
ResearchOnline@JCU  

This is the author-created version of the following work:

Tebbett, Sterling B., and Bellwood, David R. (2020) Sediments ratchet-down coral

reef algal turf productivity. Science of the Total Environment, 713 . 

 

Access to this file is available from:

https://researchonline.jcu.edu.au/67928/

© 2020 Elsevier B.V. All rights reserved.

Please refer to the original source for the final version of this work: 

http://doi.org/10.1016/j.scitotenv.2020.136709



1 
 

Sediments ratchet-down coral reef algal turf productivity 1 

 2 

Authors: 3 

Sterling B. Tebbett *, David R. Bellwood 4 

Addresses: 5 

1ARC Centre of Excellence for Coral Reef Studies; and College of Science and Engineering, 6 

James Cook University, Townsville, Queensland 4811, Australia 7 

*Corresponding Author:  8 

Email: sterling.tebbett@my.jcu.edu.au 9 

Phone: (07) 47815729 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

mailto:sterling.tebbett@my.jcu.edu.au


2 
 

Abstract  23 

Coral reefs are highly productive ecosystems, with much of this productivity arising from the 24 

algal turfs which cover the hard reef substratum. This productivity can flow up the food chain 25 

through herbivorous fishes, to be harvested by humans as fishable biomass. However, algal 26 

turfs exist on a spectrum of forms from short productive algal turfs (SPATs), to long 27 

sediment-laden algal turfs (LSATs). The latter are increasingly likely to typify Anthropocene 28 

coral reefs, however, we have a limited understanding of their nature and potential 29 

productivity. We assessed the nature of algal turfs in terms of length, biomass, relative 30 

detritus content, and productivity across a sediment load gradient, from SPATs to LSATs, at 31 

two reefs separated by more than 450 km along Australia’s Great Barrier Reef (GBR). 32 

Furthermore, to assess the capacity of sediments to shape productivity, we modelled algal turf 33 

productivity, as a function of sediment load, across multiple spatial scales in a Bayesian 34 

framework. We recorded precipitous declines in both the productivity of algal turfs, and the 35 

relative nutritional value of particulates, up to sediment loads of ~100 g m-2. However, algal 36 

turf biomass did not change with sediment loads. This appears to reflect a shift in algal 37 

community composition from short, high-biomass, highly-productive algae at low sediment 38 

loads, to longer, low-biomass, less productive algae at high sediment loads. Importantly, 39 

these relationships provide a robust framework for estimating algal turf productivity on coral 40 

reefs. Indeed, when we applied our models to known sediment loads, we reveal that sediment 41 

loads alone can fully explain observed algal turf productivity gradients across multiple spatial 42 

scales. In an era of global climate change and coral reef reconfiguration, algal turf sediments 43 

may hold the key to maintaining benthic productivity on coral reefs in the Anthropocene.  44 

Key words: 45 
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1. Introduction 47 

 Paradoxically, coral reefs exist as highly productive ecosystems within nutrient poor 48 

waters (Adey and Goertemiller, 1986; Brandl et al., 2019b; Darwin, 1842). A paradox that is 49 

highlighted by the algae that inhabit coral reefs, which maintain high productivity under such 50 

conditions (Adey, 1998; Hatcher, 1988; Steneck, 1997). This productivity in turn supports 51 

core trophic pathways on coral reefs, including energy transfer up the food chain through 52 

herbivorous fishes (Kelly et al., 2017; Russ, 2003). Ultimately, this productivity is often 53 

harnessed by humanity, with millions of people globally relying on coral reefs to produce 54 

fishable biomass to meet basic subsistence needs (Moberg and Folke, 1999; Woodhead et al., 55 

2019). However, coral reefs are changing fast and transitioning to lower-coral cover 56 

configurations (Bellwood et al., 2019a; Bruno et al., 2019; Hughes et al., 2017). If we are to 57 

sustain key services from these highly-altered systems, it is vital to understand, and quantify, 58 

the nature of core ecosystem functions, such as benthic productivity, in these modified 59 

systems (Bellwood et al., 2019b; Brandl et al., 2019a; Hughes et al., 2017).  60 

Algal turfs epitomise the highly productive nature of algae on coral reefs and, in many 61 

cases, they are the primary contributors to benthic productivity in these systems (Carpenter, 62 

