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Abstract

Coral reefs are highly productive ecosystems, with much of this productivity arising from the
algal turfs which cover the hard reef substratum. This productivity can flow up the food chain
through herbivorous fishes, to be harvested by humans as fishable biomass. However, algal
turfs exist on a spectrum of forms from short productive algal turfs (SPATS), to long
sediment-laden algal turfs (LSATS). The latter are increasingly likely to typify Anthropocene
coral reefs, however, we have a limited understanding of their nature and potential
productivity. We assessed the nature of algal turfs in terms of length, biomass, relative
detritus content, and productivity across a sediment load gradient, from SPATSs to LSATS, at
two reefs separated by more than 450 km along Australia’s Great Barrier Reef (GBR).
Furthermore, to assess the capacity of sediments to shape productivity, we modelled algal turf
productivity, as a function of sediment load, across multiple spatial scales in a Bayesian
framework. We recorded precipitous declines in both the productivity of algal turfs, and the
relative nutritional value of particulates, up to sediment loads of ~100 g m. However, algal
turf biomass did not change with sediment loads. This appears to reflect a shift in algal
community composition from short, high-biomass, highly-productive algae at low sediment
loads, to longer, low-biomass, less productive algae at high sediment loads. Importantly,
these relationships provide a robust framework for estimating algal turf productivity on coral
reefs. Indeed, when we applied our models to known sediment loads, we reveal that sediment
loads alone can fully explain observed algal turf productivity gradients across multiple spatial
scales. In an era of global climate change and coral reef reconfiguration, algal turf sediments

may hold the key to maintaining benthic productivity on coral reefs in the Anthropocene.
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1. Introduction

Paradoxically, coral reefs exist as highly productive ecosystems within nutrient poor
waters (Adey and Goertemiller, 1986; Brandl et al., 2019b; Darwin, 1842). A paradox that is
highlighted by the algae that inhabit coral reefs, which maintain high productivity under such
conditions (Adey, 1998; Hatcher, 1988; Steneck, 1997). This productivity in turn supports
core trophic pathways on coral reefs, including energy transfer up the food chain through
herbivorous fishes (Kelly et al., 2017; Russ, 2003). Ultimately, this productivity is often
harnessed by humanity, with millions of people globally relying on coral reefs to produce
fishable biomass to meet basic subsistence needs (Moberg and Folke, 1999; Woodhead et al.,
2019). However, coral reefs are changing fast and transitioning to lower-coral cover
configurations (Bellwood et al., 2019a; Bruno et al., 2019; Hughes et al., 2017). If we are to
sustain key services from these highly-altered systems, it is vital to understand, and quantify,
the nature of core ecosystem functions, such as benthic productivity, in these modified

systems (Bellwood et al., 2019b; Brandl et al., 2019a; Hughes et al., 2017).

Algal turfs epitomise the highly productive nature of algae on coral reefs and, in many
cases, they are the primary contributors to benthic productivity in these systems (Carpenter,
1985; Hatcher, 1988; Klumpp and McKinnon, 1992). Importantly, we are likely to witness a
rise, globally, in the coverage of algal turfs on climate change-modified coral reefs (Tebbett
and Bellwood, 2019). This is because: a) on many coral reefs algal turfs are already a major
benthic covering (Donovan et al., 2018; Smith et al., 2016; Wismer et al., 2009), b) algal turfs
readily colonise dead coral substrata following primary colonisation by cyanobacteria (Diaz-
Pulido and McCook, 2002), and c) they are highly stress-tolerant (Hay, 1981; Steneck and
Dethier, 1994) and future climate change conditions even appear to be advantageous to algal
turfs (Bender et al., 2015; Johnson et al., 2017). Understanding the capacity of algal turfs to

sustain productivity on Anthropocene coral reef systems is of critical importance (Bellwood
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et al., 2019a; Brandl et al., 2019a). However, this capacity may be shaped by the other

stressors faced by coral reefs, foremost among these is sediments.

After climate change, increased sediment inputs are widely identified as one of the
major threats to coral reefs (Bainbridge et al., 2018; Fabricius, 2005; Magris and Ban, 2019),
with 50% of the world’s reefs at risk of increased terrestrial inputs (Burke et al., 2011). These
sediments often become trapped within the complex structure of algal turfs (Connell et al.,
2014; Latrille et al., 2019); an interaction that is likely to intensify as climate change reduces
the topographic complexity of reefs (Tebbett et al., 2020). It is these sediments that appear to
shape the nature of algal turfs, as they can reduce herbivory and lead to a transition from
short productive algal turfs (SPATS) to long sediment-laden algal turfs (LSATS) (sensu
Goatley et al., 2016). Recently, experimental evidence highlighted that a causal relationship
exists between sediment loads in algal turfs and algal turf productivity, in terms of the
potential yield to herbivorous fishes, with increasing sediments reducing yields (Tebbett et
al., 2018). However, this study was experimental and undertaken on a pre-bleached coral
reef. We lack a clear understanding of sediment-algal turf productivity relationships under the

current scenarios on highly-altered post-bleached coral reefs.

Clearly a comprehensive understanding of the interaction between sediments and
productivity is necessary if we are to sustain critical ecosystem functions on Anthropocene
coral reefs. The aim of this study, therefore, is to investigate the nature of algal turfs and their
productivity across a range of algal turf conditions and associated sediment loads under field
conditions on climate-impacted reefs. This relationship will, therefore, be investigated on two
disparate reefs with recent histories of stressors that foreshadow the future of many coral
reefs and, in doing so, will provide a framework for estimating algal turf productivity on such
disturbed systems. We will then apply these empirical data, via a Bayesian modelling

framework, to existing datasets to examine algal turf productivity, as a function of sediment



97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

load, across multiple spatial scales; from centimetres within reef habitats to among reefs
spanning the entire continental shelf of the Great Barrier Reef (GBR). The overarching goal
of this study is to document, and provide a framework for estimating, spatial patterns in algal
turf productivity, and to explore the role that sediment may play in shaping patterns in this

key process on Anthropocene reefs.

2. Materials and methods

2.1 Study sites

This study was conducted between March and April 2019 at Lizard Island in the
Northern GBR, and April and May 2019 at Orpheus Island in the Central GBR (Fig. S1).
Lizard Island is a mid-shelf reef located approximately 30 km from the mainland, while
Orpheus Island is an inner-shelf reef located approximately 15 km from the mainland. As the
influence of terrestrial sediment inputs, and the nature of sediment dynamics, varies across
the continental shelf (Fabricius et al., 2014; Tebbett et al., 2017) these two islands can
provide differing insights into how sediment dynamics may influence algal turf productivity.
Furthermore, each island has been subject to different stressors including coral bleaching,
cyclone impacts, and sediment disturbances (Goatley et al., 2016; Gordon et al., 2016;
Wismer et al., 2019). At each island we had two sites, each within leeward facing bays (Fig.
S1), and at each site we focused on the shallow-water (0-5 m below chart datum) habitat
stretching from the crest to the mid-flat. This shallow-water habitat was selected as it
represents the most productive and ecologically relevant habitat on climate-reconfigured
coral reefs (Bellwood et al., 2018). For details of the herbivorous fish community at each site

see supporting information (Text S1; Table S1).
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2.2 Field sampling

