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Abstract 27 

Ecosystem functions underpin productivity and key services to humans, such as food 28 

provision. However, as the severity of environmental stressors intensifies, it is becoming 29 

increasingly unclear if, and to what extent, critical functions and services can be sustained. 30 

This issue is epitomised on coral reefs, an ecosystem at the forefront of environmental 31 

transitions. We provide a functional profile of a coral reef ecosystem, linking time-series data 32 

to quantified processes. The data reveal a prolonged collapse of ecosystem functions in this 33 

previously resilient system. The results suggest that sediment accumulation in algal turfs has 34 

led to a decline in resource yields to herbivorous fishes and a decrease in fish-based 35 

ecosystem functions, including a collapse of both fish biomass and productivity. 36 

Unfortunately, at present, algal turf sediment accumulation is rarely monitored nor managed 37 

in coral reef systems. Our examination of functions through time highlights the value of 38 

directly assessing functions, their potential vulnerability, and the capacity of algal turf 39 

sediments to overwhelm productive high-diversity coral reef ecosystems.    40 
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Introduction 49 

Ecosystems are characterised by a dynamic suite of functions or processes that 50 

maintain equilibrium states (Holling 1973; Scheffer et al. 2001) and sustain the services upon 51 

which many people depend (Fu et al. 2013; Liu et al. 2016). Understanding the importance of 52 

specific ecosystem processes, and their role in structuring ecosystem functioning, is, 53 

therefore, a key focus of ecological research, especially in this era of global climate change 54 

(Manning et al. 2018; Bellwood et al. 2019b). Researchers have applied a wide range of 55 

functional indicators to understand how ecosystems function and respond to disturbances. 56 

These include the abundance or biomass of key taxa (Paine 1969; Banerjee et al. 2018), 57 

functional group-based approaches (Steneck and Dethier 1994; Bellwood et al. 2004; Heenan 58 

and Williams 2013), as well as traits and associated metrics (e.g. Functional Diversity, 59 

Functional Evenness) (Lavorel and Garnier 2002; Mouillot et al. 2013; McWilliam et al. 60 

2020). However, while these proxies have provided significant advances in our understanding 61 

(McGill et al. 2006; Violle et al. 2007; Bellwood et al. 2019b), they are largely centred 62 

around the use of traits that focus on the diversity of species and communities, i.e. ‘pattern 63 

traits’ (sensu Volaire et al. 2020). Evidence of how specific ecosystem processes respond to 64 

disturbance remains largely unknown (Petchey and Gaston 2006; Mlambo 2014; Bellwood et 65 

al. 2019b). This knowledge gap is particularly problematic for managers, especially if the 66 

goal is to sustain a desired level of ecosystem functioning despite environmental 67 

perturbations.  68 

This knowledge gap is compounded by the fact that ecosystem processes are rarely 69 

quantified during ecosystem monitoring programs, with the focus generally being on the 70 

abundance and diversity of different organisms and their associated traits (Ford et al. 2018; 71 

Bellwood et al. 2019b; Volaire et al. 2020). Unfortunately, many ecosystems have already 72 

changed due to human-induced environmental stressors, with consequent shifts in our 73 
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baselines (Hughes et al. 2017; Barlow et al. 2018). This creates a problem: on the one hand 74 

we need to understand how ecosystem processes have or have not changed through time, in 75 

response to environmental disturbances, yet on the other hand, the data we have is largely 76 

restricted to the abundance of organisms rather than direct measurements of specific 77 

ecosystem processes. Thus, our ability to examine how the functioning of ecosystems has 78 

changed in response to perturbations is limited, with the shifting baseline syndrome 79 

potentially compromising our perceptions (Soga and Gaston 2018), unless we can derive 80 

estimates of past functions from the data we have at hand.  81 

The issues outlined above are epitomised in aquatic ecosystems such as coral reefs, 82 

where long-term data on ecosystem processes are scarce. Furthermore, while high-diversity 83 

coral reef ecosystems provide services which support millions of people (Teh et al. 2013; 84 

Woodhead et al. 2019), they are also at the forefront of environmental change (Hughes et al. 85 

2017; Williams et al. 2019). In an effort to understand how this change impacts these 86 

ecosystems, functions are often estimated using derived relationships, such as length-weight 87 

relationships to estimate fish biomass (Kulbicki et al. 2005; Froese et al. 2014). 88 

Unfortunately, the range of functions that can be examined using this approach has been 89 

limited by the availability of derived relationships. However, recent advances in functional 90 

analysis provide a way forward by enabling us to directly estimate a broader suite of 91 

ecosystem functions, such as fish productivity (e.g. Morais and Bellwood 2018; Brandl et al. 92 

2019b; Morais et al. 2020b). These functional analyses are based on readily available 93 

monitoring data, and permit us to quantify how ecosystem functions may have changed 94 

through time in response to perturbations. 95 

Here we apply these approaches to examine the impacts of environmental 96 

disturbances in a model inshore coral reef system. We use a time-series dataset where key 97 

metrics and functionally informative traits are quantified across a decadal timescale. This 98 
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dataset allows multiple processes, which relate to the core pillars of coral reef ecosystem 99 

functioning (Brandl et al. 2019a), to be estimated from abundance data or basic 100 

measurements. These estimated functional values complement functions that were measured 101 

more directly. In combination, the range of functions include the provision of resources to: a) 102 

herbivorous/detritivorous fishes (e.g. algal growth and detrital yields), b) 103 

predators/scavengers (i.e. biomass lost through mortality), c) fish stocks (standing biomass) 104 

and d) potential yields to humans (e.g. biomass production). As such, we provide a process-105 

based functional evaluation of a coral reef ecosystem incorporating processes ranging from 106 

primary production to potential human yields. Importantly, this dataset encompassed a series 107 

of major disturbance events, including extreme river runoff events and sedimentation, severe 108 

tropical cyclones and repeated coral bleaching events (Goatley et al. 2016; Torda et al. 2018). 109 

Our goal is to determine if, and to what extent, coral reef ecosystem processes change when 110 

the reef is exposed to cumulative disturbance events.    111 

 112 

Methods 113 

Study site and overview 114 

Field data were collected from Pioneer Bay, on the leeward side of Orpheus Island on 115 

the inner-shelf of Australia’s Great Barrier Reef (GBR), between 2005 and 2019. To examine 116 

long-term trends, we collected data in 2018 and 2019 to match data from previous studies at 117 

this location (Fox and Bellwood 2007; Bonaldo and Bellwood 2011; Goatley et al. 2016). 118 

During this time (2005-2019) Orpheus Island has been subjected to a suite of environmental 119 

disturbances, including extreme river runoff events, sedimentation, cyclones and coral 120 

bleaching events (Bellwood et al. 2019a; Goatley et al. 2016; Gordon et al. 2016a; Torda et 121 

al. 2018) (Figure 1).  122 
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This study focused on how the functioning of the algal turf community (in terms of its 123 

ability to provide nutritional resources to fishes) and the herbivorous fish community (in 124 

terms of its trophodynamic functioning) on this coral reef changed over time. Although 125 

collected at approximately the same time, the benthic and fish components are examined 126 

separately to reveal the production and consumption components of the ecosystem under 127 

investigation. These two communities, and the production vs consumption processes they 128 

support, were selected for examination because in terms of production: a) algal turfs are 129 

among the most abundant benthic covering on many coral reefs (Jouffray et al. 2015; Smith 130 

et al. 2016; Emslie et al. 2019), b) high algal turf coverage is expected to typify reefs of the 131 

future (Bellwood et al. 2019a; Tebbett and Bellwood 2019), and c) algal turf communities act 132 

as a reservoir of nutritional resources for fishes (Crossman et al. 2001; Wilson et al. 2003; 133 

Kramer et al. 2012). Herbivorous fishes were likewise selected to represent consumption 134 

processes because: a) most nominally herbivorous fishes utilise one or more components of 135 

algal turf communities as a nutritional resource (Choat et al. 2002; Kelly et al. 2016), b) 136 

nominally herbivorous fishes are expected to dominate future reefs with limited coral cover 137 

(Pratchett et al. 2018; Robinson et al. 2019a), and c) nominally herbivorous fishes support 138 

many fisheries around the world and are likely to continue to do so into the future (Edwards 139 

et al. 2014; Bellwood et al. 2018; Robinson et al. 2019b).  140 

  141 
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 142 

143 
Figure 1 Overview of study location and sampling timeline. a) Map of North Queensland, 144 

Australia, showing the location of Orpheus Island relative to the Herbert River as well as the 145 

tracks of two relevant cyclones. b) Map of Orpheus Island showing the location of Pioneer 146 

Bay where sampling occurred. c) Sampling timeline indicating when benthic algal turf 147 

sampling and herbivorous fish censuses occurred relative to major disturbance events. d) The 148 

monthly discharge from the Herbert River during the sampling period (Source: Queensland 149 

Government 2020).  150 

 151 
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Benthic data: algal turfs and benthic production 152 

Sample collection and processing  153 

 We assessed the nature of the algal turf community, and the sediments it contains, on 154 

the reef crest in Pioneer Bay in April 2018 and December 2019. This data matched equivalent 155 

samples taken in February 2008 (Bonaldo and Bellwood 2011) and April 2013 (Goatley et al. 156 