1985; Hatcher, 1988; Klumpp and McKinnon, 1992). Importantly, we are likely to witness a 63 

rise, globally, in the coverage of algal turfs on climate change-modified coral reefs (Tebbett 64 

and Bellwood, 2019). This is because: a) on many coral reefs algal turfs are already a major 65 

benthic covering (Donovan et al., 2018; Smith et al., 2016; Wismer et al., 2009), b) algal turfs 66 

readily colonise dead coral substrata following primary colonisation by cyanobacteria (Diaz-67 

Pulido and McCook, 2002), and c) they are highly stress-tolerant (Hay, 1981; Steneck and 68 

Dethier, 1994) and future climate change conditions even appear to be advantageous to algal 69 

turfs (Bender et al., 2015; Johnson et al., 2017). Understanding the capacity of algal turfs to 70 

sustain productivity on Anthropocene coral reef systems is of critical importance (Bellwood 71 
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et al., 2019a; Brandl et al., 2019a). However, this capacity may be shaped by the other 72 

stressors faced by coral reefs, foremost among these is sediments. 73 

After climate change, increased sediment inputs are widely identified as one of the 74 

major threats to coral reefs (Bainbridge et al., 2018; Fabricius, 2005; Magris and Ban, 2019), 75 

with 50% of the world’s reefs at risk of increased terrestrial inputs (Burke et al., 2011). These 76 

sediments often become trapped within the complex structure of algal turfs (Connell et al., 77 

2014; Latrille et al., 2019); an interaction that is likely to intensify as climate change reduces 78 

the topographic complexity of reefs (Tebbett et al., 2020). It is these sediments that appear to 79 

shape the nature of algal turfs, as they can reduce herbivory and lead to a transition from 80 

short productive algal turfs (SPATs) to long sediment-laden algal turfs (LSATs) (sensu 81 

Goatley et al., 2016). Recently, experimental evidence highlighted that a causal relationship 82 

exists between sediment loads in algal turfs and algal turf productivity, in terms of the 83 

potential yield to herbivorous fishes, with increasing sediments reducing yields (Tebbett et 84 

al., 2018). However, this study was experimental and undertaken on a pre-bleached coral 85 

reef. We lack a clear understanding of sediment-algal turf productivity relationships under the 86 

current scenarios on highly-altered post-bleached coral reefs.  87 

Clearly a comprehensive understanding of the interaction between sediments and 88 

productivity is necessary if we are to sustain critical ecosystem functions on Anthropocene 89 

coral reefs. The aim of this study, therefore, is to investigate the nature of algal turfs and their 90 

productivity across a range of algal turf conditions and associated sediment loads under field 91 

conditions on climate-impacted reefs. This relationship will, therefore, be investigated on two 92 

disparate reefs with recent histories of stressors that foreshadow the future of many coral 93 

reefs and, in doing so, will provide a framework for estimating algal turf productivity on such 94 

disturbed systems. We will then apply these empirical data, via a Bayesian modelling 95 

framework, to existing datasets to examine algal turf productivity, as a function of sediment 96 
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load, across multiple spatial scales; from centimetres within reef habitats to among reefs 97 

spanning the entire continental shelf of the Great Barrier Reef (GBR). The overarching goal 98 

of this study is to document, and provide a framework for estimating, spatial patterns in algal 99 

turf productivity, and to explore the role that sediment may play in shaping patterns in this 100 

key process on Anthropocene reefs.  101 

 102 

2. Materials and methods 103 

2.1 Study sites 104 

This study was conducted between March and April 2019 at Lizard Island in the 105 

Northern GBR, and April and May 2019 at Orpheus Island in the Central GBR (Fig. S1). 106 

Lizard Island is a mid-shelf reef located approximately 30 km from the mainland, while 107 

