productivity (NPP) of turf algae was quantified through a 10-day herbivore exclusion
experiment that.quantified changes in turf growth (g mm™ d) and turf biomass (g m~ d™). Terracotta
tiles (100 cm¥),weze drilled to create micro-scale rugosity (100 holes, 1 mm width x 1 mm deep at
uniform spacing). Tiles were pre-conditioned for 60 days on racks in a uniform environment (facing
upwards) at one site (Site 4, Figure 1). To exclude the effects of large herbivores (>5 cm total length),
we constructed cages (30 x 30 x 40 cm) from PVC coated steel mesh (25 x 25 mm mesh size). Tiles
were mounted within cages facing upwards (Figure 2a). Hobo™ pendant data loggers were deployed
to measure light inténsity and temperature inside and outside cages at each location. Water flow was
measured simultaneously inside and outside of cages by deploying gypsum moulds as described

previously.

Prior to the experiment, the tiles were collected and placed in aquaria with running seawater for 24
hours, and scrubbed gently to remove all turf algal biomass while maintaining holdfasts. At each site,

six cages, each containing a single tile, were attached to the substrate (n = 108 total). After 10 days,
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turf height was measured in-situ (Figure 3b), and tiles were removed from the cage and sealed within
plastic bags to preserve turf biomass. Upon return to the lab, each tile was uniformly scraped to
remove all turf biomass, and the resultant turf condensed onto pre-weighed filters (~20 um) using a
vacuum filter pump. Filters were washed in 10% hydrochloric acid to remove carbonate sediments,
rinsed, then dried in an oven at 65°C for 24 hours. The total biomass of the dried filters was then
subtracted from'theinitial filter weight to quantify NPP (g m™ d™). General additive models (GAMs)
were used to determine the relative strengths of wave exposure, light and temperature in driving turf

productivity using the ‘mgcv’ package in R (Wood 2011).

As a subset of the Eastern sites were situated close to potential sources of nutrients from the sewage
outflow in Malakal harbour (Sites 1 to 6, Figure 1), we used stable isotope analysis 8N to detect

and map spatial patterns of nutrient inputs (Costanzo et al. 2001). Samples of macroalgae

(Lobophora sppsymr= 5 per site) were sampled in 2014 across a gradient of sites in proximity to the
nutrient plume~and at an adjacent remote ‘control’ site (see Appendix S1: Figure S2 for sampling
locations). Lebophora was chosen as: i) individual plants have a lower mass-specific productivity

compared to turf algae, and exhibit lower rates of turnover (Steneck and Dethier 1994), representing

greater time-ayetraging and exposure to potential nutrient sources, ii) Lobophora is a common algal
species amongsampling sites, and iii) Lobophora has previously been used as an indicator species in

8N studies of sewage pollution on coral reefs (Lapointe et al. 2011). Following collection, samples

were dried in a sample oven at 45°C and analysed for 515N at the Stable Isotope Facility, University
of Californiain Davis (USA) using a PDZ Europa ANCAGSL elemental analyser interfaced with a
PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd, Cheshire, UK). A one-way ANOVA
was used to test for significant differences in 8"N values, and a Dunnett’s multiple comparisons test
was used to compare differences in 8'°N among sites (Appendix S1, Figure S1) using the ‘stats’ (R

Development-CoresTeam 2017) and ‘multcomp’ (Hothorn et al. 2008) packages in R.

Top-down driversisstructural complexity and predator biomass

Structural complexity (defined as the physical three-dimensional structure) contributes to many

processes on coral reefs, and provides an important refuge from predation (Graham and Nash 2013).

Estimates of structural complexity at a reef scale were obtained by measuring the average maximum
vertical relief (i.e. the average distance in relief between the lowest and highest points of the reef
framework) among the 25 benthic quadrats (lmz) following the approach of Harborne et al. (2012).

To quantify predator biomass, a subset of sites was re-surveyed in May 2016. Five consecutive timed
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transects of 10 m width were visually surveyed for 5 minutes per site by the same observer (MP). A
GPS was towed behind the diver, and time was converted to total area per transect. The identity and
body length (total length to the nearest cm) were recorded for each individual. The lengths of
individuals were converted to biomass based on allometric scaling relationships (Appendix S1: Table

S2).

Potential drivers of herbivore biomass

General lingar,mixed models (GLMMs) and general additive mixed models (GAMMs) were used to
explore the effects of benthic community structure (coral cover, grazeable cover, measure),
environmental drivers (wave exposure, temperature, light, flow), top-down (predator biomass,
structural compleXity) and bottom-up (NPP, net turf growth) drivers on the density and biomass of total
herbivores, family /(Labridae, Acanthuridae, Siganidae) and functional groups (scrapers, grazers,
excavators, browsers), with side of the archipelago (eastern and western) added as a random factor.
Grazeable cover'was defined as total substrate available for herbivore grazing, including CCA, turf
algae and macroalgae. Model analysis for was conducted in R using the ‘stats’ package for GLMs (R

Development Core Feam 2017) and the ‘mgcv’ package for GAMMs (Wood 2011). Model selection in

GLMMs was'conducted using the step function in the ‘stats’ package (R Development Core Team

2017). Diagnostie plots and tests for multicollinearity among predictors were conducted prior to
analysis using the" ‘pairs’ and ‘cor’ functions in the °‘graphics’ and ‘stats’ packages in R (R

Development Core Team 2017).