At each site productivity was measured in terms of the change in turf length using a
standard caging technique (following Roff et al., 2018; Russ, 2003). At each site, 26-32 flat
(~<15° from horizontal) areas of consolidated reef matrix were selected. Selected sampling
locations were covered in algal turfs, outside the territories of damselfishes, and free of
sediment-retaining pits, macroalgae and encrusting organisms. Locations were each covered
in herbivore exclusion cages constructed from 12 x 12 mm stainless steel mesh and measured
140 x 140 x 100 mm (L x W x H) with a 50 mm fringe. Cages of this nature have been used
extensively in prior experiments (e.g. Bonaldo and Bellwood, 2011; Clausing et al., 2014;
Fong et al., 2018; Latrille et al., 2019) and cage effects on the nature of algal turfs have been
rigorously examined (Tebbett et al., 2018). Immediately prior to caging, 10 haphazardly
selected algal turf filaments were measured using the depth probe of vernier callipers and
recorded by pushing the tips of the callipers into saltwater-resistant pressure-sensitive poster
adhesive (Blu-tack). Indentations were then measured in the lab using digital callipers
yielding an average algal turf length for each caged location (reviewed in Tebbett and
Bellwood, 2019). Cages were then positioned over the measured area and the fringe was
contoured to the reef substratum and nailed to hold it in place. The distance of each cage from

the reef crest was also recorded.

Cages were left in place for five days. As algal turfs can grow rapidly in the absence
of herbivorous fishes (Bonaldo and Bellwood, 2011) this time was sufficient to examine
changes in length while minimising potential caging effects. Following the removal of cages,
algal turf length was remeasured (as above) yielding the change in algal turf length over 5
days (i.e. the average starting length of algal turf filaments was subtracted from the average
length after 5 days of caging). Sediments trapped within the algal turfs were then sampled

from within a 58 cm? PVC ring using a submersible electronic vacuum sampler (modified
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after Purcell, 1996). The sediment and algal turf community on an identical area of reef
substratum adjacent to the caged area (i.e. open to herbivorous fishes) was also sampled, as
above, during the 5 day deployment period, generally upon deployment of cages, to provide
data on relationships between sediment, algal turf length, algal turf biomass and detritus
levels in the presence of herbivores. Algal turf biomass was sampled after sediment collection
by removing and collecting the algal turf community using the vacuum sampler. This was
achieved by using a steel tube fitted to the intake hose of the vacuum sampler to scrape the
substratum to a depth of ~1 mm. Dislodged algal material was then collected in a 220 um
mesh filter fitted between the tube and the electronic pump. Algal filters were then sealed and
placed on ice. Once on land the material from the filters was rinsed with freshwater, placed

into vials and frozen prior to laboratory processing.

2.3 Sample processing

To fix organic material, 15 ml of 4% buffered formaldehyde was added to the
sediment samples. Each sample was then transferred into a 9 | container and left for 3 h,
before decanting the water, to allow particulate material >10 pm to settle (Purcell, 1996). All
samples were then transferred to 120 ml sample jars and wet sieved through a 2 mm stainless
steel mesh so that only material <2 mm was retained (sands, silts and clays; 1SO 14688-
1:200). To remove salts, each sample was then rinsed with freshwater three times, leaving at
least a 3 h settling period between rinses. Samples were then dried to a constant weight at
60°C and weighed to 0.0001 g to yield total benthic particulate mass. Organic material was
then removed from the samples by bleaching them for at least two weeks using 30%
hydrogen peroxide (H20.). Samples were stirred, and fresh solution was added on a regular
basis. Samples were then re-dried and weighed, as above, yielding total sediment mass, and
the proportion, by mass, of organic particulate material in benthic particulates. Each frozen

algal turf sample was thawed, dried to a constant weight at 60°C and then weighed to 0.0001
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g. Organic algal material was then removed from each sample by bleaching, as above. Each

sample was then re-dried and re-weighed, as above, yielding total organic algal biomass.
2.4 Statistical analysis

Initially we examined the relationship in algal turfs adjacent to caged plots between a)
algal turf length, algal turf biomass and the proportion of detritus in benthic particulates (as
an indication of the relative nutritional value of particulates) and b) algal turf sediment load;
using Bayesian generalised linear mixed effects models (GLMMs). In all models sediment
load (g m: continuous factor, logged), and island identity (categorical factor) were fitted as
fixed factors with an interaction term, while site identity was treated as a random factor to
account for the lack of spatial independence among samples. The model assessing algal turf
length used a lognormal distribution (gaussian with a log-link), biomass used a Gamma
distribution with a log-link, while the model assessing the proportion of detritus used a Beta
distribution with a logit-link. In all cases weakly informative priors were used (see Table S2
for prior details and chain specifications for each model). Model convergence, fit and
assumptions were assessed using trace plots, autocorrelation plots, rhat plots, posterior
predictive checks, effective sample sizes and residual plots, all of which were satisfactory.
Furthermore, we checked for any effect of the distance of plots from the reef crest by
regressing the residuals of each model against this factor to examine patterns. No patterns

were revealed.

The relationship between algal turf productivity and initial algal turf length was also
examined using a Bayesian GLMM, as above. Algal turf productivity was based on the linear
extension of algal turfs (i.e. mm of growth day™). Only positive growth was considered in the
model (9 of the 120 plots recorded negative growth and these were excluded from further

analysis. This was because: a) these may have been due to measurement errors [departure
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from 0 growth was small, <0.3 mm dayin all cases], b) the inclusion of these values would
have heavily limited modelling options, and c) they could have been influenced by small
invertebrate grazers/small herbivorous fishes that could have entered through the 12 x 12 mm
mesh). In this model initial algal turf length (mm; continuous factor, logged) and island
identity were fitted as interacting fixed factors, while site was fitted as a random factor. The
model was based on a lognormal distribution. Furthermore, as the driver of algal turf
productivity appears to be sediments (Tebbett et al., 2018), rather than turf length, we wanted
to specifically examine the relationship between productivity and algal turf sediment load.
Unfortunately, exploratory data plots suggested that final sediment load in the algal turfs was
a poor predictor and may have been influenced by algal growth and caging effects. We
therefore built a model to predict initial sediment load as a function of initial algal turf length
(see Text S2). We then used these predicted sediment loads (g m; continuous factor, logged)
in place of initial algal turf length in a second Bayesian GLMM with a lognormal distribution
(as above), to examine the relationship between algal turf productivity and estimated initial
sediment load. All statistical analysis were performed in the software R (R Core Team, 2018)
using the rstanarm (Goodrich et al., 2018), brms (Burkner, 2017), bayesplot (Gabry and
Mahr, 2018), tidybayes (Kay, 2019), tidyverse (Wickham, 2017) and emmeans (Lenth, 2019)

packages.
2.5 Model application

Previous studies have shown that algal turf productivity can vary considerably across
the continental shelf of the GBR and among reef habitats (Klumpp and McKinnon, 1992;
Russ, 2003; Russ and McCook, 1999), while Tebbett et al., (2020) suggested that it might
also be influenced by topographic complexity at small spatial scales. However, evidence
suggests that while hydrodynamics and coastal influences may be the primary drivers of