2016). As algal turf sediment loads are remarkably stable over short temporal time scales 157 

(days to months) (Gordon et al. 2016a; Tebbett et al. 2018), these sampling time periods are 158 

representative of the years in which sampling was conducted. To sample the algal turf 159 

communities we used a submersible electronic vacuum sampler (modified after Purcell 160 

1996), to collect 6 algal turf particulate samples from two sites (n = 12) on the reef crest (2 – 161 

4 m) each year. Suitable sampling surfaces were outside of the territories of farming 162 

damselfishes, flat, smooth, free of sediment-retaining pits, macroalgae and encrusting 163 

organisms and were covered in algal turfs (following Tebbett et al. 2017a). Sampling areas 164 

were delineated using a 58 cm2 PVC ring. Within the sampling area, we also quantified algal 165 

turf length by measuring the length of 5 haphazardly selected algal turf filaments using the 166 

depth probe of vernier callipers (following the methods outlined in Tebbett and Bellwood 167 

2019). The collected particulates were then processed to yield: a) particulate volume, b) total 168 

dry particulate mass, c) dry inorganic sediment mass, and d) dry organic detritral particulate 169 

mass following Tebbett and Bellwood (2020). Particulate processing methods are provided in 170 

the supplemental material (see Supplemental Text S1, S2).  171 

 172 

 173 

 174 
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Benthic data statistical analysis 175 

 We initially analysed traditional metrics related to the condition of the algal turf 176 

community (inorganic sediment mass and algal turf length), and a key function (potential 177 

algal turf growth; calculation details are provided in Supplemental Text S3). It should be 178 

noted that algal turf length and growth provide different insights into the functioning of the 179 

system as the former is a static, standing stock, measure (i.e. a measure of how much turf 180 

there is), while the latter is a process-based metric, productivity, that provides information on 181 

the rate of resource renewal (i.e. how quickly turf is replaced). Data were compared among 182 

years using Bayesian generalised linear mixed-effects models (GLMMs) fitted with a Gamma 183 

distribution and log-link (sediment mass and turf length) or lognormal distribution (turf 184 

growth). In all cases, sampling year was treated as a categorical fixed effect while site was 185 

treated as a random effect (to account for any lack of spatial independence). All models were 186 

based on weakly informative priors (see Supplemental Table S1 for prior details and chain 187 

specifications for each model). Model convergence, fit and assumptions were assessed using 188 

trace plots, autocorrelation plots, Rhat plots, posterior predictive checks, effective sample 189 

sizes and residual plots. In all cases, the diagnostics suggested that the chains were well 190 

mixed and converged on a stable posterior (with all Rhat values less than 1.05) and were 191 

uncorrelated (with lag values <0.2). In addition, our effective samples were >1000, and there 192 

were no patterns in the residuals. It should be noted that turf length data were based on the 193 

mean turf length in each sediment sampling location in 2008, 2018 and 2019. However, in 194 

2013 the nature of the turf length data differed in that it was based on 30 haphazard turf 195 

measurements at each of two sites. All analyses of benthic data were performed in the 196 

software R (R Core Team 2019), using the rstan (Stan Development Team 2018), and 197 

rstanarm (Goodrich et al. 2018) packages.  198 

 199 
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Benthic algal turf function-space 200 

Algal turf community functions were also calculated for each individual replicate unit 201 

(i.e. each algal turf sample) and then plotted in multivariate space to provide an overview of 202 

the relative levels of the benthic functions in each sample period. The resultant benthic 203 

function-space was based on five functions that were specifically selected as they, a) pertain 204 

directly to the ability of the algal turf community to provide nutritional resources to fishes, 205 

and b) were able to be quantified ([M = measured directly] or derived [C = calculated]) from 206 

the long-term data at hand (a major limitation in studies of this nature). Specifically, these 207 

five functions were: potential algal turf growth ([C]; linear growth in mm day-1), algal turf 208 

biomass ([C]; g m-2), standing detritus mass ([M]; g m-2), relative detrital mass in particulates 209 

([M]; %), and harpacticoid copepod standing biomass ([C]; µg ash-free dry weight [AFDW] 210 

m-2). Algal turf biomass, detrital biomass and copepod biomass were selected as functions as 211 

they relate to the storage of nutrients in the system that can be exploited directly and/or 212 

inadvertently by herbivorous fishes (Hatcher and Larkum 1983; Purcell and Bellwood 2001; 213 

Choat et al. 2002; Kramer et al. 2017). Potential algal turf growth was also selected as a 214 

function because this process relates to the speed at which resources are generated for 215 

herbivorous fishes to exploit (Russ 2003; Kelly et al. 2017). Relative detrital mass in 216 

particulates is a measure of the trade-off nominally herbivorous fishes face when feeding on 217 

particulate matter in algal turfs, i.e. the return of nutritious detritus relative to the cost of 218 

processing inorganic sediments (Gordon et al. 2016b; Tebbett et al. 2017b). The computed 219 

benthic function-space, therefore, focuses on the ability of a critically important compartment 220 

of the benthos (i.e. algal turf communities) to directly provide nutritional resources to fish 221 

populations (i.e. herbivorous fishes). 222 

  223 
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The five benthic functions were directly measured, or calculated from the measured 224 

turf traits, during each sampling period (details of these calculations are provided in the 225 

Supplemental Material Text S3). After all of the functions were calculated and compiled into 226 

a data matrix, we constructed the benthic function-space. Initially, the data matrix was fourth-227 

root transformed and range standardised by columns to ensure each function had an equal 228 

weighting in the analysis. Subsequently, a Euclidean distance matrix was calculated. As we 229 

wanted to examine how the individual replicate sample units were positioned in 230 

multidimensional function-space we formulated a principal co-ordinate analysis from our 231 

Euclidean distance matrix and visualised this using ‘heatmaps’. Heatmaps were used to 232 

visualise the function-space because they focus on where the greatest density of points is 233 

located in multidimensional space rather than focusing on the outliers that are used to 234 

delineate polygons. To compute the heatmaps, we used the scores of the PCoA to calculate 235 

four Kernel Utilization Distributions (KUDs), one for each time period. KUDs are widely 236 

used in the field of animal movement as they describe the probability distributions of ‘animal 237 

detections’ in space (Worton 1989). In our context, the ‘animal detections’, were the 238 

individual algal turf sampling units across the multidimensional function-space. Colour 239 

gradients were subsequently informed by the bivariate KUDs, with the ‘hottest’ areas 240 

marking areas with the highest density of samples. Please note, this approach highlights areas 241 

in multidimensional space with more samples exhibiting the functional characteristics 242 

associated with that area, not necessarily more ‘function’. Finally, significant differences 243 

between the years in terms of position in the function-space were assessed using a 244 

permutational multivariate analysis of variance (PERMANOVA). Site identity was also 245 

included as a factor to account for the lack of spatial independence. Homogeneity of variance 246 

was also examined using permutational multivariate analysis of dispersions (PERMDISPs) 247 

(Supplemental Table S2). The benthic function-space was computed in the software R (R 248 
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Core Team 2019), using the raster (Hijmans 2017), adehabitatHR (Calenge 2006) and vegan 249 

(Oksanen et al. 2019) packages. For discussion on the correlation and non independence of 250 

the five functions, as well as discussion on uncertainty and interpretation please see the 251 

supplemental material (Text S4).  252 

 253 

Herbivorous fish assemblage: consumption of benthic production 254 

Fish censuses 255 

 The abundance and community composition of herbivorous fishes (parrotfishes 256 

[Labridae], surgeonfishes [Acanthuridae] and rabbitfishes [Siganidae]) were initially 257 

quantified on the reef crest in Pioneer Bay in December/January 2005/2006 (Fox and 258 

Bellwood 2007) and April 2013 (Goatley et al. 2016). It is important to note that the first-259 

time point for fish (2005) differs to that for benthic algal turfs (2008); however, no major 260 

stressors acted upon this system between these sampling periods (Figure 1). In April 2018 261 

and December 2019, we repeated the same methods to match this existing data by performing 262 

12 non-overlapping censuses across the bay (each year). To minimise diver effects on fishes 263 

(Emslie et al. 2018) we used 5-minute timed swims (GPS calibrated length = 46.1 ± 1.1 m 264 

[mean ± SE]), or 45 m tape transects laying the tape as fishes were counted. All censuses 265 

were undertaken by two divers on SCUBA. The first diver counted all relevant herbivorous 266 

fishes >10 cm total length (TL) in a 5 m wide transect, while the second diver counted all 267 

fishes 5-10 cm long in a 1 m wide transect. All fishes were identified to the lowest taxonomic 268 

level (generally species) and placed into 5 cm TL size categories (fishes >10 cm TL) or 2.5 269 

cm size categories (fishes <10 cm TL). Size data were subsequently used to calculate the 270 

biomass of each fish using Bayesian length-weight regression parameters (Froese and Pauly 271 

2018).  272 
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Herbivorous fish data statistical analysis 273 