Biogeographicistructuring of herbivore assemblages

To explore spatial patterns in herbivore assemblage composition, an unconstrained PCoA (principle
coordinate analysis) ordination using a Bray-Curtis similarity matrix was conducted in the

perMANOV.A + package for PRIMER v6 (Anderson et al. 2008). To determine spatial clustering and

similarity in=herbivore assemblages, hierarchical cluster analysis (complete linkage) was used in

PRIMER v6 (Anderson et al. 2008). Distance-based linear modelling (DISTLM) was used to

determine the relative importance of explanatory variables on structuring herbivore assemblages.
Model selection was based on the Bayesian information criterion (BIC), and the BEST procedure was
used to identify the simplest models with the greatest explanatory power. Distance-based redundancy
(dbRDA) was used to perform a constrained ordination on the fitted values from the best fit model

(Anderson et al. 2008).

Results
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Benthic community structure

Reef-scale benthic photo-quadrats in 2012 revealed variable but high levels of scleractinian coral
cover across all sites, ranging from 27% * 2.9% (SE) to 82% + 4.8 % (Figure 1). Macroalgal cover
was consistently low, ranging from 0 to 1.8% =+ 0.2 %, while total grazeable cover (bare substrate,
turf algae and"CCA cover combined) varied from 13.6% + 4% to 71.4% + 4.2% among sites (Figure
1). Detailed line intercept surveys at each site revealed varying levels of crustose coralline algae
ranging between=3:7% + 1.2 % to 36.2% + 1.8 %, turf algae cover ranging from 3.8% + 1.6 % to
32.8% * 5.6 %-"Non-crustose coralline cover was consistently low, ranging between 0.7% =+ 0.7 %
and 9.1% =+ 1.3 %, while articulated coralline cover ranged from 0 to 16.2% + 2.8 % (Appendix S1:
Table S1). In-siturobserved turf heights were variable, ranging from 0.5% =+ 0.1% to 2.7% =+ 0.3%
mm among sites (Figure 1). Neither benthic cover nor turf heights differed significantly between

eastern and western sites (ANOVA, p > 0.1).
Environmental drivers

During the study=period (3™ to the 16™ of March 2012) Palau experienced strong north-easterly
winds, consistentywith the dominant wind patterns experienced during the trade-winds (December to
March). Eastern exposed reefs experienced strong wave exposure during the study period, with
waves of 2 to.3sm height. Wave exposure maps overlapping the study period revealed a strong wave
exposure gradient on the eastern sites (sites 1 to 12) of 0.86 to 6.4 j m> (Appendix S1: Table S3),
while the leéward western sites experienced variable wave exposure. Measurements of flow
determined fromsgypsum moulds (percent dissolution) differed significantly among sites (ANOVA,
F17 = 89.5 p <:0.001), and exhibited a strong linear relationship to wave exposure (j m™~, R* = 0.74, p
< 0.001). Temperature ranges across the study period were minimal (ranging between 27.7 to 30.1
°C, Appendix S1:Table S1), with no significant departures in temperature associated with typical

upwelling events in the archipelago (Wolanski et al. 2004). Maximum light levels (average daily

1

maximum PAR) over the study period ranged from 313 + 45 to 574 + 84 mol m s ', and did not

vary significantly’among sites (Appendix S1: Table S1).
Herbivore biomass

Surveys of herbivore assemblages revealed variable density and biomass among sites. Herbivore
density ranged fourfold from 0.1 + 0.1 to 0.4 + 0.1 individuals per m™ (Figure 2 a,b), while herbivore

biomass varied nearly 10-fold, ranging from 5.6 + 0.7 g m™ to 66.4 + 16.3 g m™ (Figure 2 c,d).
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Surgeonfish were the most abundant herbivore family across all sites, and rabbitfish were present at
all sites, albeit at low densities (Figure 2 a). From a functional group perspective, browsers, scrapers
and grazers were present at all sites, yet excavators were not recorded at seven of the 12 of eastern
sites (Figure 2 c). Grazers were the numerically dominant herbivores across all sites, while browsers
were generally present in low density (Figure 2 b,d). Herbivore biomass was significantly higher at
western thang€astern sites (Hjs39, p < 0.001). Significantly higher densities of excavators were
observed in theswestern reefs (H;;.12, p < 0.05, Appendix S1: Table S4), but differences were not
significant for the density and biomass of other functional groups (scrapers, grazers and browsers,

Appendix S1: Table S5).
Bottom-up drivers: productivity and nutrification

Two metrics of benthic primary productivity were derived from the tile caging experiment (Figure 3
a): NPP (¢! m™ day'l) and turf growth (mm™ day™"). While mid-day light levels were reduced by an
average of 17% inside of cages when compared to ambient light, we observed no significant
differences inswater motion between gypsum moulds inside and outside of cages (GLM, p > 0.1).
NPP ranged four=fold from 0.54 + 0.1 to 2.2 + 0.3 g’ m? day” among sites, while net turf growth
ranged three-fold*from 0.03 + 0.02 to 0.09 + 0.03 mm™' day ™. A clear pattern emerged during the
experiment 1n that sites with higher wave exposure exhibited greater rates of turf growth and biomass
(Figure 3 b)”However, NPP and net turf growth exhibted different trends with increasing wave
exposure. NPP was non-linearly related to wave exposure (Figure 3c, GAM, p <0.05, R* = 0.23,
deviance explained.= 25.2%), in that at low wave exposures (<3 j m™), NPP was generally low (with
the exceptionfof a single site, Figure 3c), while NPP was highest at intermediate wave exposures (4
to 5 j m~). At"higher wave exposures (>5 j m™), NPP declined to intermediate levels (Fig 3 c).
Neither light'nor temperature were significant predictors in the GAM model (p > 0.1). In contrast,
net turf growth was significantly linearly related to wave exposure (p <0.05, R? = 0.3, deviance
explained = 31:2%), in that turf growth was lowest at low wave exposure, and highest at high wave
exposures (Figure:3 d). Neither light nor temperature interacted with wave exposure to drive net turf

growth (p >.0:1).