Orpheus Island is an inner-shelf reef located approximately 15 km from the mainland. As the 108 

influence of terrestrial sediment inputs, and the nature of sediment dynamics, varies across 109 

the continental shelf (Fabricius et al., 2014; Tebbett et al., 2017) these two islands can 110 

provide differing insights into how sediment dynamics may influence algal turf productivity. 111 

Furthermore, each island has been subject to different stressors including coral bleaching, 112 

cyclone impacts, and sediment disturbances (Goatley et al., 2016; Gordon et al., 2016; 113 

Wismer et al., 2019). At each island we had two sites, each within leeward facing bays (Fig. 114 

S1), and at each site we focused on the shallow-water (0-5 m below chart datum) habitat 115 

stretching from the crest to the mid-flat. This shallow-water habitat was selected as it 116 

represents the most productive and ecologically relevant habitat on climate-reconfigured 117 

coral reefs (Bellwood et al., 2018). For details of the herbivorous fish community at each site 118 

see supporting information (Text S1; Table S1).   119 
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2.2 Field sampling 120 

 At each site productivity was measured in terms of the change in turf length using a 121 

standard caging technique (following Roff et al., 2018; Russ, 2003). At each site, 26-32 flat 122 

(~<15˚ from horizontal) areas of consolidated reef matrix were selected. Selected sampling 123 

locations were covered in algal turfs, outside the territories of damselfishes, and free of 124 

sediment-retaining pits, macroalgae and encrusting organisms. Locations were each covered 125 

in herbivore exclusion cages constructed from 12 × 12 mm stainless steel mesh and measured 126 

140 × 140 × 100 mm (L × W × H) with a 50 mm fringe. Cages of this nature have been used 127 

extensively in prior experiments (e.g. Bonaldo and Bellwood, 2011; Clausing et al., 2014; 128 

Fong et al., 2018; Latrille et al., 2019) and cage effects on the nature of algal turfs have been 129 

rigorously examined (Tebbett et al., 2018). Immediately prior to caging, 10 haphazardly 130 

selected algal turf filaments were measured using the depth probe of vernier callipers and 131 

recorded by pushing the tips of the callipers into saltwater-resistant pressure-sensitive poster 132 

adhesive (Blu-tack). Indentations were then measured in the lab using digital callipers 133 

yielding an average algal turf length for each caged location (reviewed in Tebbett and 134 

Bellwood, 2019). Cages were then positioned over the measured area and the fringe was 135 

contoured to the reef substratum and nailed to hold it in place. The distance of each cage from 136 

the reef crest was also recorded. 137 

 Cages were left in place for five days. As algal turfs can grow rapidly in the absence 138 

of herbivorous fishes (Bonaldo and Bellwood, 2011) this time was sufficient to examine 139 

changes in length while minimising potential caging effects. Following the removal of cages, 140 

algal turf length was remeasured (as above) yielding the change in algal turf length over 5 141 

days (i.e. the average starting length of algal turf filaments was subtracted from the average 142 

length after 5 days of caging). Sediments trapped within the algal turfs were then sampled 143 

from within a 58 cm2 PVC ring using a submersible electronic vacuum sampler (modified 144 
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after Purcell, 1996). The sediment and algal turf community on an identical area of reef 145 

substratum adjacent to the caged area (i.e. open to herbivorous fishes) was also sampled, as 146 

above, during the 5 day deployment period, generally upon deployment of cages, to provide 147 

data on relationships between sediment, algal turf length, algal turf biomass and detritus 148 

levels in the presence of herbivores. Algal turf biomass was sampled after sediment collection 149 

by removing and collecting the algal turf community using the vacuum sampler. This was 150 

achieved by using a steel tube fitted to the intake hose of the vacuum sampler to scrape the 151 

substratum to a depth of ~1 mm. Dislodged algal material was then collected in a 220 µm 152 

mesh filter fitted between the tube and the electronic pump. Algal filters were then sealed and 153 

placed on ice. Once on land the material from the filters was rinsed with freshwater, placed 154 

into vials and frozen prior to laboratory processing.   155 

2.3 Sample processing 156 

 To fix organic material, 15 ml of 4% buffered formaldehyde was added to the 157 

sediment samples. Each sample was then transferred into a 9 l container and left for 3 h, 158 

before decanting the water, to allow particulate material >10 µm to settle (Purcell, 1996). All 159 

samples were then transferred to 120 ml sample jars and wet sieved through a 2 mm stainless 160 

steel mesh so that only material <2 mm was retained (sands, silts and clays; ISO 14688-161 