productivity, these patterns are mechanically linked to variation in algal turf sediment loads
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across the same spatial scales (i.e. the ultimate driver may be hydrodynamics, however this
influences productivity by shaping the proximal driver — sediment loads) (Purcell and
Bellwood, 2001; Tebbett et al., 2020, 2017). Therefore, to examine the potential impact of
sediment loads on algal turf productivity across different spatial scales, we applied our model
to published algal turf sediment load data across: a) topographic complexity within a reef
habitat, b) across reef habitats, and c) across the continental shelf of the GBR. For variation
across topographic complexity, 100 algal turf sediment loads were estimated (based on 0.13
to 0.72 m of elevation above the reef substratum for horizontal algal turf sites; data from
Tebbett et al., (2020). Data on algal turf sediment loads from reef crest, fore-flat, and mid-flat
habitats at Lizard Island in the northern GBR were sourced from Purcell, (2000), while data
on algal turf sediment loads from reef crests on inner-, mid-, and outer-shelf reefs across the

northern GBR were sourced from Tebbett et al., (2017).

3. Results

Increasing algal turf sediments loads had a clear effect on the nature of the algal turfs
(Fig. 1). There was a strong positive relationship between sediment load and algal turf length
(Fig. 1a). However, this relationship was dependent on the island in question with the slope
of the Orpheus Island relationship being steeper than the slope of the Lizard Island
relationship (as the 95% credibility intervals did not overlap zero this suggested the
interaction had a clear effect; Table S3). Remarkably, in terms of algal turf biomass, there
was no detectable differences between the islands and no clear relationship with sediment
load (in all cases the 95% credibility intervals overlapped zero) (Table S3; Fig. 1b). However,
there was a marked effect of sediment load on the proportion of organic particulate material

(detritus) in the total benthic particulate mass (Fig. 1c). The proportion of detritus in benthic

10
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particulates declined rapidly from 0 until an inflexion point centred around a sediment load of
~68 g m?; Fig. 1c). As the 95% credibility intervals of the model did not overlap zero this
suggested that sediment load had a clear effect on the proportion of detritus, while the models
also highlighted that there were no differences between islands (Table S3). Together these
results highlight that with increasing algal turf sediment loads, a) algal turf length increases,
b) algal turf biomass does not change, and c) relative detritus levels within the algal turfs

declines rapidly.
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lines indicate the mean predicted model fit, while the coloured lines are based on 500

12



254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

randomly selected model fits sampled from the posterior distribution. The coloured dots are
the raw data points. Note that for panel c) the dashed line indicates the inflexion point and the
x axis has been trimmed so that the trend can be seen clearly (please refer to Fig. S2b for the

full graph).

Increasing initial algal turf length and predicted initial algal turf sediment load led to
precipitous declines in the productivity of algal turfs (Fig. 2). These declines levelled off at
initial algal turf lengths of ~4-5 mm and sediment loads of ~100-200 g m2 with a clear
inflexion point at a sediment load of ~108 g m (Fig. 2). Furthermore, the model suggested
that initial algal turf length had a substantial effect on algal turf productivity as the 95%
credibility intervals did not overlap zero (Table S3). Similarly, the model suggested that
predicted sediment load had a substantial effect on algal turf productivity as the 95%
credibility intervals did not overlap zero (Table S3). In both models the credibility intervals
of the algal turf length/ predicted sediment load interaction with island identity, and the island
identity factor alone, overlapped zero, suggesting that neither the interaction nor island
identity had a substantial effect on algal turf productivity (Table S3). Overall, these results
suggest that algal turf growth slows with linear extension, and that small changes in algal turf
sediment loads can have marked effects on algal turf productivity. SPATS, therefore, can be

considered algal turfs under ~5 mm in length that contain less than ~100 g m of sediment.
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Figure 2 The relationship between algal turf productivity and a) initial algal turf length, and
b) predicted initial algal turf sediment load. The black line indicates the mean predicted
model fit, while the green lines are based on 500 randomly selected model fits sampled from
the posterior distribution. The green dots are the raw data points. Note that for panel b) the
dashed line indicates the inflexion point and the x axis has been trimmed so that the trend can

be seen clearly (please refer to Fig. S2c for the full graph).
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Clear patterns emerged when the model relating algal turf productivity to algal turf
sediment loads was applied to data describing algal turf sediments across the three spatial
scales (Fig. 3). Firstly, at the smallest spatial scale, productivity clearly increased with
increasing substratum elevation, suggesting that algal turfs on flatter reefs would be less
productive (Fig. 3a). Furthermore, marked differences in estimated algal turf productivity
occurred across reef habitats, with the highest productivity on the reef crest followed by a
marked decline across the reef flat (Fig. 3b). Finally, at the largest spatial scale, estimated
algal turf productivity varied substantially across the continental shelf of the GBR, with

noticeably higher levels on mid- and outer-shelf reef crests compared to inner-shelf reef

crests (Fig. 3c). Taken together, these patterns highlight the potential of algal turf sediments

to drive variation in algal turf productivity across multiple spatial scales.
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Figure 3 Predicted algal turf productivity across varying a) substratum elevations at Lizard
Island, Australia, b) reef habitats at Lizard Island, and c) shelf positions across the Great
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Barrier Reef, Australia. a) the black line indicates the mean predicted fit of a Bayesian model
relating algal turf productivity (mm day™) to algal turf sediment load, while the blue lines are
based on 250 randomly selected model fits from the posterior distribution. b) and c) boxplots
show the median, 25" percentiles and outliers, the crosses show the mean value, and dots are
based on 50 randomly selected predictions from the posterior distribution of a Bayesian

model relating algal turf productivity (mm day™) to algal turf sediment load.

4. Discussion

Coral reefs in the Anthropocene are expected to be typified by lower coral cover,
lower topographic complexity, and a higher coverage of algal turfs (Bellwood et al., 2019a;
Tebbett and Bellwood, 2019). These algal turfs form an interface that is closely connected
with essential coral reef ecosystem processes including coral settlement (Birrell et al., 2005;
Speare et al., 2019), herbivory (Duran et al., 2019; Kelly et al., 2017; Streit et al., 2019) and,
importantly, benthic productivity (Hatcher, 1988; Klumpp and McKinnon, 1992; Steneck,
1997). However, the state of algal turfs can range along a spectrum of sediment loads from
short productive algal turfs (SPATS) to long sediment-laden algal turfs (LSATS) (Goatley et
al., 2016). Across this spectrum, we examined the capacity of sediments to shape the nature
of algal turfs and the functions they provide (Fig. 4). Unexpectedly, we found that even at
relatively low sediment levels, there was precipitous declines in the productivity of algal
turfs, with a concomitant decrease in the relative amount of detrital particulates. As such,
even small shifts in the state of algal turfs towards LSATS, brought on by stressors such as
enhanced sediment fluxes or overfishing (Fong et al., 2018; Goatley et al., 2016; Tebbett et

al., 2018), may have considerable bottom-up effects on coral reef ecosystem processes.
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Figure 4 A conceptual diagram summarising the major changes in the nature of algal turfs on
coral reefs across a spectrum from short productive algal turfs (SPATS) to long sediment-
laden algal turfs (LSATS). Note that the nature of algal turfs in terms of productivity, and the
relative nutritional value of particulates, appears to decline rapidly from 0 to about 100 g m™
of sediment (see Figs. 1, 2 for more details). SPATSs therefore appear to end when algal turf

length exceeds ~5 mm and sediment loads exceed ~100 g m™

Our results support previous studies which have highlighted the positive relationship
between algal turf length and sediment load on coral reefs (Fong et al., 2018; Gordon et al.,
2016; Purcell, 2000), giving rise to the terms SPATs and LSATs (Goatley et al., 2016).