Spatial analysis of 8"°N values obtained from Lobophora samples revealed that while elevated levels
of nitrogen were detectable in immediate proximity to the sewage outflow plant in Malakal harbour
(< 2 km), elevated 8'°N values were not detectable at our study sites (>5km from the sewage

outflow, Appendix S1: Figure S3). Given the absence of elevated 8N in Lobophora samples at our

This article is protected by copyright. All rights reserved



334
335

336

337
338
339
340
341
342
343
344
345
346

347

348
349
350
351
352
353
354

355

356
357
358
359
360
361
362
363

study sites, sewage-derived nutrient sources were not considered in further analysis in the present

study.
Top-down drivers: structural complexity and predator biomass

Structural complexity, as determined by maximum disparity in vertical relief, varied among sites,
ranging from 20:6,cm to 45.6 cm (Appendix S1: Table S1). Surveys of predator biomass revealed a
clear divide between_ eastern and western sites. Eastern sites had a relatively low biomass of
predators (1.9 208 to 85+ 15 ¢ m?, Figure 4), which comprised smaller (<50cm total length)
Lutjanidae. In contrast, western sites had an order of magnitude higher biomass (40.8 + 22.1 to 87.6
+ 634 ¢ m?, Figure 4), including large schools of smaller Lutjanidae (<50cm total length,
predominantly Lutjanus gibbus, L. kasmira and L. bohar) that are capable of consuming juvenile reef

fish (Kulbicki et al. 2005), small to mid-size Carangidae (~50cm total length, predominantly Caranx

melampygus), and larger reef sharks (>100cm total length, predominantly Carcharhinus

amblyrhynchos-and-Triaenodon obesus).
Drivers of herbivore biomass

Total herbivore'biemass did not conform to expectations, in that biomass was highest at western sites
which were ¢haracterised by low turf productivity (Figure 5a,b), low in-situ turf height (Figure 5c),
low structuraleeomplexity (Figure 5d), and high predator biomass (Figure 5e). Sites with low predator
biomass on the eastern coast had consistently low herbivore biomass (Figure 5e). No clear significant
relationship was observed between response variables (herbivore density and herbivore biomass at
family level or*functional groups) and predictors associated with standard top-down or bottom-up

forcing (environmental, benthic structure, bottom-up drivers).
Biogeographic.structuring of herbivore assemblages

Principle coordinate analysis (PCoA) ordination of herbivore densities revealed clear spatial
clustering of sites (Figure 6a). Eastern sites and western sites clustered at a 40% similarity level, and
four clear clusters®were distinguished at the 50% similarity level (Appendix S1: Figure S4)
correspondingswith geographic groups of inner eastern sites, outer eastern sites, western sites and
south-western sites (Figure 6b). Similarity percentage (SIMPER) analysis revealed that despite
significant differences in the density and biomass of herbivores among geographic regions (inner-
eastern, outer-eastern, western and south-western, Figure 3), the composition of herbivore

assemblages was relatively consistent in that the four most common herbivores (Ctenochaetus
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striatus, Chlorurus spilurus, Zebrasoma scopas and Acanthurus nigricans) accounted for between
58.9 to 71.0 % of total density and between 44.2 to 58.9 % of the total biomass of herbivore

assemblages (Table 1).

At a seascape scale, the Palau archipelago corresponds to a spatial mosaic of different habitat types
(Figure 7). Inner eastern sites (sites 1 — 5) were situated on barrier reefs close to the main island, with
close proximity to lagoons and backreef habitats extensive seagrass and macroalgae (Figure 7). Outer
eastern sites (sites 6 — 12) were situated on exposed barrier reefs with a narrow back-reef habitat
dominated by turf and macroalgae, adjacent to a narrow lagoon with isolated patch-reefs (Figure 7).
Western sites (Sites 13 — 15) correspond to sheltered barrier reef habitats adjacent to expansive back-
reef habitats dominated by macroalgae and turf algae, and an extensive western lagoon with a high
diversity and ‘abundance of patch reef habitats (Figure 7). South-western sites (Sites 16 — 18) were
situated adjacenttor‘‘carbonate banks”, characterised by a shallow, narrow tidally-emergent reef flat
adjacent to steep near-vertical walls (termed drop-offs). This geomorphological reef type is only
found in the south-western reefs of Palau adjacent to low islands (Figure 7) and differ from the barrier
reef sites (sites 1 — 15) in that reef flats are tidally emergent adjacent to the islands. The south-western
sites area situated close to an extensive mosaic of back-reef habitats dominated by large areas of

seagrass bedsymacroalgae and turf algae.