1:200). To remove salts, each sample was then rinsed with freshwater three times, leaving at 162 

least a 3 h settling period between rinses. Samples were then dried to a constant weight at 163 

60˚C and weighed to 0.0001 g to yield total benthic particulate mass. Organic material was 164 

then removed from the samples by bleaching them for at least two weeks using 30% 165 

hydrogen peroxide (H2O2). Samples were stirred, and fresh solution was added on a regular 166 

basis. Samples were then re-dried and weighed, as above, yielding total sediment mass, and 167 

the proportion, by mass, of organic particulate material in benthic particulates. Each frozen 168 

algal turf sample was thawed, dried to a constant weight at 60˚C and then weighed to 0.0001 169 
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g. Organic algal material was then removed from each sample by bleaching, as above. Each 170 

sample was then re-dried and re-weighed, as above, yielding total organic algal biomass.  171 

2.4 Statistical analysis 172 

 Initially we examined the relationship in algal turfs adjacent to caged plots between a) 173 

algal turf length, algal turf biomass and the proportion of detritus in benthic particulates (as 174 

an indication of the relative nutritional value of particulates) and b) algal turf sediment load; 175 

using Bayesian generalised linear mixed effects models (GLMMs). In all models sediment 176 

load (g m-2: continuous factor, logged), and island identity (categorical factor) were fitted as 177 

fixed factors with an interaction term, while site identity was treated as a random factor to 178 

account for the lack of spatial independence among samples. The model assessing algal turf 179 

length used a lognormal distribution (gaussian with a log-link), biomass used a Gamma 180 

distribution with a log-link, while the model assessing the proportion of detritus used a Beta 181 

distribution with a logit-link. In all cases weakly informative priors were used (see Table S2 182 

for prior details and chain specifications for each model). Model convergence, fit and 183 

assumptions were assessed using trace plots, autocorrelation plots, rhat plots, posterior 184 

predictive checks, effective sample sizes and residual plots, all of which were satisfactory. 185 

Furthermore, we checked for any effect of the distance of plots from the reef crest by 186 

regressing the residuals of each model against this factor to examine patterns. No patterns 187 

were revealed. 188 

The relationship between algal turf productivity and initial algal turf length was also 189 

examined using a Bayesian GLMM, as above. Algal turf productivity was based on the linear 190 

extension of algal turfs (i.e. mm of growth day-1). Only positive growth was considered in the 191 

model (9 of the 120 plots recorded negative growth and these were excluded from further 192 

analysis. This was because: a) these may have been due to measurement errors [departure 193 
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from 0 growth was small, <0.3 mm day-1 in all cases], b) the inclusion of these values would 194 

have heavily limited modelling options, and c) they could have been influenced by small 195 

invertebrate grazers/small herbivorous fishes that could have entered through the 12 × 12 mm 196 

mesh). In this model initial algal turf length (mm; continuous factor, logged) and island 197 

identity were fitted as interacting fixed factors, while site was fitted as a random factor. The 198 

model was based on a lognormal distribution. Furthermore, as the driver of algal turf 199 

productivity appears to be sediments (Tebbett et al., 2018), rather than turf length, we wanted 200 

to specifically examine the relationship between productivity and algal turf sediment load. 201 

Unfortunately, exploratory data plots suggested that final sediment load in the algal turfs was 202 

a poor predictor and may have been influenced by algal growth and caging effects. We 203 

therefore built a model to predict initial sediment load as a function of initial algal turf length 204 