However, the effect of this sediment on algal turf processes, such as productivity, has

18



329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

remained relatively unexplored, particularly across large spatial scales. In exploring this
effect of various sediment loads, we highlight a fundamental shift in the productivity of algal
turfs, with rapid changes at very low sediment levels <100 g m™ (Fig. 4). Such low sediment
levels can accumulate in algal turfs in less than three days (Latrille et al., 2019; Tebbett et al.,
2018). Importantly, we also found that algal turf biomass did not change across this SPAT-
LSAT spectrum, supporting the results of previous studies on coral reefs (Purcell and
Bellwood, 2001), and subtropical rocky reefs (Airoldi and Virgilio, 1998). This lack of
change in biomass potentially offers a mechanistic explanation for the fundamental decline in
productivity. It is likely that at low sediment loads algal turf assemblages are composed of
short, high unit biomass (mass per mm), high-productivity algal taxa. By contrast, with
increasing sediment loads >~100 g m™, the composition may shift towards longer, low unit
biomass, less productive algal taxa. Visually algal turfs appear to transition from a low dense
complex algal turf community to etiolated algal filaments. Such changes in algal turf
community composition across sediment loads has been shown on subtropical rocky reefs
(Airoldi et al., 1995; Stewart, 1983), and further investigation on coral reefs, as suggested by
Harris et al., (2015), appears warranted. However, regardless of the actual mechanistic basis,
when sediment loads exceed ~100 g m it appears algal turfs enter a critical transition zone,

beyond which low productivity and low particulate nutritional value persist.

In addition to identifying changes in the nature of algal turfs across the SPAT-LSAT
spectrum, a clear outcome of our study is that it provides a way forward in terms of
estimating algal turf productivity on coral reefs, utilising a single ‘universal trait’.
Specifically, a universal trait, is a trait that can be directly related to a range of organismal
functions (Bellwood et al., 2019b). Perhaps the best example in coral reef ecology is fish
body size. Fish size is related to every known fish function (Bellwood et al., 2019b), and

quantifying this trait permits the estimation of a range of core ecosystem processes including
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nutrient cycling (Allgeier et al., 2014) and storage and production of fish biomass (Morais
and Bellwood, 2018). In our case, algal turf length appears to be a similar ‘universal trait’ for
benthic algal turfs (Fig. 4). This one trait appears to be related to many facets of algal turf
condition (Flower et al., 2017; Goatley et al., 2016; Steneck et al., 2018), including
accumulated sediment mass (the underlying driver of most processes related to algal turfs
[Clausing et al., 2014; Fong et al., 2018; Goatley et al., 2016]). Importantly, we can now
estimate productivity as a function of algal turf length and/or sediment load. This is a key
step forward in the study of benthic productivity on coral reefs. This is because length is by
far the easiest algal turf trait to measure, with established methods allowing direct

quantification rapidly across broad spatial scales (reviewed in Tebbett and Bellwood, 2019).

In the past, research into benthic productivity has been limited by the methodologies
that required expensive or technical respirometry chambers (e.g. Klumpp and McKinnon,
1992, 1989), caging techniques over extended temporal scales (e.g. Russ, 2003; Russ and
McCook, 1999), and/or relied on artificial tiles that may not be representative of natural
substrata (Hixon and Brostoff, 1985) and are likely to accumulate lower sediment loads than
natural algal turfs (Tebbett et al., 2018). Furthermore, at larger scales the application of
different methods precludes reliable comparative analysis. Due to these limitations when
‘productivity’ is included in large-scale coral reef studies, pelagic primary productivity or
other proxies such as chlorophyll-A concentration is often used (Cinner et al., 2018; Taylor et
al., 2018). However, the links with benthic productivity are often tenuous or unknown,
seriously limiting the strength of inferences relating to benthic processes (Gove et al., 2013;
Taylor et al., 2018). Our modelling framework, derived from readily measured algal turf
traits across a spectrum of naturally occurring SPATSs to LSATS, permits a direct estimation
of algal turf productivity that operates at any scale. This utility is exemplified when we

applied our models to estimate productivity at various spatial scales.
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Our estimated multi-scale patterns of algal turf productivity, as a function of sediment
load (based on models derived from our response-curves), are strongly supported by previous
empirical data. Specifically, previous studies have highlighted far higher algal turf
productivity on reef crest habitats relative to reef flats (Klumpp and McKinnon, 1989; Russ,
2003), but generally far lower productivity on inner-shelf reefs relative to mid-, and outer-
shelf reefs on the GBR (Russ and McCook, 1999; Williams et al., 1986). Furthermore, our
results support the suggestions of Tebbett et al., (2020), that enhanced algal turf sediment
accumulation on flatter, low-elevation, climate-modified coral reefs could reduce algal turf
productivity. Based on our models, it appears that gradients in algal turf sediments are able to
explain gradients in algal turf productivity across shallow water coral reef habitats. This
conclusion is underpinned by previous experimental work that established a causal
relationship between sediment loads and algal turf productivity (Tebbett et al., 2018).
Although other factors, such as light intensity, and hydrodynamic activity (an ultimate driver
of algal turf sediment loads), are undeniably important and are likely to contribute to
observed gradients in algal turf productivity (Carpenter, 1985; Hatcher, 1990; Klumpp and
McKinnon, 1989; Roff et al., 2018), our results show that, in addition to a causal relationship,
algal turf sediments are able to influence productivity to the full extent seen in natural and

disturbed systems.

Remarkably, we found limited between-island differences in the nature of algal turfs
across the range of sediment loads examined, especially in terms of algal turf productivity.
This is despite the two locations being exposed to a markedly different suite of biological
(e.g. herbivorous fish assemblages [see Table S1]) (Cheal et al., 2012), physical (e.g.
sediment resuspension, and oceanic flushing) (Brodie et al., 2012; Woolfe et al., 2000), and
anthropogenically enhanced (e.g. terrestrial inputs of nutrients) (Fabricius et al., 2014; Kroon

et al., 2012), drivers. Many of these drivers, especially nutrients, have been linked to algal
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productivity on coral reefs (Graham et al., 2018; Hatcher, 1990; Russ and McCook, 1999;
Smith et al., 2001; Williams and Carpenter, 1988). The variation in these drivers would have
been captured in our ‘island identity’ factor. However, we found minimal between-island
effects, strongly supporting studies which have suggested a limited role for top-down
processes, such as herbivory, or bottom-up processes based on nutrients (Burkepile and Hay,
2006; Russ et al., 2015). By contrast, algal turf sediment loads alone had, by far, the largest
effect on productivity. Algal turf sediment loads may therefore represent the primary driver

of algal turf productivity on coral reefs.