Distance-based'redundancy (dbRDA) indicates that the densities of the acanthurid Zebrasoma scopas
and the siganids Siganus vulpus and Siganus stellatus correlate strongly with inner eastern sites, and
the scarids Chlorurus spilurus and Scarus schlegeli and the siganids Siganus spinus and Siganus
corallinus corfélate strongly with the eastern outer sites (Figure 6b). Consistent with the
unconstrained PC€oA ordination, western and south-western sites differed in similarity from eastern
sites, and were strongly correlated with high densities of the scarids Scarus prasiognathos, Scarus
rubrioviolaceus, Chlorurus microrhinos and the acanthurids Acanthurus lineatus and Acanthurus
nigricans (Figure,6.¢). The best-fit distance-based linear model (DISTLM) based upon benthic cover
from line intercept/transects, benthic primary productivity and environmental data indicated wave
exposure, grazeable cover, structural complexity, in-situ turf height, net turf growth, and coral cover
as predictors, explaining a combined 49.8% of the variance (Table 2). None of the DISTLM
predictors were significant at the a = 0.05 level, with the exception of in-situ turf height, which was

weakly correlated with inner eastern sites (Figure 6¢), explaining 19.6% of the variance (Table 2).
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Significant differences in herbivore density (Hy; 13, p < 0.001) and biomass (Hy9 61, p < 0.001) were
observed between barrier reefs and emergent carbonate banks. These differences were driven by a
significantly higher biomass of excavators (Hjz.03, p < 0.001), scrapers (Hgog, p < 0.01), and grazers
(Hi093, p < 0.001) in emergent carbonate bank sites, as well as significantly higher biomass of
surgeonfish (H;,1, p < 0.01) and parrotfish (Hs62, p < 0.01). Biomass of browsers and rabbitfish did

not differ significantly between barrier reefs and emergent carbonate banks.
Discussion

Quantifying the relative strengths of top-down and bottom-up forcing is a key challenge in

understanding the community dynamics of terrestrial and marine ecosystems (Matson and Hunter

1992, Menge 2000). The effects of these drivers can be weak (Casey et al. 2016), strong (Paine

1980), or interactive (Rosemond et al. 1993), and often vary across spatial scales (Frank et al. 2007)

and environmental regimes (Hopcraft et al. 2010). Here, we aimed to compare the role of top-down

and bottom-up_forces in structuring herbivorous fish communities across an environmental gradient.
Variability in_herbivore assemblages was striking, with biomass ranging 10-fold across sites. Yet
neither of the standard drivers of fish biomass nor density conformed to expectations. Indeed, sites
with the highest herbivore biomass and densities were associated with conditions that are usually
expected to favour low herbivory: low structural complexity (few refugia from predators), low
benthic primary productivity (poor food supply), and high predator density (low survivorship).
Herbivore assemblages revealed clear spatial clustering of sites according to geographic regions
(inner-eastern, souter-eastern, western and south-western sites), corresponding with proximity to
different habitat'types (back-reef habitats, islands, emergent banks, patch reefs and seagrass beds) at

seascape scales'throughout the Palau archipelago.

In terms of bettom-up forcing, wave exposure can drive shallow benthic algal productivity by

reducing thesbenthic boundary layer and enhancing rates of nutrient and gas exchange between the

water and alga (Leigh et al. 1987, Renken et al. 2010, Roff et al. 2015). By experimentally excluding
herbivory, we quantified two metrics of turf productivity: NPP (g' m™ day") and net turf canopy
growth (mm™ day ). The range of turf productivity values in the present study (0.54 + 0.1 to 2.2 +
0.3 ¢! m? day”) were within the range of previous studies of turf productivity recorded on Indo-

Pacific reefs (Hatcher 1981, Klumpp and Polunin 1990, Russ 2003, Marshell and Mumby 2015). At

high wave exposure sites, NPP values measured at our reef slope sites (6 - 9m depth) were equal to

values recorded from typically more productive shallow reef crest environments (Russ 2003). Growth
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of caged canopies was linearly related to wave exposure across the environmental gradient, in that
turf heights were 4-fold higher in sites with high wave exposures than low exposure. In contrast, NPP
exhibited a non-linear response with peak biomass at intermediate exposure. We attribute this non-
linear response to the effects of wave shear on turf communities, where part of the algal canopy is
dislodged under high wave shear (Fig. 2b), yielding a potentially-misleading estimate of productivity.
Studies of temperate mid-littoral turf communities support this hypothesis in that fine and delicate

turf algae decrease’insabundance with inc'reasing wave heights (Whorff et al. 1995). Alternatively, a

trade-off may, exist between mechanical robustness and photosynthesis, whereby photosynthetic
production peaks at semi-exposed sites and declines at higher exposures, as observed in temperate

kelp (Jackelman and Bolton 1990). Previous studies have implied the importance of bottom-up

drivers in driving herbivore assemblages, with rates of turf algal productivity strongly predicting

herbivore biomass (Carpenter 1986, Russ 2003, Tootell and Steele 2016). However, we found no

clear link between fotal herbivore biomass and either NPP (g m™ day™) or net turf growth (mm™
day™). Emergingrevidence from feeding observations and trophic anatomy indicates that parrotfishes
are not primary*eonsumers of algae, and instead target cyanobacteria and microorganisms within reef

substrates and early, stage algae (Clements et al. 2017). Similarly, while C. striatus is functionally

classed as a grazer/detritivore (Marshell and Mumby 2012, Brandl and Bellwood 2016) as it is

capable of removing large quantities of algal turfs (Marshall, Mumby unpublished observational and
experimental data from Palau), it derives nutrition from combing detritus trapped in algal turfs rather

than acting as a primary consumer of turf algae (Choat and Bellwood 1985). Thus, turf algal

productivity may=be decoupled from nutritional value for several of the major herbivore groups,
which would in part explain the lack of clear relationships among bottom-up drivers and herbivore

biomass observed in the present study.