Initially, we analysed more traditional monitoring data and a key function (biomass 274 

productivity; calculation details are provided in the Supplemental Text S5) related to the 275 

herbivorous fish community. Specifically, we examined how the abundance, biomass, 276 

biomass production and community composition of herbivorous fishes changed over the 14-277 

year sampling period. Abundance, biomass and biomass production were compared among 278 

years (categorical fixed effect) using Bayesian generalised linear models (GLMs) fitted with 279 

Gamma distributions and log-links. In all cases, weakly informative priors were used (see 280 

Supplemental Table S1 for prior details and chain specifications for each model). Model fit 281 

and assumptions were assessed as above.  282 

To explore how the community composition of the herbivorous fish species in Pioneer 283 

Bay changed among sampling periods, we used a multivariate approach. Specifically, we 284 

computed a Bray Curtis similarity matrix for both species abundance and species biomass 285 

data, and visualised changes using constrained distance-based redundancy analysis. 286 

Significant differences between the years in terms of the position of the communities in 287 

multivariate-space were assessed using permutational multivariate analysis of variance 288 

(PERMANOVA). Variation in homogeneity was assessed as above (i.e. using a PERMDISP 289 

[Supplemental Table S2]). The statistical analyses were performed in the software R (R Core 290 

Team 2019), using the rstan (Stan Development Team 2018), rstanarm (Goodrich et al. 291 

2018) and vegan (Oksanen et al. 2019) packages. 292 

 293 

 294 

 295 
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Herbivorous fish function-space 296 

To understand how changes in the herbivorous fish community may have influenced 297 

its functioning, we calculated a function-space based on five functions that specifically 298 

pertain to how energy is stored or cycled in fish communities. This function-space was based 299 

on individual censuses as the replicate units. The five functions were: standing biomass (g m-300 

2), rate of biomass production (g m-2 day-1), consumed biomass (g m-2 day-1), carbon respired 301 

(g m-2 day-1) and turnover rate (%). These five functions broadly cover the three main aspects 302 

of trophodynamics: energy use (carbon respired), assimilation and conversion to biomass 303 

(biomass production and standing biomass), and transfer to other trophic levels (consumed 304 

biomass and turnover). As for the turf community above, these functions are not necessarily 305 

independent (see Supplemental Text S4 for discussion). Indeed, they are likely to be 306 

correlated with each other, a feature that is well captured in multivariate analyses. Although 307 

these functions are unlikely to capture the full extent of herbivorous fish functioning, they are 308 

likely to provide a more detailed understanding of the trophodynamic functioning of this 309 

herbivorous fish community when compared to findings based on changes in fish abundances 310 

alone (cf. Brandl et al. 2019b; Benkwitt et al. 2020; Morais et al. 2020b). The procedures to 311 

obtain standing biomass, biomass production, consumed biomass and turnover all follow 312 

Morais et al. (2020b) (full details are provided in the Supplemental Material Text S5). 313 

After the functions had been calculated for the herbivorous fish community, the 314 

function-space for these fishes was formulated as above for the algal turf community (a 315 

PCoA with which we calculated bivariate KUDs and heatmaps). The herbivorous fish 316 

function-space was likewise analysed as above, i.e. using a PERMANOVA and PERMDISP 317 

(see Supplemental Table S2) and the same software packages.  318 

 319 
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Results  320 

By examining the nature of the algal turfs (i.e. sediment loads and algal turf length) 321 

we revealed a fundamental change in the condition of the algal turf community at Orpheus 322 

Island (Figure 2a, b, c). Indeed, the mass of inorganic sediments bound within the turfs 323 

appears to have increased 2181% (462% - 6870% [95% credibility intervals]) between 2008 324 

and 2019 (Figure 2a; Supplemental Table S3). Concomitantly, algal turf length increased by 325 

38% (9% - 224%) from 2008 to 2019 (Figure 2b; Supplemental Table S3). Such marked 326 

changes in the sediment load and length of algal turfs clearly had an impact on potential turf 327 

growth which had declined by 62% (54% - 68%) in 2019 relative to 2005 (Figure 2c; 328 

Supplemental Table S3). Essentially, a marked phase-shift in the condition of the turfs 329 

occurred, from short productive algal turfs to long sediment-laden algal turfs.  330 

The herbivorous fish community exhibited similar changes with an overall decrease in 331 

abundance of nearly 70% (51% - 82%) from 2005 to 2019 (Figure 2d; Supplemental Table 332 

S3) and a similar decline in herbivorous fish standing biomass (Figure 2e; Supplemental 333 

Table S3). However, unlike abundance which declined steadily (Figure 2d), biomass 334 

remained relatively stable from 2005 to 2013, before declining by nearly 50% (16% - 71%) in 335 

2018, and remaining 37% (-1% - 63%) below 2005 levels in 2019 (Figure 2e; Supplemental 336 

Table S3). Furthermore, it appears that the ability of the herbivorous fish community to 337 

replace biomass also collapsed as biomass production rates declined by 50% (19% - 70%) 338 

from 2005 - 2019 (Figure 2f; Supplemental Table S3). Overall, from 2005 to 2019 70% of the 339 

individual fish and 37% of the herbivorous fish biomass was lost from this coral reef system, 340 

while the capacity to produce new biomass was reduced by 50%. Analysis of the community 341 

composition of herbivorous fishes (weighted by both abundance and biomass) revealed that 342 

the declines occurred across all species and that the herbivorous fish communities in 2018 343 
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and 2019 appeared to represent a depauperate version of that present in 2005 (Supplemental 344 

Figure S1; Table S4).  345 

 346 

 347 

Figure 2 Changes in the algal turf and herbivorous fish communities on the reef crest in 348 

Pioneer Bay, Orpheus Island. There was a marked shift in the algal turf community in terms 349 



17 
 

of (a) sediment load, (b) length and (c) potential growth. Similarly, there were concomitant 350 

changes in the herbivorous fish community (parrotfishes, rabbitfishes and surgeonfishes), 351 

with decreases in abundance (d), standing biomass (e) and growth rate (f). The black points 352 

and range bars indicate the predicted mean and 95% credibility intervals from Bayesian 353 

generalised linear mixed-effects models (a, b, c) and generalised linear models (d, e, f), the 354 

coloured points are 100 randomly selected model fits from the posterior distribution and open 355 

circles are the raw data points.  356 

 357 

 It is clear that the algal turf and herbivorous fish communities changed substantially 358 

across the study period with flow-on effects on ecosystem functions. Our calculated function-359 

spaces reveal the strength of multiple functions, simultaneously, and provide a broad 360 

overview of how the functional configuration of the two communities changed through time.  361 

Firstly, the benthic function-space revealed a clear temporal shift in the ability of the 362 

algal turf community to provide nutritional resources to herbivorous fishes. The community 363 

occupied significantly different areas of function-space in 2013, 2018 and 2019 relative to 364 

2008 (Figure 3; Supplemental Figure S2; Table S4). Indeed, in 2008 the composition of the 365 

benthic functions were characteristic of a high-productivity system that could readily provide 366 

nutritional resources to herbivorous fishes (i.e. high algal turf growth rates and a high 367 

proportion of organic detritus relative to inorganic sediments in the turfs) (Figure 3). 368 

However, by 2013 the growth of algal turfs had reduced, while the standing biomass of algal 369 

turfs, copepods and detritus had increased, leading to an alternative functional configuration 370 

in 2018/2019. This new functional configuration represents an algal turf community that has 371 

a high standing biomass of nutritional resources (abundant algal turf, detritus, copepods), but 372 

a limited ability to replace these resources (e.g. reduced algal growth rates). This new 373 
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configuration also poses a challenge for detritivorous fishes due to low relative yields of 374 

detritus. Ultimately, the new functional composition represents a relatively high biomass-low 375 

productivity benthic algal turf community. 376 

Reflecting changes in the ecosystem-level functioning of the benthic algal turf 377 

community, the functioning of the herbivorous fish community also changed substantially 378 

(Figure 3), eventually occupying a significantly different area of function-space in 2019 379 

compared to 2005 (Supplemental Table S4). In 2005, the herbivorous fish community 380 

occupied an area of function-space that was typified by high standing biomass, and high 381 

relative rates of biomass production, biomass consumption and energy use (i.e. a high-382 

productivity position) (Figure 3). However, over time the functioning of the herbivorous fish 383 

community shifted into an area of function-space that was characterised by higher relative 384 

rates of turnover but low standing biomass, biomass production, biomass consumption and 385 

energy use (Figure 3). These shifts mirror the benthic algal turf community. Together, these 386 

results reveal a fundamental shift over time from a high productivity/high consumption state 387 

to an alternate low-productivity functional configuration. 388 
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 389 