Unfortunately, 50% of the world’s coral reefs are at risk of increased terrestrial
sediment inputs (Burke et al., 2011). As algal turfs can represent the major reservoir of
sediments on coral reefs (Latrille et al., 2019), increased sediment fluxes to reefs may lead to
increased algal turf sediment accumulation. A process that will intensify as climate-change
reduces coral reef topographic complexity (Tebbett et al., 2020). As such, our study carries
particularly serious implications for coral reefs that are both at risk of increased sediment
accumulation and are heavily relied upon by people in subsistence fisheries. This is because
catches in many subsistence coral reef fisheries can be predominantly composed of
herbivorous and detritivorous fishes (Edwards et al., 2014; Robinson et al., 2019).
Unfortunately, if increasing algal turf sediment loads lead to declines in algal turf
productivity and particulate nutritional value, this may impose significant bottom-up effects
on the herbivorous and detritivorous fishes that rely on these nutritional resources. This
conclusion is supported by studies that have highlighted the close relationship between coral
reef herbivorous and detritivorous fish populations and algal-based nutritional resources
(Purcell and Bellwood, 2001; Russ et al., 2015; Tootell and Steele, 2016). Together, this
evidence highlights the potential capacity of algal turf sediments to shape food chains by

limiting nutritional resources.
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While fisheries productivity may be sustained on algal covered coral reef systems
(Bellwood et al., 2018; Morais and Bellwood, 2019; Robinson et al., 2019), this fishable
biomass productivity may be intimately linked to the ability of the algae to provide nutritional
resources to these fishes (Kelly et al., 2017; Russ, 2003). However, we have highlighted that
the capacity of algal turfs to provide these nutritional resources is heavily dependent upon
accumulated sediment loads. These findings come at a time when global climate change has
driven profound losses of coral cover on the world’s coral reefs, with many reefs now
covered primarily by algal turfs (Bellwood et al., 2019a; Bruno et al., 2019; Hughes et al.,
2017). As such, sustaining the functioning and productivity of coral reefs in the
Anthropocene, may be intimately intertwined with the nature of algal turfs and the sediments

they contain.

Acknowledgements

We thank C. Hemingson, T. Chase, M. Mihalitsis, H. Yan, Lizard Island research staff and
Orpheus Island research staff for field support; the anonymous reviewers for helpful
comments; and the Australian Research Council (DRB, Grant numbers: CE140100020 and
FL190100062), the Orpheus Island Research Station Morris Family Trust (SBT), and an

Australian Government Research Training Program Scholarship (SBT) for financial support.

23



451

452
453
454

455
456

457
458
459

460
461
462

463
464
465

466
467
468
469
470

471
472
473
474
475

476
477
478

479
480
481

482
483
484
485

486
487
488

489
490

References

Adey, W.H., 1998. Coral reefs: Algal structured and mediated ecosystems in shallow,
turbulent, alkaline waters. J. Phycol. 34, 393—406. https://doi.org/10.1046/j.1529-
8817.1998.340393.x

Adey, W.H., Goertemiller, T., 1986. Coral reef algal turfs: master producers in nutrient poor
seas. Phycologia 26, 374-386. https://doi.org/10.2216/i0031-8884-26-3-374.1

Airoldi, L., Rindi, F., Cinelli, F., 1995. Structure, seasonal dynamics and reproductive
phenology of a filamentous turf assemblage on a sediment influenced, rocky subtidal
shore. Bot. Mar. 38, 227-237.

Airoldi, L., Virgilio, M., 1998. Responses of turf-forming algae to spatial variations in the
deposition of sediments. Mar. Ecol. Prog. Ser. 165, 271-282.
https://doi.org/10.3354/meps165271

Allgeier, J.E., Layman, C.A., Mumby, P.J., Rosemond, A.D., 2014. Consistent nutrient
storage and supply mediated by diverse fish communities in coral reef ecosystems. Glob.
Chang. Biol. 20, 2459-2472. https://doi.org/10.1111/gcb.12566

Bainbridge, Z., Lewis, S., Bartley, R., Fabricius, K., Collier, C., Waterhouse, J., Garzon-
Garcia, A., Robson, B., Burton, J., Wenger, A., Brodie, J., 2018. Fine sediment and
particulate organic matter: a review and case study on ridge-to-reef transport,
transformations, fates, and impacts on marine ecosystems. Mar. Pollut. Bull. 135, 1205-
1220. https://doi.org/10.1016/j.marpolbul.2018.08.002

Bellwood, D.R., Pratchett, M.S., Morrison, T.H., Gurney, G.G., Hughes, T.P., Alvarez-
romero, J.G., Day, J.C., Grantham, R., Grech, A., Hoey, A.S., Jones, G.P., Pandolfi,
J.M., Tebbett, S.B., Techera, E., Weeks, R., Cumming, G.S., 2019a. Coral reef
conservation in the Anthropocene: Confronting spatial mismatches and prioritizing
functions. Biol. Conserv. 236, 604-615. https://doi.org/10.1016/j.biocon.2019.05.056

Bellwood, D.R., Streit, R.P., Brandl, S.J., Tebbett, S.B., 2019b. The meaning of the term
‘function’ in ecology: a coral reef perspective. Funct. Ecol. 33, 948-961.
https://doi.org/10.1111/1365-2435.13265

Bellwood, D.R., Tebbett, S.B., Bellwood, O., Mihalitsis, M., Morais, R.A., Streit, R.P.,
Fulton, C.J., 2018. The role of the reef flat in coral reef trophodynamics: past, present,
and future. Ecol. Evol. 8, 4108-4119. https://doi.org/10.1002/ece3.3967

Bender, D., Champ, C.M., Klinge, D., Diaz-Pulido, G., Dove, S., 2015. Effects of “reduced”
and “business-as-usual” CO2 emission scenarios on the algal territories of the
damselfish Pomacentrus wardi (Pomacentridae). PLoS One 10, e0131442.
https://doi.org/10.1371/journal.pone.0131442

Birrell, C.L., McCook, L.J., Willis, B.L., 2005. Effects of algal turfs and sediment on coral
settlement. Mar. Pollut. Bull. 51, 408—414.
https://doi.org/10.1016/j.marpolbul.2004.10.022

Bonaldo, R.M., Bellwood, D.R., 2011. Spatial variation in the effects of grazing on epilithic
algal turfs on the Great Barrier Reef, Australia. Coral Reefs 30, 381-390.