From a topsdownsperspective, coral reef fishes are typically subjected to intense predation, especially

by mid-trophic-level piscivores targeting recruiting fish (Almany 2004, Heinlein et al. 2010, Feeney

et al. 2012), and high levels of predator biomass can result in smaller sizes and reduced longevity in

adult herbivores (Ruttenberg et al. 2011). Predator densities exhibited a strong east-west divide, with

western sitesssupporting an average 17-fold higher biomass. The underlying drivers for the east vs
west divide in predator biomass is unclear, but the profound difference has been consistent over the
past 15 years of surveys throughout the archipelago and exhibits no seasonal trends (PJM, YG, pers.
obs.). Predators were dominated by transient predators, including snappers (Lutjanidae), jacks

(Carangidae) and cornetfish (Fistularidae), that have previously been documented to prey on new
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recruits (Hixon and Carr 1997, Sancho et al. 1997). In particular, the high biomass of sharks

(particularly Carcharhinus amblyrhynchos) appears to be related to habitat preference for high tidal

flow promontories on the west of the archipelago (Vianna et al. 2013), while the higher densities of

Serranidae and Lutjanidae may be related to proximity to spawning aggregations on the west of the
archipelago (€olin 2012). From a behavioural perspective, that such a high biomass of herbivores
coexists with high"predator biomass is perhaps surprising given that the foraging of surgeonfish and

rabbitfishes is‘reportedly affected by the presence of predators (Rizzari et al. 2014), and that field

observations suggest that surgeonfish (including Acanthurus lineatus, a species common in high
predator biomass sites) actively flee territories when large predatory carangids are present (Robertson

et al. 1979).

In principle, fish may cope with higher predator densities if structural refugia are available (Hixon

and Carr 1997;"Nash et al. 2013, Rogers et al. 2014). Yet the complexity of reefs associated with high

herbivore densities” was unremarkable and lower than several other sites. Thus, not only were
herbivores in|close proximity to many potential predators but their opportunities to shelter were
limited. Two mechanisms might explain the apparent weakness of top-down forcing. First, even
solitary fishes were observed to form transient schools during predator ambush events that typically
started withrlargecarangids, closely followed by large labrids (e.g., Cheilinus undulatus) and reef
sharks (PJM, pers: obs). Thus, schooling offers a means of reducing predation risk as it does in
pelagic environments. Moreover, the low structural complexity of such reefs may aid the detection of

ambush events (sensu Rilov et al. 2007). A second mechanism is that some of the larger herbivorous

species could attain a size escape from predators as has been described for Caribbean parrotfishes

(Mumby et al: 2006).

In the absence of clear top-down and bottom-up drivers, other ecological and environmental drivers
may influence herbivore biomass. Coral cover and total grazeable cover have previously been

correlated withgherbivore biomass (Williams and Polunin 2001, Mumby et al. 2013a), although

neither appears,to.have a measurable effect in the present study. Similarly, measured in-situ turf
heights and turficover at each site were a poor predictor of herbivore biomass. The highest in-situ turf
heights were reécerded at high exposure and low herbivore biomass sites on the east of the
archipelago, which highlights the importance of herbivory in regulating turf canopy heights at

exposed higher productivity sites (Mumby et al. 2013a). While we recorded high wave exposure in

the eastern sites during the study period from the north-eastern trade winds (December to March), the

Palau archipelago experiences a seasonal transition to predominantly south-west monsoonal winds
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between June to October (Appendix S1: Figure S1). Yet, multi-year monitoring of herbivore
assemblages on the eastern sites (Appendix S1: Figure S5) indicates that herbivore assemblages are
temporally stable and do not experience corresponding seasonal switches. Further, herbivore biomass
was not significantly related to wave exposure, despite higher turf productivity at higher exposures on
the eastern sites. Finally, higher herbivore biomass at the south-western sites is unlikely to reflect
ephemeral spawning aggregations, as studies on the eastern reefs of the archipelago (site #1 in our
study) indicate“that*two of the most common species in our surveys (C. striatus and C. spilurus)

migrate no mere than 100 to 200 m from territories to spawn (Hamner et al. 2007).

We hypothesize that the carbonate bank geomorphology that characterises sites in the south-west of
the archipelago may constitute a cross-habitat food subsidy that drives elevated herbivore biomass. At
low tides, reef flat environments adjacent to reef slopes at carbonate bank sites are emergent, which
prevents the establishment of territories by the grazing surgeonfish C. striatus, A. nigricans, and A.

lineatus that are'typically dominant in reef flat environments (Robertson et al. 1979). Previous studies

of A. lineatus indicate that during low spring tides, individuals that had established inter-tidal
territories on the reef flat are forced into reef slope environments (Craig 1996). Our observations
confirmed that reef fish were not maintaining territories when the emergent (to semi-emergent) bank
became inundated-From an ecological perspective, emergent reef flats have three characteristics that
make them a highly desirable foraging ground for fishes on the reef slope. First, being a shallow reef
flat habitat, it has moderate to high levels of primary productivity (Hatcher 1990), and potentially
represents a seurce of high organic detritus that is likely to be favoured by herbivores (Purcell and

Bellwood 2001). Second, given the tidal range and emergent nature of the habitat, its resources are

not defended by resident territorial fishes that can interfere with foraging by non-territorial

individuals (Rebertson et al. 1979). Third, it lies in close proximity (within tens of metres) to the

main reef slopepwhich permits foraging excursions when the tide is sufficiently high. We observed
such excursions to the outer reef flat for multiple species including surgeonfish (A. triostegus, A.
olivaceus, C. striatus, A. nigricans, A. nigrofuscus, N. literatus) and parrotfish (C. spilurus, S.
globiceps, and S. psittacus). The trophic importance of subsidies across habitat boundaries can be

substantial (Marczak et al. 2007), and further studies are needed to quantify the extent of inter-tidal

reef flat subsidies.