Figure 3 Function-spaces of the benthic algal turf community and the herbivorous fish 390 

community. The benthic function-space is a multivariate space that provides an overview of 391 

the ability of the algal turf community to provide nutritional resources to herbivorous fishes 392 

from 2008-2019 (b, c) based on 5 specific functions (d). The herbivorous fish function-space 393 
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is a multivariate space that examines the trophodynamic functioning of the herbivorous fish 394 

assemblage from 2005-2019 (f, g) based on 5 specific functions (h). The occupation of the 395 

function-space is represented as a heat map based on kernel utilisation densities (note brown 396 

areas [b, c] and red areas [f, g] indicate more samples with that particular combination of 397 

function levels, not necessarily more ‘functions’ per se). See Supplemental Figure S2 for 398 

function-spaces from 2013 and 2018 and see Supplemental Figure S3 for specific levels of 399 

each individual function. Photographs of a benthic algal turf community (a) and the 400 

herbivorous parrotfish Scarus rivulatus (g) (Photographs: SB Tebbett).  401 

 402 

Discussion 403 

 Coral reef ecosystems have been subjected to an increasing range and intensity of 404 

stressors which have led to extensive changes in the communities that inhabit these 405 

ecosystems and, presumably, to the functions that operate within the ecosystem (Kennedy et 406 

al. 2013; Hughes et al. 2017; Bruno et al. 2019; Williams et al. 2019; Vercelloni et al. 2020). 407 

However, changes in ecosystem functioning are often only inferred from proxies; rarely are 408 

they informed by estimates of, or data on, the processes themselves (Ford et al. 2018; 409 

Bellwood et al. 2019b). By directly calculating key processes, we revealed a collapse in the 410 

abundance and biomass of herbivorous fishes, and in algal turf production as the turfs shifted 411 

towards a long sediment-laden state. In addition to patterns based on traditional metrics, we 412 

were able to examine and track ecosystem functions (i.e. the relative composition and 413 

strength of multiple functions). In doing so, we revealed that the functional status of both the 414 

algal turf community and the herbivorous fish community shifted, fundamentally, towards an 415 

alternate low-productivity configuration. Such marked shifts in the status of these 416 
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components of coral reef food webs are concerning as they suggest that the ability of this 417 

ecosystem to sustain key services may be compromised.  418 

To understand the mechanistic basis of changes and shifts in key functions, we need 419 

to consider both the nature of the communities involved, and the context of the ecosystem in 420 

question. In doing so, it is important to note that the substantial declines in herbivorous fish 421 

abundance and biomass that we documented almost certainly occurred independent of fishing 422 

effects (see Morais et al. 2020a). Our study site is part of a relatively well-enforced no-take 423 

zone within the Great Barrier Reef Marine Park, with less poaching than in other no-take 424 

areas nearby (Bergseth et al. 2017). Furthermore, in contrast to most other tropical regions, 425 

herbivorous fishes are rarely targeted on the Great Barrier Reef (Rizzari et al. 2014; Casey et 426 

al. 2017). The limited role of fishing-pressure was emphasised by the overall pattern of 427 

declining abundance and biomass across all herbivorous fish species examined (Figure S1), 428 

rather than impacts on specific species (e.g. selective fishing pressure [Russ and Alcala 1989; 429 

Hamilton et al. 2016; Morais et al. 2020a]). Together, these impacts highlight that the system 430 

responded with limited response diversity and that there was a generalised impact on fish 431 

herbivory.   432 

This lack of a fishing effect is particularly interesting as one of the most widely held 433 

paradigms in coral reef ecology is that overfishing of herbivorous fishes results in reduced 434 

grazing pressure on the benthos and therefore increased algal coverage and coral collapse 435 

(reviewed in Bellwood et al. 2004; Bruno et al. 2019). However, based on the available 436 

evidence, and considering the context of the stressors impacting our system, the most 437 

parsimonious explanation for the changes we have documented appears to be a sediment-438 

driven bottom-up collapse of trophic interactions in this coral reef system (cf. Russ et al. 439 

2015, 2018). Indeed, the >2100% increase in accumulated sediments from 2008 to 2019 is 440 

notable and may be a result of the acute river runoff events that have impacted this system, 441 
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particularly in 2009 (Figure 1; see Supplemental Text S6 for futher discussion on the source 442 

of sediments). It should also be noted that cyclones can directly impact reef fishes in the short 443 

term (Cheal et al. 2017; Khan et al. 2017) and this may also have been a contributing factor to 444 

the documented population declines. However, such cyclone impacts represent an acute 445 

disturbance that does not match the chronic, protracted declines in herbivore populations 446 

documented herein, leaving increased sediment loads alone as the most parsimonious 447 

explanation.   448 

Sediment accumulation in algal turfs has previously been causally linked to the 449 

development of longer algal turfs (Goatley and Bellwood 2013; Fong et al. 2018), marked 450 

decreases in algal turf productivity (Clausing et al. 2014; Tebbett et al. 2018), and declines in 451 

herbivorous fish feeding activity (Goatley and Bellwood 2012; Tebbett et al. 2017b). This 452 

latter point is particularly important as sediments appear to represent a bottom-up control on a 453 

top-down force (herbivorous fishes feeding), that may facilitate the development of longer 454 

algal turfs and enhanced sediment trapping in a positive-feedback (reviewed in Tebbett and 455 

Bellwood 2019). Importantly, such a positive-feedback may compromise a variety of key 456 

ecological services including the settlement of corals (Speare et al. 2019; Ricardo et al. 457 

2017), reductions in algal removal rates (Goatley et al. 2016) and shifts in bioerosion patterns 458 

(Hutchings et al. 2005). Consistent with this prior evidence, we revealed the extent to which 459 

increasing sediment accumulation also correlates with declines in algal turf growth (Figure 460 

2c) and shifts in the functional configuration of the algal turf community (Figure 3). Top-461 

down control of turfs by herbivorous fishes is also possible (Smith et al. 2010; Tebbett et al. 462 

2017c; Fong et al. 2018; McAndrews et al. 2019), however, as fish abundances were slow to 463 

change and biomass changes were delayed, the most parsimonious explanation, in this case, 464 

appears to be bottom-up (although in all cases the top-down and bottom-up effects are clearly 465 

linked). As the dynamics of herbivorous fish communities are tightly linked to their food 466 
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supply (Russ et al. 2015; Tootell and Steele 2016; Graham et al. 2018; Taylor et al. 2020), it 467 

is logical to conclude that a sediment-driven collapse in resource yields represents the most 468 

plausible mechanism for the marked declines in herbivorous fish biomass and biomass 469 

production documented in this system. It is likely that the strengthening of positive feedbacks 470 

by sediments (see Tebbett and Bellwood 2019) has maintained the long sediment-laden algal 471 

turf state in this system since 2013; this may reflect some degree of hysteris (Goatley et al. 472 

2016; Hughes et al. 2017). 473 

Declines in the ability of coral reefs to sustain key functions and services also have 474 

clear implications for people. Notably, from a human perspective, reefs are often valued for 475 

their high productivity, which underpins fisheries and in turn supports the people that depend 476 

on these systems (Teh et al. 2013; Lau et al. 2019). Our results suggest that if people were 477 

relying on herbivorous fishes for food provision in this system, as they do in many areas of 478 

the world (Edwards et al. 2014; Robinson et al. 2019b; Wenger et al. 2020), then these people 479 

would be confronted with a herbivorous fish stock 37% smaller in 2019 relative to 2005. 480 

Furthermore, the extraction of fisheries resources requires biomass to be produced and 481 

replenished (Allen 1971; Hilborn and Walters 1992). As such, the rate of production of new 482 

biomass provides a more relevant metric for assessing the sustainability of this critical 483 

ecosystem service than standing biomass (Morais et al. 2020a, 2020b). It is sobering to note 484 

that the observed declines in herbivorous fish biomass production exceed those seen in 485 

standing biomass, with decreases in the order of 50% or more between 2005 and 2019 486 

(Figure 2f). Furthermore, beyond compromising potential fisheries productivity, this loss of 487 

herbivorous fishes is also likely to compromise other key services, such as the perceived 488 

aesthetic value of the reef, due to the loss of large colourful fishes that people find attractive 489 

(Woodhead et al. 2019; Bellwood et al. 2020). Clearly, the magnitude of the changes 490 

documented may have serious implications for the sustained provision of services to humans. 491 
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Importantly, a clear discrepancy between herbivorous fish abundance and biomass 492 

declines appeared to exist in this system (Figure 2d, e) and this is likely to be the result of a 493 

storage effect (e.g. Morais et al. 2020b). Essentially, the discrepancy reflects a change in the 494 

size structure of the herbivorous fish community, with relatively more larger fishes in 2013 495 

compared to 2005 (Supplemental Figure S4). The aging of fishes already present in this 496 

community appears to have sustained standing biomass levels up to 2013, thus masking 497 

background declines in abundance. However, beyond 2013 the apparent limited recruitment 498 

of new fishes into the system and eventual loss of the larger cohorts overwhelmed the 499 

buffering capacity of this storage effect.  500 

Importantly, the change in herbivore size structure also suggests that the recruits of 501 

these herbivorous fishes were disproportionately impacted by the increased algal turf 502 

sediment loads compared to adults. Unfortunately, how algal turf sediments impact 503 

recruit/juvenile herbivorous reef fishes is currently unclear. However, we do know that 504 

parrotfishes (the main herbivorous fishes in this system) recruit to coral reefs at a smaller size 505 

than most other reef fishes and form a close association with algal turfs (often lying on or 506 

within the algal turf canopy, especially in damselfish territories or in short, well-grazed turfs; 507 

both of which contain low sediment loads) (Bellwood & Choat 1989). As such, any alteration 508 

of algal turfs by sediments could impact parrotfish recruits directly and certainly warrants 509 

further investigation. Furthermore, previous studies have revealed a second mechanism by 510 

which sediments may impact juvenile parrotfishes. Specifically, high sedimentation may 511 

impact the juvenile habitat (namely branching corals) of some parrotfish species, with flow-512 

on consequences for adult populations (DeMartini et al. 2013; Hamilton et al. 2017).  513 