24



491

492
493
494

495
496
497
498

499
500
501
502

503
504
505

506
507

508
509
510

511
512

513
514
515

516
517
518

519
520
521
522
523
524
525
526

527
528
529

530
531

https://doi.org/10.1007/s00338-010-0704-4

Brandl, S.J., Rasher, D.B., Cété, I.M., Casey, J.M., Darling, E.S., Lefcheck, J.S., Duffy, J.E.,
2019a. Coral reef ecosystem functioning: eight core processes and the role of
biodiversity. Front. Ecol. Environ. 17, 445-454. https://doi.org/10.1002/fee.2088

Brandl, S.J., Tornabene, L., Goatley, C.H.R., Casey, J.M., Morais, R.A., C6té, .M., Baldwin,
C.C., Parravicini, V., Schiettekatte, N.M.D., Bellwood, D.R., 2019b. Demographic
dynamics of the smallest marine vertebrates fuel coral-reef ecosystem functioning.
Science 364, 1189-1192. https://doi.org/10.1126/science.aav3384

Brodie, J.E., Wolanski, E., Lewis, S., Bainbridge, Z., 2012. An assessment of residence times
of land-sourced contaminants in the Great Barrier Reef lagoon and the implications for
management and reef recovery. Mar. Pollut. Bull. 65, 267-279.
https://doi.org/http://dx.doi.org/10.1016/j.marpolbul.2011.12.011

Bruno, J.F., Cété, 1.M., Toth, L.T., 2019. Climate change, coral loss, and the curious case of
the parrotfish paradigm: why don’t marine protected areas improve reef resilience? Ann.
Rev. Mar. Sci. 11, 307-334. https://doi.org/10.1146/annurev-marine-010318-095300

Burke, L., Reytar, K., Spalding, M., Perry, A., 2011. Reefs at Risk. World Resources
Institute, Washington, DC, USA. https://doi.org/10.1016/0022-0981(79)90136-9

Burkepile, D.E., Hay, M.E., 2006. Herbivore vs. nutrient control of marine primary
producers: context-dependent effects. Ecology 87, 3128-3139.
https://doi.org/10.1890/0012-9658(2006)87[3128:HVNCOM]2.0.CO;2

Burkner, P.-C., 2017. brms: An R package for Bayesian multilevel models using stan. J. Stat.
Softw. 80, 1-28. https://doi.org/10.18637/jss.v080.i01

Carpenter, R.C., 1985. Relationships between primary production and irradiance in coral reef
algal communities. Limnol. Oceanogr. 30, 784—793.
https://doi.org/10.4319/10.1985.30.4.0784

Cheal, A.J., Emslie, M., Miller, 1., Sweatman, H., 2012. The distribution of herbivorous
fishes on the Great Barrier Reef. Mar. Biol. 159, 1143-1154.
https://doi.org/10.1007/s00227-012-1893-x

Cinner, J.E., Maire, E., Huchery, C., MacNeil, M.A., Graham, N.A.J., Mora, C.,
McClanahan, T.R., Barnes, M.L., Kittinger, J.N., Hicks, C.C., D’Agata, S., Hoey, A.S.,
Gurney, G.G., Feary, D.A., Williams, 1.D., Kulbicki, M., Vigliola, L., Wantiez, L.,
Edgar, G.J., Stuart-Smith, R.D., Sandin, S.A., Green, A., Hardt, M.J., Beger, M.,
Friedlander, A.M., Wilson, S.K., Brokovich, E., Brooks, A.J., Cruz-Motta, J.J., Booth,
D.J., Chabanet, P., Gough, C., Tupper, M., Ferse, S.C.A., Sumaila, U.R., Pardede, S.,
Mouillot, D., 2018. Gravity of human impacts mediates coral reef conservation gains.
Proc. Natl. Acad. Sci. 115, E6116-E6125. https://doi.org/10.1073/pnas.1708001115

Clausing, R.J., Annunziata, C., Baker, G., Lee, C., Bittick, S.J., Fong, P., 2014. Effects of
sediment depth on algal turf height are mediated by interactions with fish herbivory on a
fringing reef. Mar. Ecol. Prog. Ser. 517, 121-129. https://doi.org/10.3354/meps11029

Connell, S.D., Foster, M.S., Airoldi, L., 2014. What are algal turfs? Towards a better
description of turfs. Mar. Ecol. Prog. Ser. 495, 299-307.

25



532

533
534
535

536
537
538

539
540
541
542
543
544

545
546
547

548
549
550
551

552
553
554

555
556
557

558
559
560
561

562
563
564

565

566
567
568

569
570

571
572

https://doi.org/10.3354/meps10513

Darwin, C., 1842. On the Structure and Distribution of Coral Reefs: Being the First Part of
the Geology of the VVoyage of the Beagle Under the Command of Captain Fitzroy, RN
During the Years 1832 to 1836. Smith Elder, London.

Diaz-Pulido, G., McCook, L.J., 2002. The fate of bleached corals: patterns and dynamics of
algal recruitment. Mar. Ecol. Prog. Ser. 232, 115-128.
https://doi.org/10.3354/meps232115

Donovan, M.K., Friedlander, A.M., Lecky, J., Jouffray, J.B., Williams, G.J., Wedding, L.M.,
Crowder, L.B., Erickson, A.L., Graham, N.A.J., Gove, J.M., Kappel, C. V., Karr, K.,
Kittinger, J.N., Norstrom, A.V., Nystrom, M., Oleson, K.L.L., Stamoulis, K.A., White,
C., Williams, 1.D., Selkoe, K.A., 2018. Combining fish and benthic communities into
multiple regimes reveals complex reef dynamics. Sci. Rep. 8, 16943.
https://doi.org/10.1038/s41598-018-35057-4

Duran, A., Adam, T.C., Palma, L., Moreno, S., Collado-Vides, L., Burkepile, D.E., 2019.
Feeding behavior in Caribbean surgeonfishes varies across fish size, algal abundance,
and habitat characteristics. Mar. Ecol. 40, e12561. https://doi.org/10.1111/maec.12561

Edwards, C.B., Friedlander, A.M., Green, A.G., Hardt, M.J., Sala, E., Sweatman, H.P.,
Williams, 1.D., Zgliczynski, B., Sandin, S.A., Smith, J.E., 2014. Global assessment of
the status of coral reef herbivorous fishes: evidence for fishing effects. Proc. R. Soc. B
Biol. Sci. 281, 20131835. https://doi.org/10.1098/rspb.2013.1835

Fabricius, K.E., 2005. Effects of terrestrial runoff on the ecology of corals and coral reefs:
review and synthesis. Mar. Pollut. Bull. 50, 125-146.
https://doi.org/10.1016/j.marpolbul.2004.11.028

Fabricius, K.E., Logan, M., Weeks, S., Brodie, J.E., 2014. The effects of river run-off on
water clarity across the central Great Barrier Reef. Mar. Pollut. Bull. 84, 191-200.
https://doi.org/10.1016/j.marpolbul.2014.05.012

Flower, J., Ortiz, J.C., Chollett, I., Abdullah, S., Castro-Sanguino, C., Hock, K., Lam, V.,
Mumby, P.J., 2017. Interpreting coral reef monitoring data: a guide for improved
management decisions. Ecol. Indic. 72, 848-8609.
https://doi.org/10.1016/j.ecolind.2016.09.003

Fong, C.R., Bittick, S.J., Fong, P., 2018. Simultaneous synergist, antagonistic, and additive
interactions between multiple local stressors all degrade algal turf communities on coral
reefs. J. Ecol. 106, 1390-1400. https://doi.org/10.1111/1365-2745.12914

Gabry, J., Mahr, T., 2018. bayesplot: plotting for Bayesian models R package version 1.6.0.