At a seascape scale, our analysis indicates that the Palau archipelago represents a spatial mosaic of
diverse habitat types, including forereefs, reef flats, patch reefs, and backreef habitats dominated by

turf algae, macroalgae and seagrass beds (Figure 7). At the assemblage level, herbivores exhibited
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clear geographic partitioning: four clusters were evident at the 50% similarity level that correspond to
geographic groups separated by tens of kilometres: inner-eastern, outer-eastern, western and south-
western sites. While all sites were located in barrier reef environments at 6 - 9m depth, significant
differences exist in habitat heterogeneity at the seascape scale and reef geomorphology (Maragos and

Cook 1995, Donaldson 2002). Inner-eastern sites were located on fringing barrier reefs adjacent to

high islands, with eéxtensive seagrass beds in the backreef; outer-eastern sites were located on a short
section of barrierréef-with narrow lagoonal and backreef environments, western sites were located on
an extensive barrier reefs adjacent to extensive lagoonal habitats with diverse patch reefs, south-west
sites are located on carbonate banks characterised by narrow emergent reef flats adjacent to low
islands and extensive seagrass habitats in neighbouring backreef habitats (Figure 7). Such strong
geographic structuring of herbivore assemblages suggests geomorphology and habitat heterogeneity

at a seascape scale (i.e. diversity and size of adjacent habitats) as a key driver of herbivore

assemblage composition, as has previously been implicated for fish assemblages (Pinca et al. 2012,

Taylor et al. 2015y Heenan et al. 2016). Indeed, habitat heterogeneity has previously been implicated
as a strong driverof fish diversity in the Palau archipelago, with higher species richness recorded in
the western and south-western sites than eastern sites due to the extensive reef development and

proximity to the expansive lagoon (Donaldson 2002).

Theoretically, geemorphology and habitat heterogeneity can exert an indirect influence on fish
assemblages 1n at least two ways. First, the spatial distribution of reefs can influence physical
oceanographig, patterns, in turn generating eddies that enhance retention of pre-settlement fish

(Burgess et al. 2007). In Palau, hydrodynamic modelling indicates that larval retention is spatially

patchy at an archipelago scale, with high levels of larval retention in the lagoon and western reefs

(Golbuu et al.#2012). Secondly, adjacent habitats in coral reef seascapes (e.g. seagrass, mangroves,

backreef habitaty=fringing nearshore reefs and lagoons) can act as nursery habitats in Indo-Pacific

ecosystems (Bellwood and Choat 1989, Aswani and Hamilton 2004, Unsworth et al. 2007, DeMartini

et al. 2013), contributing to fish density and diversity on adjacent coral reefs (Dorenbosch et al.

2005a). Studies of lagoonal habitats in Moorea indicate that juvenile parrotfish recruit to fringing and
backreef nursery habitats, and migrate to reef-slopes habitats after reaching a length of ~10 cm

(Adam et al. 2011). Similarly, juvenile parrotfish (B. muricatum, C. spilurus, Hipposcarus longiceps,

S. ghobban & S. schlegeli) have been recorded in branching Acropora habitat in lagoonal fringing

reefs (Hamilton et al. 2017) and seagrass beds adjacent to coral reef habitats (Dorenbosch et al.

2005b, Unsworth et al. 2007), while juvenile acanthurids have been reported from seagrass beds
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(Dorenbosch et al. 2005a), nearshore fringing reef (Lecchini and Galzin 2005) and lagoonal habitats

(Mellin et al. 2007). While some juvenile rabbitfish species appear to exert strong levels of site

attachment (Bellwood et al. 2016), other reef-species (e.g. S. spinus and S. stellatus) are found in

adjacent seagrass habitats (Gell and Whittington 2002, Shibuno et al. 2008). Thus, the configuration

of the seascape and proximity of nursery habitat to forereef sites can influence the biomass of

herbivorous fish either directly through habitat use (e.g. Aswani and Hamilton 2004), or because their

predators or competitors benefit from such nurseries (Harborne et al. 2016).

At an assemblage level, potential insight into geographical clustering and can be drawn from species
ecology in terms of resource use, and habitat preference. For example, inner-east sites had higher
densities of the siganids Siganus vulpinus and Siganus stellatus, and the acanthurid Zebrasoma
scopas. In general, siganids are able to exploit crevices microhabitats more efficiently than

acanthurids, and*feed within structurally complex and less accessible areas of reef (Fox and Bellwood

2013). With a"small body size and elongated rostrum compared to other acanthurids, Z. scopas is

adapted to feeding in crevices (Robertson et al. 1979). The higher densities of these three species

seems likely to be related to their ability to exploit unique microhabitat niches within the expanses of
branching Acropera spp. at the inner east sites. While herbivores are commonly broadly separated
into functional"groups, remarkable diversity in feeding preference exists within groups and families

(e.g. Choat et al..2002). Thus, the relatively high density of specialists such as S. spinus at outer

eastern sites may reflect differences in food availability among sites, as S. spinus exhibits strong

preferences for habitats with specific algal types including red and green algae (Bryan 1975, Hoey et

al. 2013), although the precise nutritional targets are unclear. Environmental filtering may also

influence the behaviour and distribution of herbivores on coral reefs (Bejarano et al. 2017). Higher

densities of A.dlineatus on the western sites are consistent with previous studies indicating preference

for sites notdirectly-exposed to prevailing winds (Choat and Bellwood 1985).