Regardless of the exact mechanisms, the documented population declines represent a delayed 514 

response to disturbance, which is unlikely to be detected during immediate post-disturbance 515 

monitoring (cf. Bellwood et al. 2006). 516 
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 The findings outlined above also have implications for our understanding of how 517 

coral reef functioning responds to disturbances, as these findings contrast markedly with prior 518 

results from other coral reefs. Indeed, it is generally accepted that following disturbances, 519 

especially coral bleaching events, the abundance, biomass and productivity of herbivorous 520 

fishes will increase as a result of an increasing food supply (i.e. higher algal turf cover) (Russ 521 

et al. 2015; Cheal et al. 2017; Pratchett et al. 2018; Robinson et al. 2019b, 2019a). Increased 522 

algal resources are also expected to enhance the somatic growth of herbivores (Morais et al. 523 

2020b; Taylor et al. 2020). This has provided a glimmer of hope that herbivorous fish 524 

assemblages can sustain high fishing pressure on Anthropocene reefs (Robinson et al. 2019b; 525 

Morais et al. 2020a). However, in our study system, despite a general increase in algal turf 526 

cover over the last 15 years (Supplemental Text S7; Figure S5), there has been a prolonged 527 

decline in herbivorous fishes (Figure 2d) and a marked shift in the trophodynamic 528 

functioning of the herbivorous fish community (Figure 3). These results highlight how the 529 

different types of disturbance exert their effects. Most studies report a decrease in coral cover 530 

without evaluating the responses of the non-coral benthos in detail (Russ et al. 2015; 531 

Robinson et al. 2019a; Morais et al. 2020b). By contrast, we show a decline in benthic algal 532 

turf condition that occurred with only limited hard coral loss (and presumably a limited loss 533 

of structural complexity associated with hard corals, although this was not assessed) 534 

(Supplemental Text S7; Figure S5). Our results, therefore, pertain to changing algal turfs, not 535 

coral loss. 536 

Our data suggests that if the quality of nutritional resources is compromised by 537 

sediments, then this could overwhelm any potential short-term benefits that increased 538 

resource abundance might offer herbivorous fishes. Sediment accumulation in algal turfs 539 

could be the ‘Achilles-heel’ to sustaining productive herbivorous fish assemblages and may 540 

explain the declining yields of fisheries on other sediment-impacted coral reefs (Orlando and 541 
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Yee 2017; Delevaux et al. 2018; Wenger et al. 2020). Importantly, this sediment 542 

accumulation would not have been detected by evaluating patterns of benthic cover alone, be 543 

it coral or algal turf cover. Moreover, it is unlikely that traditional fisheries management tools 544 

such as marine protected areas would provide much resilience against the documented 545 

productivity loss, as sediments can transcend the boundaries of these areas (Bégin et al. 2016; 546 

Wenger et al. 2016; Suchley and Alvarez-filip 2018). Management of sediment impacts 547 

requires an approach that addresses both marine and terrestrial drivers of change (Brodie et 548 

al. 2012; Bartley et al. 2014; Oleson et al. 2017; Comeros-Raynal et al. 2019; Wenger et al. 549 

2020).    550 

Although based on just one reef system on the Great Barrier Reef, our findings may 551 

have a broad application to coral reefs around the world, as a large proportion of the world’s 552 

coral reefs occur in close vicinity to land (Burke et al. 2011; Maire et al. 2016). These 553 

nearshore coral reefs, and the herbivorous fishes that occupy them, are heavily relied upon by 554 

subsistence fisheries (Edwards et al. 2014; Wenger et al. 2020). However, they are also at 555 

particularly high risk of sediment accumulation. Indeed, evidence suggests that more than 556 

50% of the world’s coral reefs are at risk of increased terrestrial sediment inputs (Burke et al. 557 

2011), with far-reaching impacts (reviewed in Fabricius 2005; Bainbridge et al. 2018; Magris 558 

and Ban 2019). Unfortunately, there are currently no monitoring programs on any reef system 559 

globally that assess the amount of sediments accumulated in algal turfs (reviewed in Tebbett 560 

and Bellwood 2019), nor many of the other critical hydrodynamic and geological paramaters 561 

associated with these sediments (Elliff et al. 2019). Without such quantitative baseline 562 

information, our ability to evaluate systems may be compromised by shifting baselines (Soga 563 

and Gaston 2018). 564 

Even on the highly managed and monitored GBR, our study site is the only location 565 

where algal turf sediments have been sampled repeatedly over time. Indeed, this study site is 566 



27 
 

one of only four inner-shelf reefs on which turf sediments have been quantified (with total 567 

sediment loads approximately comparable in all cases [Tebbett and Bellwood 2019]). As 568 

such, we cannot quantitatively determine how widespread the problem of turf-bound 569 

sediments and their flow-on effects for critical ecosystem processes is likely to be (reviewed 570 

in Tebbett and Bellwood 2019). However, there do appear to be clear critical thresholds. 571 

Growing evidence suggests that when turf-bound sediment loads exceed approximately 100 g 572 

m-2 the growth of algal turfs slows markedly (Tebbett and Bellwood 2020) and the feeding 573 

activities of some nominally herbivorous fishes are impacted (Tebbett et al. 2017b). In 574 

addition, sediment loads of approximately 250-500 g m-2 can correlate strongly with the 575 

absence of key fish species (Tebbett et al. 2020). This suggests that if sediment loads exceed 576 

these levels (approximately half the levels reported herein during 2013, 2018 and 2019) the 577 

functioning of the reef community is likely to be directly impacted by sediments. It should be 578 

noted, however, that further long-term, spatially replicated work, is required to confirm these 579 

threshold levels. Clearly, the lack of monitoring of turf-bound sediments represents a 580 

significant knowledge gap that may stymie our endeavours to secure and sustain the key 581 

ecosystem services that reefs provide (Hughes et al. 2017). 582 

Overall, our study emphasises the importance of functional evaluations in 583 

understanding how disturbances shape ecosystems. We highlight how turf-bound sediments 584 

potentially disrupt the functioning of coral reefs through core trophic interactions. Our 585 

results, as well as other lines of evidence (Ricardo et al. 2017; Fong et al. 2018; McAndrews 586 

et al. 2019; Speare et al. 2019; Evans et al. 2020; Tebbett et al. 2020), suggest that turf-bound 587 

sediments pose a considerable risk to ecosystem processes on coral reefs. Unfortunately, 588 

increasing accumulation of such turf-bound sediments is likely to be prevalent on many coral 589 

reefs globally, although often cryptic and unmonitored. As the strength of connections 590 

between people, the land, and marine ecosystems grow, the impacts of sediment are likely to 591 
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increase. Our study provides a functional understanding of how the impacts of these 592 

sediments could reverberate up through the food chain and affect both critical ecosystem 593 

functions and human populations that rely on coral reefs.  594 

 595 

Acknowledgements 596 

We thank: R.J. Fox, R.M. Bonaldo, M.J. Kramer and Z. Loffler for their pioneering research 597 

that inspired this manuscript; Reef Check Australia and their volunteers for the provision of 598 

benthic cover data; F.X. Latrille, A. Oakley-Cogan, M. Mihalitsis and the Orpheus Island 599 

Research Station staff for field support; three anonymus reviewers for constructive and 600 

insightful comments; and the Australian Research Council (DRB: CE140100020 and 601 

FL190100062), the Orpheus Island Research Station Morris Family Trust (SBT), and an 602 

Australian Government Research Training Program Scholarship (SBT) for financial support.  603 

 604 

 605 

 606 

 607 

 608 

 609 

 610 

 611 

 612 



29 
 

References 613 

Allen KR (1971) Relation between production and biomass. J Fish Res Board Canada 614 

28:1573–1581  615 

Bainbridge Z, Lewis S, Bartley R, Fabricius K, Collier C, Waterhouse J, Garzon-Garcia A, 616 

Robson B, Burton J, Wenger A, Brodie J (2018) Fine sediment and particulate organic 617 

matter: a review and case study on ridge-to-reef transport, transformations, fates, and 618 

impacts on marine ecosystems. Mar Pollut Bull 135:1205–1220  619 

Banerjee S, Schlaeppi K, van der Heijden MGA (2018) Keystone taxa as drivers of 620 

microbiome structure and functioning. Nat Rev Microbiol 16:567–576  621 

Barlow J, França F, Gardner TA, Hicks CC, Lennox GD, Berenguer E, Castello L, Economo 622 

EP, Ferreira J, Guénard B, Gontijo Leal C, Isaac V, Lees AC, Parr CL, Wilson SK, 623 