Goatley, C.H.R., Bonaldo, R.M., Fox, R.J., Bellwood, D.R., 2016. Sediments and herbivory
as sensitive indicators of coral reef degradation. Ecol. Soc. 21, 29.
https://doi.org/10.5751/ES-08334-210129

Goodrich, B., Gabry, J., Ali, 1., Brilleman, S., 2018. rstanarm: Bayesian applied regression
modeling via Stan. R package version 2.17.4.

Gordon, S.E., Goatley, C.H.R., Bellwood, D.R., 2016. Composition and temporal stability of
benthic sediments on inner-shelf coral reefs. Mar. Pollut. Bull. 111, 178-183.

26



573

574
575
576

577
578
579

580
581
582

583
584

585
586

587
588

589
590

591
592
593
594

595
596
597

598
599

600
601
602
603

604
605
606

607
608
609

610
611
612

https://doi.org/10.1016/j.marpolbul.2016.07.013

Gove, J.M., Williams, G.J., McManus, M.A., Heron, S.F., Sandin, S.A., Vetter, O.J., Foley,
D.G., 2013. Quantifying climatological ranges and anomalies for pacific coral reef
ecosystems. PLoS One 8, e61974. https://doi.org/10.1371/journal.pone.0061974

Graham, N.A.J., Wilson, S.K., Carr, P., Hoey, A.S., Jennings, S., MacNeil, M.A., 2018.
Seabirds enhance coral reef productivity and functioning in the absence of invasive rats.
Nature 559, 250-253. https://doi.org/10.1038/s41586-018-0202-3

Harris, J.L., Lewis, L.S., Smith, J.E., 2015. Quantifying scales of spatial variability in algal
turf assemblages on coral reefs. Mar. Ecol. Prog. Ser. 532, 41-57.
https://doi.org/10.3354/meps11344

Hatcher, B.G., 1990. Coral reef primary productivity: A hierarchy of pattern and process.
Trends Ecol. Evol. 5, 149-155. https://doi.org/10.1016/0169-5347(90)90221-X

Hatcher, B.G., 1988. Coral reef primary productivity: A beggar’s banquet. Trends Ecol. Evol.
3, 106-111. https://doi.org/10.1016/0169-5347(88)90117-6

Hay, M.E., 1981. The functional morphology of turf-forming seaweeds: persistence in
stressful marine habitats. Ecology 62, 739-750.

Hixon, M.A., Brostoff, W.N., 1985. Substrate characteristics, fish grazing, and epibenthic
reef assemblages off Hawaii. Bull. Mar. Sci. 37, 200-213.

Hughes, T.P., Barnes, M.L., Bellwood, D.R., Cinner, J.E., Cumming, G.S., Jackson, J.B.C.,
Kleypas, J., Leemput, I.A. van de, Lough, J.M., Morrison, T.H., Palumbi, S.R., Nes,
E.H. Van, Scheffer, M., 2017. Coral reefs in the Anthropocene. Nature 546, 82—90.
https://doi.org/10.1038/nature22901

Johnson, M.D., Comeau, S., Lantz, C.A., Smith, J.E., 2017. Complex and interactive effects
of ocean acidification and temperature on epilithic and endolithic coral-reef turf algal
assemblages. Coral Reefs 36, 1059-1070. https://doi.org/10.1007/s00338-017-1597-2

Kay, M., 2019. tidybayes: tidy data and geoms for Bayesian models, R package version 1.0.4.
https://doi.org/10.5281/zenodo.1308151

Kelly, A.E.L., Eynaud, Y., Williams, D.I., Sparks, T.R., Dailer, L., Sandin, A.S., Smith, E.J.,
2017. A budget of algal production and consumption by herbivorous fish in an herbivore
fisheries management area, Maui, Hawaii. Ecosphere 8, e01899.
https://doi.org/10.1002/ecs2.1899

Klumpp, D.W., McKinnon, A.D., 1992. Community structure, biomass and productivity of
epilithic algal communities on the Great Barrier Reef: dynamics at different spatial
scales. Mar. Ecol. Prog. Ser. 86, 77-89.

Klumpp, D.W., McKinnon, A.D., 1989. Temporal and spatial patterns in primary production
of a coral-reef epilithic algal community. J. Exp. Mar. Biol. Ecol. 131, 1-22.
https://doi.org/10.1016/0022-0981(89)90008-7

Kroon, F.J., Kuhnert, P.M., Henderson, B.L., Wilkinson, S.N., Kinsey-Henderson, A.,
Abbott, B., Brodie, J.E., Turner, R.D.R., 2012. River loads of suspended solids,
nitrogen, phosphorus and herbicides delivered to the Great Barrier Reef lagoon. Mar.

27



613

614
615
616

617
618

619
620
621

622
623

624
625
626

627
628

629
630

631
632

633
634
635

636
637

638
639
640
641

642
643
644

645
646
647

648
649
650

651

Pollut. Bull. 65, 167-81. https://doi.org/10.1016/j.marpolbul.2011.10.018

Latrille, F.X., Tebbett, S.B., Bellwood, D.R., 2019. Quantifying sediment dynamics on an
inshore coral reef: Putting algal turfs in perspective. Mar. Pollut. Bull. 141, 404-415.
https://doi.org/10.1016/j.marpolbul.2019.02.071

Lenth, R., 2019. emmeans: Estimated Marginal Means, aka Least-Squares Means R package
version 1.3.2.

Magris, R.A., Ban, N.C., 2019. A meta-analysis reveals global patterns of sediment effects on
marine biodiversity. Glob. Ecol. Biogeogr. 28, 1879-1898.
https://doi.org/10.1111/geb.12990

Moberg, F., Folke, C.S., 1999. Ecological goods and services of coral reef ecosystems. Ecol.
Econ. 29, 215-233. https://doi.org/10.1016/S0921-8009(99)00009-9

Morais, R.A., Bellwood, D.R., 2019. Pelagic subsidies underpin fish productivity on a
degraded coral reef. Curr. Biol. 29, 1521-1527.
https://doi.org/10.1016/j.cub.2019.03.044

Morais, R.A., Bellwood, D.R., 2018. Global drivers of reef fish growth. Fish Fish. 19, 874—
889. https://doi.org/10.1111/faf.12297

Purcell, S.W., 2000. Association of epilithic algae with sediment distribution on a windward
reef in the northern Great Barrier Reef, Australia. Bull. Mar. Sci. 66, 199-214.

Purcell, S.W., 1996. A direct method for assessing sediment load in epilithic algal
communities. Coral Reefs 15, 211-213. https://doi.org/10.1007/BF01787453

Purcell, S.W., Bellwood, D.R., 2001. Spatial patterns of epilithic algal and detrital resources
on a windward coral reef. Coral Reefs 20, 117-125.
https://doi.org/10.1007/s003380100150

R Core Team, 2018. R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria.