While site and.environmental differences appear to explain some of the variance in assemblage
composition, ,geegraphic variance may be unrelated to resources within sites. As highlighted
previously, thesproXimity of sites in the south-western reefs to emergent tidal reef flat subsidies may
play a resource structuring effect on herbivore assemblages. At archipelago scales, the distribution of
the parrotfish Scarus schlegeli is strongly associated with outer eastern sites, and largely absent from
the western sites. Yet, the diet of S. schlegeli overlaps with that of C. spilurus and C. microrhinos

(Choat et al. 2002) that are abundant on the western sites, indicating that resource availability is likely

not to be a limiting factor in their distribution. Across Micronesia, Sc. schlegeli exhibits a preference
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for island types with fringing reefs and limited back-reef or lagoon (Taylor et al. 2015), which is

consistent with our finding that S. schlegeli are predominant in the outer east sites with poorly
developed back reefs and narrow lagoons (Figure 7). Similarly, S. rubroviolaceus is frequently

observed across Micronesia at sites with steep vertical walls (Taylor et al. 2015), which is consistent

with higher densities on the western sites close to vertical drop-offs and a paucity on eastern sites in
our study. In the absence of clear top-down, bottom-up or environmental drivers, the high biomass of
large excavatmgeandsscraping parrotfish (C. microrhinos, C. ocellatus and S. prasiognathos) in the
south-westerngsites may reflect proximity to the abundant and diverse mosaic of seagrass and patch

reef nursery habitats (Unsworth et al. 2007, Adam et al. 2011) in the south-west of the archipelago

(Figure 7). Indeed,ssurveys of patch reefs in the western lagoon indicate the presence of juvenile C.

ocellatus and Sc. jprasiognathos (GR & PJM unpublished data).

Our results highlight an emerging picture of the role of habitat heterogeneity and reef geomorphology

in structuring reeffish assemblages (Pinca et al. 2012, Taylor et al. 2015). Here, we show that these

effects appeat to dwarf the importance of habitat complexity, primary productivity and predator
density — at least at an archipelago scale. We provide a mechanistic hypothesis to account for some of
these geomorphological effects (food subsidy) but this warrants further testing. The structuring role
of geomorphology-has been studied in many terrestrial systems and can influence the species richness

of plant assemblages at landscape scales (Nichols et al. 1998, Rose and Malanson 2012). In terrestrial

ecosystems, habitat heterogeneity has also been shown to be a strong predictor of species richness of
forest birds (Boecklen 1986), and plays a key role in structuring avian communities in grassland

habitats (Wiens 1974).

As key functional“groups of herbivorous fish play important roles in the prevention and possible

reversal of phase shifts (Green and Bellwood 2009), our finding that herbivore communities are

influenced by, habitat heterogeneity has potential implications for ecosystem functioning. For
example, key  species of Siganidae that exhibit a strong preference for feeding on the phaeophyte

Sargassum macroalgae (Mantyka and Bellwood 2007b, a, Cvitanovic and Bellwood 2009) were

strongly associated with eastern barrier reefs. Similarly, excavating parrotfish (namely Chlorurus
microrhinos) thatyplay an important role in coral reef resilience by actively eroding reef substrates

and opening up substrates for coral recruitment (Green and Bellwood 2009, Davis et al. 2017) were

preferentially associated with western barrier reef sites and emergent carbonate banks and were
depauperate from the eastern reefs. Thus, geographic partitioning of herbivore communities driven by

habitat associations at archipelago scales may intrinsically affect the resilience of reefs following
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disturbance. From a management perspective, the variability in herbivore communities throughout the
Palau archipelago appears to be indirect and unpredictable, unlike predictable responses to

environmental gradients such as wave exposure (e.g. Roff et al. 2015, Bejarano et al. 2017). While

the paradigm of mangrove and seagrass nursery habitat for parrotfish has been primarily described
from Caribbean reefs, evidence suggests that adjacent lagoonal, seagrass and nearshore habitats act as

nurseries for asfange of common Indo-Pacific herbivores (Aswani and Hamilton 2004, Dorenbosch et

al. 2005a, Unsworth=et al. 2007, Adam et al. 2011). Further studies focusing on the dependence

herbivores ongspecific nursery habitats and subsequent movement across habitats will be likely be

critical to understanding patterns of herbivory at seascape scales.
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962  Table 1 Summary of SIMPER results for density and biomass of herbivore assemblages across the biogeographic groups (contributions

963 less than 90% are not displayed). Density and biomass are presented as mean =+ standard error for each biogeographic grouping.