Young PJ, Graham NAJ (2018) The future of hyperdiverse tropical ecosystems. Nature 624 

559:517–526  625 

Bartley R, Bainbridge ZT, Lewis SE, Kroon FJ, Wilkinson SN, Brodie JE, Silburn DM 626 

(2014) Relating sediment impacts on coral reefs to watershed sources, processes and 627 

management: a review. Sci Total Environ 468–469:1138–1153  628 

Bégin C, Schelten CK, Nugues MM, Hawkins J, Roberts C, Côté IM (2016) Effects of 629 

protection and sediment stress on coral reefs in Saint Lucia. PLoS One 11:e0146855  630 

Bellwood DR (1985) The functional morphology, systematics and behavioural ecology of 631 

parrotfishes (family Scaridae). PhD Thesis, James Cook University, Townsville 632 

Bellwood DR, Choat JH (1989) A description of the juvenile phase colour patterns of 24 633 

parrotfish species (family Scaridae) from the Great Barrier Reef, Australia. Rec Aust 634 



30 
 

Mus 41:1-41  635 

Bellwood DR, Hemingson CR, Tebbett SB (2020) Subconscious biases in coral reef fish 636 

studies. Bioscience 70:621-627 637 

Bellwood DR, Hoey AS, Ackerman JL, Depczynski M (2006) Coral bleaching, reef fish 638 

community phase shifts and the resilience of coral reefs. Glob Chang Biol 12:1587–639 

1594  640 

Bellwood DR, Hughes TP, Folke C, Nyström M (2004) Confronting the coral reef crisis. 641 

Nature 429:827–833  642 

Bellwood DR, Pratchett MS, Morrison TH, Gurney GG, Hughes TP, Álvarez-romero JG, 643 

Day JC, Grantham R, Grech A, Hoey AS, Jones GP, Pandolfi JM, Tebbett SB, Techera 644 

E, Weeks R, Cumming GS (2019a) Coral reef conservation in the Anthropocene: 645 

Confronting spatial mismatches and prioritizing functions. Biol Conserv 236:604–615  646 

Bellwood DR, Streit RP, Brandl SJ, Tebbett SB (2019b) The meaning of the term ‘function’ 647 

in ecology: a coral reef perspective. Funct Ecol 33:948–961  648 

Bellwood DR, Tebbett SB, Bellwood O, Mihalitsis M, Morais RA, Streit RP, Fulton CJ 649 

(2018) The role of the reef flat in coral reef trophodynamics: past, present, and future. 650 

Ecol Evol 8:4108–4119  651 

Benkwitt CE, Wilson SK, Graham NAJ (2020) Biodiversity increases ecosystem functions 652 

despite multiple stressors on coral reefs. Nat Ecol Evol 4:919–926  653 

Bergseth BJ, Williamson DH, Russ GR, Sutton SG, Cinner JE (2017) A social–ecological 654 

approach to assessing and managing poaching by recreational fishers. Front Ecol 655 

Environ 15:67–73  656 



31 
 

Bonaldo RM, Bellwood DR (2011) Spatial variation in the effects of grazing on epilithic 657 

algal turfs on the Great Barrier Reef, Australia. Coral Reefs 30:381–390  658 

Brandl SJ, Rasher DB, Côté IM, Casey JM, Darling ES, Lefcheck JS, Duffy JE (2019a) Coral 659 

reef ecosystem functioning: eight core processes and the role of biodiversity. Front Ecol 660 

Environ 17:445–454  661 

Brandl SJ, Tornabene L, Goatley CHR, Casey JM, Morais RA, Côté IM, Baldwin CC, 662 

Parravicini V, Schiettekatte NMD, Bellwood DR (2019b) Demographic dynamics of the 663 

smallest marine vertebrates fuel coral-reef ecosystem functioning. Science 364:1189–664 

1192  665 

Brodie JE, Kroon FJ, Schaffelke B, Wolanski EC, Lewis SE, Devlin MJ, Bohnet IC, 666 

Bainbridge ZT, Waterhouse J, Davis AM (2012) Terrestrial pollutant runoff to the Great 667 

Barrier Reef: an update of issues, priorities and management responses. Mar Pollut Bull 668 

65:81–100  669 

Bruno JF, Côté IM, Toth LT (2019) Climate change, coral loss, and the curious case of the 670 

parrotfish paradigm: why don’t marine protected areas improve reef resilience? Ann Rev 671 

Mar Sci 11:307–334  672 

Burke L, Reytar K, Spalding M, Perry A (2011) Reefs at Risk Revisited. World Resources 673 

Institute, Washington, DC, USA  674 

Calenge C (2006) The package “adehabitat” for the R software: a tool for the analysis of 675 

space and habitat use by animals. Ecol Modell 197:516–519  676 

Casey JM, Baird AH, Brandl SJ, Hoogenboom MO, Rizzari JR, Frisch AJ, Mirbach CE, 677 

Connolly SR (2017) A test of trophic cascade theory: fish and benthic assemblages 678 

across a predator density gradient on coral reefs. Oecologia 183:161–175  679 



32 
 

Cheal AJ, MacNeil MA, Emslie MJ, Sweatman H (2017) The threat to coral reefs from more 680 

intense cyclones under climate change. Glob Chang Biol 23:1511–1524  681 

Choat JH, Clements KD, Robbins WD (2002) The trophic status of herbivorous fishes on 682 

coral reefs 1: dietary analyses. Mar Biol 140:613–623  683 

Clausing RJ, Annunziata C, Baker G, Lee C, Bittick SJ, Fong P (2014) Effects of sediment 684 

depth on algal turf height are mediated by interactions with fish herbivory on a fringing 685 

reef. Mar Ecol Prog Ser 517:121–129  686 

Comeros-Raynal MT, Lawrence A, Sudek M, Vaeoso M, McGuire K, Regis J, Houk P 687 

(2019) Applying a ridge-to-reef framework to support watershed, water quality, and 688 

community-based fisheries management in American Samoa. Coral Reefs 38:505-520  689 

Crossman DJ, Choat JH, Clements KD, Hardy T, McConochie J (2001) Detritus as food for 690 

grazing fishes on coral reefs. Limnol Oceanogr 46:1596–1605  691 

Delevaux JMS, Jupiter SD, Stamoulis KA, Bremer LL, Wenger AS, Dacks R, Garrod P, 692 

Falinski KA, Ticktin T (2018) Scenario planning with linked land-sea models inform 693 

where forest conservation actions will promote coral reef resilience. Sci Rep 8:12465  694 

DeMartini E, Jokiel P, Beets J, Stender Y, Storlazzi C, Minton D, Conklin E (2013) 695 

Terrigenous sediment impact on coral recruitment and growth affects the use of coral 696 

habitat by recruit parrotfishes (F. Scaridae). J Coast Conserv 17:417-429. 697 

Edwards CB, Friedlander AM, Green AG, Hardt MJ, Sala E, Sweatman HP, Williams ID, 698 

Zgliczynski B, Sandin SA, Smith JE (2014) Global assessment of the status of coral reef 699 

herbivorous fishes: evidence for fishing effects. Proc R Soc B Biol Sci 281:20131835  700 

Elliff CI, Silva IR, Cánovas V, González M (2019) Wave attenuation and shoreline protection 701 



33 
 

by a fringing reef system. Anuário do Instituto de Geociências 42:87-94 702 

Emslie MJ, Cappo M, Currey-Randall LM, Gonzalez-Rivero M, Johns K, Jonker M, Osborne 703 

K, Srinivasan M (2019) Status and trends of reef fish and benthic assemblages of the far 704 

northern Great Barrier Reef. Australian Institue of Marine Science, Townsville, 705 

Australia. 706 

Emslie MJ, Cheal AJ, MacNeil MA, Miller IR, Sweatman HPA (2018) Reef fish 707 

communities are spooked by scuba surveys and may take hours to recover. PeerJ 708 

6:e4886  709 

Evans RD, Wilson SK, Fisher R, Ryan NM, Babcock R, Blakeway D, Bond T, Dorji P, 710 

Dufois F, Fearns P, Lowe RJ, Stoddart J, Thomson DP (2020) Early recovery dynamics 711 

of turbid coral reefs after recurring bleaching events. J Environ Manage 268:110666  712 

Fabricius KE (2005) Effects of terrestrial runoff on the ecology of corals and coral reefs: 713 

review and synthesis. Mar Pollut Bull 50:125–146  714 

Fong CR, Bittick SJ, Fong P (2018) Simultaneous synergist, antagonistic, and additive 715 

interactions between multiple local stressors all degrade algal turf communities on coral 716 

reefs. J Ecol 106:1390–1400  717 

Ford AK, Eich A, McAndrews RS, Mangubhai S, Nugues MM, Bejarano S, Moore BR, Rico 718 

C, Wild C, Ferse SCA (2018) Evaluation of coral reef management effectiveness using 719 

conventional versus resilience-based metrics. Ecol Indic 85:308–317  720 

Fox RJ, Bellwood DR (2007) Quantifying herbivory across a coral reef depth gradient. Mar 721 