Robinson, J.P.W., Wilson, S.K., Robinson, J., Gerry, C., Lucas, J., Assan, C., Govinden, R.,
Jennings, S., Graham, N.A.J., 2019. Productive instability of coral reef fisheries after
climate-driven regime shifts. Nat. Ecol. Evol. 3, 183-190.
https://doi.org/10.1038/s41559-018-0715-z

Roff, G., Bejarano, S., Priest, M., Marshell, A., Chollett, 1., Steneck, R.S., Doropoulos, C.,
Golbuu, Y., Mumby, P.J., 2018. Seascapes as drivers of herbivore assemblages in coral
reef ecosystems. Ecol. Monogr. 89, e01336. https://doi.org/10.1002/ecm.1336

Russ, G.R., 2003. Grazer biomass correlates more strongly with production than with
biomass of algal turfs on a coral reef. Coral Reefs 22, 63-67.
https://doi.org/10.1007/s00338-003-0286-5

Russ, G.R., McCook, L.J., 1999. Potential effects of a cyclone on benthic algal production
and yield to grazers on coral reefs across the central Great Barrier Reef. J. Exp. Mar.
Bio. Ecol. 235, 237-254. https://doi.org/10.1016/S0022-0981(98)00180-4

Russ, G.R., Questel, S.-L.A., Rizzari, J.R., Alcala, A.C., 2015. The parrotfish—coral

28



652
653

654
655
656
657

658
659
660

661
662
663

664
665
666

667
668

669
670
671

672
673
674

675
676
677

678
679
680
681

682
683
684

685
686
687

688
689
690

691
692

relationship: refuting the ubiquity of a prevailing paradigm. Mar. Biol. 162, 2029-2045.
https://doi.org/10.1007/s00227-015-2728-3

Smith, J.E., Brainard, R., Carter, A., Grillo, S., Edwards, C., Harris, J., Lewis, L., Obura, D.,
Rohwer, F., Sala, E., Vroom, P.S., Sandin, S., 2016. Re-evaluating the health of coral
reef communities: baselines and evidence for human impacts across the central Pacific.
Proc. R. Soc. B Biol. Sci. 283, 20151985. https://doi.org/10.1098/rspb.2015.1985

Smith, J.E., Smith, C.M., Hunter, C.L., 2001. An experimental analysis of the effects of
herbivory and nutrient enrichment on benthic community dynamics on a Hawaiian reef.
Coral Reefs 19, 332-342. https://doi.org/10.1007/s003380000124

Speare, K.E., Duran, A., Miller, M.W., Burkepile, D.E., 2019. Sediment associated with algal
turfs inhibits the settlement of two endangered coral species. Mar. Pollut. Bull. 144,
189-195. https://doi.org/10.1016/j.marpolbul.2019.04.066

Steneck, R.S., 1997. Crustose corallines, other algal functional groups, herbivores and
sediments: complex interactions along reef productivity gradients. Proc. 8th Int. Coral
Reef Symp. 1, 695-700.

Steneck, R.S., Dethier, M.N., 1994. A functional group approach to the structure of algal-
dominated communities. Oikos 69, 476—498. https://doi.org/10.2307/3545860

Steneck, R.S., Mumby, P.J., MacDonald, C., Rasher, D.B., Stoyle, G., 2018. Attenuating
effects of ecosystem management on coral reefs. Sci. Adv. 4, eaa05493.
https://doi.org/10.1126/sciadv.aa05493

Stewart, J.G., 1983. Fluctuations in the quantity of sediments trapped among algal thalli on
intertidal rock platforms in southern California. J. Exp. Mar. Bio. Ecol. 73, 205-211.
https://doi.org/10.1016/0022-0981(83)90047-3

Streit, R.P., Cumming, G.S., Bellwood, D.R., 2019. Patchy delivery of functions undermines
functional redundancy in a high diversity system. Funct. Ecol. 33, 1144-1155.
https://doi.org/10.1111/1365-2435.13322

Taylor, B.M., Brandl, S.J., Kapur, M., Robbins, W.D., Johnson, G., Huveneers, C., Renaud,
P., Choat, J.H., 2018. Bottom-up processes mediated by social systems drive
demographic traits of coral-reef fishes. Ecology 99, 642-651.
https://doi.org/10.1002/ecy.2127

Tebbett, S.B., Bellwood, D.R., 2019. Algal turf sediments on coral reefs: what’s known and
what’s next. Mar. Pollut. Bull. 149, 110542.
https://doi.org/10.1016/j.marpolbul.2019.110542

Tebbett, S.B., Bellwood, D.R., Purcell, S.W., 2018. Sediment addition drives declines in
algal turf yield to herbivorous coral reef fishes: implications for reefs and reef fisheries.
Coral Reefs 37, 929-937. https://doi.org/10.1007/s00338-018-1718-6

Tebbett, S.B., Goatley, C.H.R., Bellwood, D.R., 2017. Algal turf sediments and sediment
production by parrotfishes across the continental shelf of the northern Great Barrier
Reef. PLoS One 12, e0170854. https://doi.org/10.1371/journal.pone.0170854

Tebbett, S.B., Streit, R.P., Bellwood, D.R., 2020. A 3D perspective on sediment
accumulation in algal turfs: implications of coral reef flattening. J. Ecol. 108:70-80. doi:

29



693

694
695
696

697
698

699
700

701
702
703

704
705
706

707
708
709

710
711
712

713
714
715

716

10.1111/1365-2745.13235.

Tootell, J.S., Steele, M.A., 2016. Distribution, behavior, and condition of herbivorous fishes
on coral reefs track algal resources. Oecologia 181, 13-24.
https://doi.org/10.1007/s00442-015-3418-z

Wickham, H., 2017. tidyverse: Easily Install and Load the “Tidyverse” R package version
1.2.1.

Williams, D.M., Russ, G.R., Doherty, P.J., 1986. Reef fish: large scale distribution and
recruitment. Oceanus 29, 76-82.

Williams, S., Carpenter, R., 1988. Nitrogen-limited primary productivity of coral reef algal
turfs: potential contribution of ammonium excreted by Diadema antillarum. Mar. Ecol.
Prog. Ser. 47, 145-152. https://doi.org/10.3354/meps047145

Wismer, S., Hoey, A.S., Bellwood, D.R., 2009. Cross-shelf benthic community structure on
the Great Barrier Reef: relationships between macroalgal cover and herbivore biomass.
Mar. Ecol. Prog. Ser. 376, 45-54. https://doi.org/10.3354/meps07790

Wismer, S., Tebbett, S.B., Streit, R.P., Bellwood, D.R., 2019. Spatial mismatch in fish and
coral loss following 2016 mass coral bleaching. Sci. Total Environ. 650, 1487—-1498.
https://doi.org/10.1016/j.scitotenv.2018.09.114

Woodhead, A.J., Hicks, C.C., Norstrém, A.V., Williams, G.J., Graham, N.A.J., 2019. Coral
reef ecosystem services in the Anthropocene. Funct. Ecol. 33, 1023-1034.
https://doi.org/10.1111/1365-2435.13331

Woolfe, K.J., Larcombe, P., Stewart, L.K., 2000. Shelf sediments adjacent to the Herbert
River delta, Great Barrier Reef, Australia. Aust. J. Earth Sci. 47, 301-308.
https://doi.org/10.1046/j.1440-0952.2000.00782.x

30