964
Characteristic Inner East Outer East West Southwest
Density (no./m”) 02+£0.1 02+0.1 02+£0.1 02+£0.1
Average similarity (%) 67.9 69.0 65.4 69.6

Species (contributionj»%)

Ctenochaetus striatus (22.7)
Chlorurus spilurus (19.8)
Zebrasoma scopas (18.5)
Siganus vulpinus (7.8)
Scarus niger (6.8)

Scarus dimidiatus (4.5)
Naso lituratus (3.6)

Siganus stellatus (3.1)
Acanthurus pyroferus (2.5)
Siganus doliatus (1.6)

Ctenochaetus striatus (28.9)
Chlorurus spilurus (17.0)
Zebrasoma scopas (8.6)
Naso lituratus (8.3)
Acanthurus nigricans (7.1)
Scarus niger (5.7)

Scarus schegeli (5.3)
Scarus spinus (4.9)

Scarus corallinus (3.6)

Siganus puellus (2.3)

Ctenochaetus striatus (28.8)
Acanthurus nigricans (21.8)
Zebrasoma scopas (10.6)
Chlorurus spilurus (9.8)
Scarus niger (9.3)

Naso lituratus (9.1)

Cetoscarus ocellatus (5.4)

Ctenochaetus striatus (29.2)
Acanthurus nigricans (15.1)
Zebrasoma scopas (8.1)
Chlorurus spilurus (77.5)
Scarus prasiognathos (7.1)
Cetoscarus ocellatus (6.3)
Acanthurus pyroferus (5.6)
Scarus niger (3.9)

Siganus puellus (3.4)
Scarus dimidiatus (3.4)

Naso lituratus (3.1)

Biomass (g/mz)

10.7+2.2

17.6 £ 1.6

139+1.2

529+59

Average similarity (%)

64.1

63

56.1

59.6

Species (contribution; %,

Ctenochaetus striatus (23.3)
Chlorurus spilurus (20.0)
Zebrasoma scopas (13.6)
Scarus niger (7.9)

Siganus vulpinus (6.8)
Scarus dimidiatus (5.5)
Naso lituratus (4.9)

Siganus stellatus (2.6)

Ctenochaetus striatus (28.0)
Chlorurus spilurus (17.2)
Naso lituratus (12.1)
Scarus niger (7.2)

Scarus schegeli (6.5)
Zebrasoma scopas (5.9)
Acanthurus nigricans (5.4)

Scarus spinus (4.7)

Ctenochaetus striatus (24.7)
Acanthurus nigricans (19.4)
Naso lituratus (12.8)
Scarus niger (12.4)
Cetoscarus ocellatus (8.7)
Chlorurus spilurus (8.1)

Zebrasoma scopas (6.7)

Ctenochaetus striatus (22.8)
Cetoscarus ocellatus (14.25)
Scarus prasiognathos (13.3)
Acanthurus nigricans (10.8)
Chlorurus spilurus (6.4)

Chlorurus microrhinos (5.6)
Scarus rubroviolaceus (5.5)

Zebrasoma scopas (4.2)
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Siganus doliatus (1.5) Scarus corallinus (2.3) Scarus dimidiatus (4.1)

Siganus puellus (2.2) Naso lituratus (4.1)

965
966

967 Table 2 Summary of results from distance based linear modelling (DistLM) of key drivers of herbivore assemblage composition. SS =
968 sum of squaresy Prop = proportion of variance explained, Cum = cumulative proportion of variance explained, Adj R* = proportion of

969  variance explained adjusted by the number of independent variables, df = degrees of freedom.

Variable Adj R2 SS Pseudo-F P Prop Cum df
Marginal tests
Exposure
1276.9 1.557 0.115 0.09
Grazeable cover
1493.6 1.852 0.077 0.10
Structural.eomplexity
1471.7 1.822 0.072 0.10
In-situ turftheight
2822.6 3.902 0.005 0.20
Net turf growth
1032.9 1.237 0.292 0.07
Coral coyer
1413.3 1.742 0.076 0.10
Sequential tests
+ Exposure
0.03 1276.9 1.557 0.121 0.09 0.09 16
+ Grazeable cover
0.06 1203.2 1.515 0.136 0.08 0.17 15
+ Structural complexity
0.12 1473.6 1.975 0.076 0.10 0.27 14
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970

+ In-situ turf height

0.29 2614.8 4.342 0.002 0.18 0.46 13
+ Net turf growth

0.23 38.329 0.059 1 0.00 0.46 12
+ Coral cover

0.22 565.78 0.861 0.575 0.50 11
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988
989

990
991
992

Figures

Figure 1 Study sites on the western and eastern sides of the Palau archipelago (inset), and wave

exposure, benthic cover (pie charts) and in-situ turf height measurements (bar plots).

Figure 2 Site.level variability in herbivore density according to a) family groups, b) functional

groups, and hérbivore biomass according to c¢) family groups, and d) functional groups.

Figure 3 a) representative photograph of the experimental tile setup within herbivore exclusion cage
3 days following.deployment, b) representative photographs of low and high exposure tiles 10 days
following deployment, non-linear response of exposure driven net primary production (NPP, g"' m™
day™) with wave exposure, d) non-linear response of exposure driven net turf canopy growth (mm’

day™) with wave exposure.

Figure 4 Biomass of predatory fish (g m'z) according to a) size class (< 50 cm, 50 - 100 cm, >100
cm) and b) family, group (Carcharinidae, Lutjanidae, Carangidae, Lethrinidae, Fistularidae, and

‘other’).

Figure 5 Relationship between herbivore biomass and a) Net turf growth, b) Net primary production,
¢) in-situ measuredsturf height, d) wave exposure, e) structural complexity, and f) predator biomass (£

SE, circles = east sites, square = west sites).

Figure 6 a) Principal Coordinates Ordination (PCoA) of sites and biogeographic split (50% similarity
level), b) geographic location of sites according to PCoA clustering, c) distance-based redundancy

analyses (dbRDA)werdination of herbivore species and environmental drivers.

Figure 7 Seascape patterns and habitat heterogeneity among sites in the Palau archipelago (Battista et
al. 2007), and representative cross shelf profiles of the two different geomorphology types (barrier

reefs and emergent.carbonate banks flats).
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