Ecol Prog Ser 339:49–59  722 

Froese R, Pauly D (2018) Fishbase. www.fishbase.org (accessed 24 April 2020) 723 



34 
 

Froese R, Thorson JT, Reyes RB (2014) A Bayesian approach for estimating length-weight 724 

relationships in fishes. J Appl Ichthyol 30:78–85  725 

Fu B, Wang S, Su C, Forsius M (2013) Linking ecosystem processes and ecosystem services. 726 

Curr Opin Environ Sustain 5:4–10  727 

Goatley CHR, Bellwood DR (2012) Sediment suppresses herbivory across a coral reef depth 728 

gradient. Biol Lett 8:1016–1018  729 

Goatley CHR, Bellwood DR (2013) Ecological consequences of sediment on high-energy 730 

coral reefs. PLoS One 8:e77737  731 

Goatley CHR, Bonaldo RM, Fox RJ, Bellwood DR (2016) Sediments and herbivory as 732 

sensitive indicators of coral reef degradation. Ecol Soc 21:29  733 

Goodrich B, Gabry J, Ali I, Brilleman S (2018) rstanarm: Bayesian applied regression 734 

modeling via Stan. R package version 2.18.2  735 

Gordon SE, Goatley CHR, Bellwood DR (2016a) Composition and temporal stability of 736 

benthic sediments on inner-shelf coral reefs. Mar Pollut Bull 111:178–183  737 

Gordon SE, Goatley CHR, Bellwood DR (2016b) Low-quality sediments deter grazing by the 738 

parrotfish Scarus rivulatus on inner-shelf reefs. Coral Reefs 35:285–291  739 

Graham NAJ, Wilson SK, Carr P, Hoey AS, Jennings S, MacNeil MA (2018) Seabirds 740 

enhance coral reef productivity and functioning in the absence of invasive rats. Nature 741 

559:250–253  742 

Hamilton RJ, Almany GR, Brown CJ, Pita J, Peterson NA, Choat JH (2017) Logging 743 

degrades nursery habitat for an iconic coral reef fish. Biol Conserv 210:273-280 744 

Hamilton RJ, Almany GR, Stevens D, Bode M, Pita J, Peterson NA, Choat JH (2016) 745 



35 
 

Hyperstability masks declines in bumphead parrotfish (Bolbometopon muricatum) 746 

populations. Coral Reefs 35:751–763 Hatcher BG, Larkum AWD (1983) An 747 

experimental analysis of factors controlling the standing crop of the epilithic algal 748 

community on a coral reef. J Exp Mar Bio Ecol 69:61–84  749 

Heenan A, Williams ID (2013) Monitoring herbivorous fishes as indicators of coral reef 750 

resilience in American Samoa. PLoS One 8:e79604  751 

Hijmans RJ (2017) raster: geographic data analysis and modelling. R package version 3.0-2  752 

Hilborn R, Walters CJ (1992) Quantitative Fisheries Stock Assessment. Springer US, Boston  753 

Holling CS (1973) Resilience and stability of ecological systems. Annu Rev Ecol Syst 4:1–23  754 

Hughes TP, Barnes ML, Bellwood DR, Cinner JE, Cumming GS, Jackson JBC, Kleypas J, 755 

Leemput IA van de, Lough JM, Morrison TH, Palumbi SR, Nes EH Van, Scheffer M 756 

(2017) Coral reefs in the Anthropocene. Nature 546:82–90  757 

Hutchings P, Peyrot-Clausade M, Osnorno A (2005) Influence of land runoff on rates and 758 

agents of bioerosion of coral substrates. Mar Pollut Bull 51:438-447 759 

Jouffray J-B, Nyström M, Norstrom AV, Williams ID, Wedding LM, Kittinger JN, Williams 760 

GJ (2015) Identifying multiple coral reef regimes and their drivers across the Hawaiian 761 

archipelago. Philos Trans R Soc B Biol Sci 370:20130268  762 

Kelly AEL, Eynaud Y, Williams DI, Sparks TR, Dailer L, Sandin AS, Smith JE (2017) A 763 

budget of algal production and consumption by herbivorous fish in an herbivore 764 

fisheries management area, Maui, Hawaii. Ecosphere 8:e01899  765 

Kelly ELA, Eynaud Y, Clements SM, Gleason M, Sparks RT, Williams ID, Smith JE (2016) 766 

Investigating functional redundancy versus complementarity in Hawaiian herbivorous 767 



36 
 

coral reef fishes. Oecologia 182:1151–1163  768 

Kennedy EV, Perry CT, Halloran PR, Iglesias-Prieto R, Schönberg CHL, Wisshak M, Form 769 

AU, Carricart-Ganivet JP, Fine M, Eakin CM, Mumby PJ (2013) Avoiding coral reef 770 

functional collapse requires local and global action. Curr Biol 23:912–918  771 

Khan JA, Goatley CHR, Brandl SJ, Tebbett SB, Bellwood DR (2017) Shelter use by large 772 

reef fishes: long term occupancy and the impacts of disturbance. Coral Reefs 36:1123-773 

1132 774 

Kramer MJ, Bellwood DR, Bellwood O (2012) Cryptofauna of the epilithic algal matrix on 775 

an inshore coral reef, Great Barrier Reef. Coral Reefs 31:1007–1015  776 

Kramer MJ, Bellwood DR, Taylor RB, Bellwood O (2017) Benthic Crustacea from tropical 777 

and temperate reef locations: differences in assemblages and their relationship with 778 

habitat structure. Coral Reefs 36:971–980  779 

Kulbicki M, Guillemot N, Amand M (2005) A general approach to length-weight 780 

relationships for New Caledonian lagoon fishes. Cybium 29:235–252  781 

Lau JD, Hicks CC, Gurney GG, Cinner JE (2019) What matters to whom and why? 782 

Understanding the importance of coastal ecosystem services in developing coastal 783 

communities. Ecosyst Serv 35:219–230  784 

Lavorel S, Garnier E (2002) Predicting changes in community composition and ecosystem 785 

functioning from plant traits: revisiting the Holy Grail. Funct Ecol 16:545–556  786 

Liu J, Yang W, Li S (2016) Framing ecosystem services in the telecoupled Anthropocene. 787 

Front Ecol Environ 14:27–36  788 

Magris RA, Ban NC (2019) A meta‐analysis reveals global patterns of sediment effects on 789 



37 
 

marine biodiversity. Glob Ecol Biogeogr 28:1879–1898  790 

Maire E, Cinner J, Velez L, Huchery C, Mora C, Dagata S, Vigliola L, Wantiez L, Kulbicki 791 

M, Mouillot D (2016) How accessible are coral reefs to people? A global assessment 792 

based on travel time. Ecol Lett 19:351–360  793 

Manning P, Van Der Plas F, Soliveres S, Allan E, Maestre FT, Mace G, Whittingham MJ, 794 

Fischer M (2018) Redefining ecosystem multifunctionality. Nat Ecol Evol 2:427–436  795 

McAndrews RS, Eich A, Ford AK, Bejarano S, Lal RR, Ferse SCA (2019) Algae sediment 796 

dynamics are mediated by herbivorous fishes on a nearshore coral reef. Coral Reefs 797 

38:431–441  798 

McGill BJ, Enquist BJ, Weiher E, Westoby M (2006) Rebuilding community ecology from 799 

functional traits. Trends Ecol Evol 21:178–185  800 

McWilliam M, Pratchett MS, Hoogenboom MO, Hughes TP (2020) Deficits in functional 801 

trait diversity following recovery on coral reefs. Proc R Soc B Biol Sci 287:20192628  802 

Mlambo MC (2014) Not all traits are “functional”: Insights from taxonomy and biodiversity-803 

ecosystem functioning research. Biodivers Conserv 23:781–790  804 

Morais RA, Bellwood DR (2018) Global drivers of reef fish growth. Fish Fish 19:874–889  805 

Morais RA, Connolly SR, Bellwood DR (2020a) Human exploitation shapes 806 

productivity‐biomass relationships on coral reefs. Glob Chang Biol 26:1295–1305  807 

Morais RA, Depczynski M, Fulton CJ, Marnane MJ, Narvaez P, Huertas V, Brandl SJ, 808 

Bellwood DR (2020b) Severe coral loss shifts energetic dynamics on a coral reef. Funct 809 

Ecol 34:1507-1518  810 

Mouillot D, Graham NAJ, Villéger S, Mason NWH, Bellwood DR (2013) A functional 811 



38 
 

approach reveals community responses to disturbances. Trends Ecol Evol 28:167–177  812 

Oksanen JF, Blanchet G, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin PR, O’Hara 813 

RB, Simpson GL, Solymos P, Stevens MHH, Szoecs E, Wagner H (2019) vegan: 814 

Community Ecology Package. R package version 2.5-6.  815 

Oleson KLL, Falinski KA, Lecky J, Rowe C, Kappel CV, Selkoe KA, White C (2017) 816 

Upstream solutions to coral reef conservation: The payoffs of smart and cooperative 817 

decision-making. J Environ Manage 191:8–18  818 

Orlando JL, Yee SH (2017) Linking terrigenous sediment delivery to declines in coral reef 819 

ecosystem services. Estuaries and Coasts 40:359–375  820 

Paine RT (1969) A note on trophic complexity and community stability. Am Nat 103:91–93  821 

Petchey OL, Gaston KJ (2006) Functional diversity: Back to basics and looking forward. 822 

Ecol Lett 9:741–758  823 

Pratchett MS, Thompson CA, Hoey AS, Cowman PF, Wilson SK (2018) Effects of coral 824 

bleaching and coral loss on the structure and function of reef fish assemblages. In: van 825 

Oppen M.J.H., Lough J. (eds) Coral Bleaching: Patterns, Processes, Causes and 826 

Consequences. Springer, Switzerland, pp 265–293  827 

Purcell SW (1996) A direct method for assessing sediment load in epilithic algal 828 

communities. Coral Reefs 15:211–213  829 

Purcell SW, Bellwood DR (2001) Spatial patterns of epilithic algal and detrital resources on a 830 

windward coral reef. Coral Reefs 20:117–125  831 

Queensland Government (2020) Water monitoring information portal. https://water-832 

monitoring.information.qld.gov.au/host.htm (accessed 8 March 2020) 833 

https://water-monitoring.information.qld.gov.au/host.htm
https://water-monitoring.information.qld.gov.au/host.htm


39 
 

R Core Team (2019) R: A language and environment for statistical computing. R Foundation 834 

for Statistical Computing, Vienna, Austria.  835 

Ricardo GF, Jones RJ, Nordborg M, Negri AP (2017) Settlement patterns of the coral 836 

Acropora millepora on sediment-laden surfaces. Sci Total Environ 609:277–288  837 

Rizzari JR, Bergseth BJ, Frisch AJ (2014) Impact of conservation areas on trophic 838 

interactions between apex predators and herbivores on coral reefs. Conserv Biol 29:418–839 

429  840 

Robinson JPW, Wilson SK, Jennings S, Graham NAJ (2019a) Thermal stress induces 841 

persistently altered coral reef fish assemblages. Glob Chang Biol 25:2739–2750  842 

Robinson JPW, Wilson SK, Robinson J, Gerry C, Lucas J, Assan C, Govinden R, Jennings S, 843 

Graham NAJ (2019b) Productive instability of coral reef fisheries after climate-driven 844 

regime shifts. Nat Ecol Evol 3:183–190  845 

Russ G, Alcala A (1989) Effects of intense fishing pressure on an assemblage of coral reef 846 

fishes. Mar Ecol Prog Ser 56:13–27  847 

Russ GR (2003) Grazer biomass correlates more strongly with production than with biomass 848 

of algal turfs on a coral reef. Coral Reefs 22:63–67  849 

Russ GR, Payne CS, Bergseth BJ, Rizzari JR, Abesamis RA, Alcala AC (2018) Decadal-850 

scale response of detritivorous surgeonfishes (family Acanthuridae) to no-take marine 851 

reserve protection and changes in benthic habitat. J Fish Biol 93:887–900  852 

Russ GR, Questel S-LA, Rizzari JR, Alcala AC (2015) The parrotfish–coral relationship: 853 

refuting the ubiquity of a prevailing paradigm. Mar Biol 162:2029–2045  854 

Soga M, Gaston KJ (2018) Shifting baseline syndrome: causes, consequences, and 855 



40 
 

implications. Front Ecol Environ 16:222-230 856 

Scheffer M, Carpenter S, Foley JA, Folke C, Walker B (2001) Catastrophic shifts in 857 

ecosystems. Nature 413:591–596  858 

Smith JE, Brainard R, Carter A, Grillo S, Edwards C, Harris J, Lewis L, Obura D, Rohwer F, 859 

Sala E, Vroom PS, Sandin S (2016) Re-evaluating the health of coral reef communities: 860 

baselines and evidence for human impacts across the central Pacific. Proc R Soc B Biol 861 

Sci 283:20151985  862 

Smith JE, Hunter CL, Smith CM (2010) The effects of top-down versus bottom-up control on 863 

benthic coral reef community structure. Oecologia 163:497–507  864 

Speare KE, Duran A, Miller MW, Burkepile DE (2019) Sediment associated with algal turfs 865 

inhibits the settlement of two endangered coral species. Mar Pollut Bull 144:189–195  866 

Stan Development Team (2018) RStan: the R interface to Stan. R package version 2.18.2  867 

Steneck RS, Dethier MN (1994) A functional group approach to the structure of algal-868 

dominated communities. Oikos 69:476–498  869 

Suchley A, Alvarez-filip L (2018) Local human activities limit marine protection efficacy on 870 

Caribbean coral reefs. Conserv Lett 11:e12571  871 

Taylor BM, Benkwitt CE, Choat H, Clements KD, Graham NAJ, Meekan MG (2020) 872 

Synchronous biological feedbacks in parrotfishes associated with pantropical coral 873 

bleaching. Glob Chang Biol 26:1285–1294  874 

Tebbett SB, Bellwood DR (2019) Algal turf sediments on coral reefs: what’s known and 875 

what’s next. Mar Pollut Bull 149:110542  876 

Tebbett SB, Bellwood DR (2020) Sediments ratchet-down coral reef algal turf productivity. 877 



41 
 

Sci Total Environ 713:136709  878 

Tebbett SB, Bellwood DR, Purcell SW (2018) Sediment addition drives declines in algal turf 879 

yield to herbivorous coral reef fishes: implications for reefs and reef fisheries. Coral 880 

Reefs 37:929–937  881 

Tebbett SB, Goatley CHR, Bellwood DR (2017a) Algal turf sediments and sediment 882 

production by parrotfishes across the continental shelf of the northern Great Barrier 883 

Reef. PLoS One 12:e0170854  884 

Tebbett SB, Goatley CHR, Bellwood DR (2017b) The effects of algal turf sediments and 885 

organic loads on feeding by coral reef surgeonfishes. PLoS One 12:e0169479  886 

Tebbett SB, Goatley CHR, Bellwood DR (2017c) Clarifying functional roles: algal removal 887 

by the surgeonfishes Ctenochaetus striatus and Acanthurus nigrofuscus on coral reefs. 888 

Coral Reefs 36:803–813  889 

Tebbett SB, Goatley CHR, Streit RP, Bellwood DR (2020) Algal turf sediments limit the 890 

spatial extent of function delivery on coral reefs. Sci Total Environ 734:139422  891 

Teh LSL, Teh LCL, Sumaila UR (2013) A global estimate of the number of coral reef fishers. 892 

PLoS One 8:e65397  893 

Tootell JS, Steele MA (2016) Distribution, behavior, and condition of herbivorous fishes on 894 

coral reefs track algal resources. Oecologia 181:13–24  895 

Torda G, Sambrook K, Cross P, Sato Y, Bourne DG, Lukoschek V, Hill T, Torras Jorda G, 896 

Moya A, Willis BL (2018) Decadal erosion of coral assemblages by multiple 897 

disturbances in the Palm Islands, central Great Barrier Reef. Sci Rep 8:11885  898 

Vercelloni J, Liquet B, Kennedy E V, Gonz´alez-Rivero M, Caley MJ, Peterson EE, Puotinen 899 



42 
 

M, Hoegh-Guldberg O, Mengersen K (2020) Forecasting intensifying disturbance 900 

effects on coral reefs. Glob Chang Biol 26:2785–2797  901 

Violle C, Navas ML, Vile D, Kazakou E, Fortunel C, Hummel I, Garnier E (2007) Let the 902 

concept of trait be functional! Oikos 116:882–892  903 

Volaire F, Gleason SM, Delzon S (2020) What do you mean “functional” in ecology ? 904 

Patterns versus processes. Ecol Evol 10:11875-11885 905 

Wenger AS, Harris D, Weber S, Vaghi F, Nand Y, Naisilisili W, Hughes A, Delevaux J, 906 

Klein CJ, Watson J, Mumby PJ, Jupiter SD (2020) Best-practice forestry management 907 

delivers diminishing returns for coral reefs with increased land-clearing. J Appl Ecol 908 

doi: 10.1111/1365-2664.13743  909 

Wenger AS, Williamson DH, da Silva ET, Ceccarelli DM, Browne NK, Petus C, Devlin MJ 910 

(2016) Effects of reduced water quality on coral reefs in and out of no-take marine 911 

reserves. Conserv Biol 30:142–153  912 

Williams GJ, Graham NAJ, Jouffray JB, Norström A V., Nyström M, Gove JM, Heenan A, 913 

Wedding LM (2019) Coral reef ecology in the Anthropocene. Funct Ecol 33:1014–1022  914 

Wilson SK, Bellwood DR, Choat JH, Furnas MJ (2003) Detritus in the epilithic algal matrix 915 

and its use by coral reef fishes. Oceanogr Mar Biol an Annu Rev 41:279–309  916 

Woodhead AJ, Hicks CC, Norström AV, Williams GJ, Graham NAJ (2019) Coral reef 917 

ecosystem services in the Anthropocene. Funct Ecol 33:1023–1034  918 

Worton BJ (1989) Kernel methods for estimating the utilization distribution in home‐range 919 

studies. Ecology 70:164–168  920 

 921 