(see Text S2). We then used these predicted sediment loads (g m-2; continuous factor, logged) 205 

in place of initial algal turf length in a second Bayesian GLMM with a lognormal distribution 206 

(as above), to examine the relationship between algal turf productivity and estimated initial 207 

sediment load. All statistical analysis were performed in the software R (R Core Team, 2018) 208 

using the rstanarm (Goodrich et al., 2018), brms (Burkner, 2017), bayesplot (Gabry and 209 

Mahr, 2018), tidybayes (Kay, 2019), tidyverse (Wickham, 2017) and emmeans (Lenth, 2019) 210 

packages.    211 

2.5 Model application 212 

 Previous studies have shown that algal turf productivity can vary considerably across 213 

the continental shelf of the GBR and among reef habitats (Klumpp and McKinnon, 1992; 214 

Russ, 2003; Russ and McCook, 1999), while Tebbett et al., (2020) suggested that it might 215 

also be influenced by topographic complexity at small spatial scales. However, evidence 216 

suggests that while hydrodynamics and coastal influences may be the primary drivers of 217 

productivity, these patterns are mechanically linked to variation in algal turf sediment loads 218 
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across the same spatial scales (i.e. the ultimate driver may be hydrodynamics, however this 219 

influences productivity by shaping the proximal driver – sediment loads) (Purcell and 220 

Bellwood, 2001; Tebbett et al., 2020, 2017). Therefore, to examine the potential impact of 221 

sediment loads on algal turf productivity across different spatial scales, we applied our model 222 

to published algal turf sediment load data across: a) topographic complexity within a reef 223 

habitat, b) across reef habitats, and c) across the continental shelf of the GBR. For variation 224 

across topographic complexity, 100 algal turf sediment loads were estimated (based on 0.13 225 

to 0.72 m of elevation above the reef substratum for horizontal algal turf sites; data from 226 

Tebbett et al., (2020). Data on algal turf sediment loads from reef crest, fore-flat, and mid-flat 227 

habitats at Lizard Island in the northern GBR were sourced from Purcell, (2000), while data 228 

on algal turf sediment loads from reef crests on inner-, mid-, and outer-shelf reefs across the 229 

northern GBR were sourced from Tebbett et al., (2017). 230 

   231 

3. Results 232 

Increasing algal turf sediments loads had a clear effect on the nature of the algal turfs 233 

(Fig. 1). There was a strong positive relationship between sediment load and algal turf length 234 

(Fig. 1a). However, this relationship was dependent on the island in question with the slope 235 

of the Orpheus Island relationship being steeper than the slope of the Lizard Island 236 

relationship (as the 95% credibility intervals did not overlap zero this suggested the 237 

interaction had a clear effect; Table S3). Remarkably, in terms of algal turf biomass, there 238 

was no detectable differences between the islands and no clear relationship with sediment 239 

load (in all cases the 95% credibility intervals overlapped zero) (Table S3; Fig. 1b). However, 240 

there was a marked effect of sediment load on the proportion of organic particulate material 241 

(detritus) in the total benthic particulate mass (Fig. 1c). The proportion of detritus in benthic 242 
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particulates declined rapidly from 0 until an inflexion point centred around a sediment load of 243 

~68 g m-2; Fig. 1c). As the 95% credibility intervals of the model did not overlap zero this 244 

suggested that sediment load had a clear effect on the proportion of detritus, while the models 245 

also highlighted that there were no differences between islands (Table S3). Together these 246 

results highlight that with increasing algal turf sediment loads, a) algal turf length increases, 247 

b) algal turf biomass does not change, and c) relative detritus levels within the algal turfs 248 

declines rapidly.  249 
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 250 

Figure 1 The relationship between algal turf sediment load and a) algal turf length, b) algal 251 

turf biomass, and c) percentage of organic detritus by mass in benthic particulates. The black 252 

lines indicate the mean predicted model fit, while the coloured lines are based on 500 253 
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randomly selected model fits sampled from the posterior distribution. The coloured dots are 254 

the raw data points. Note that for panel c) the dashed line indicates the inflexion point and the 255 

x axis has been trimmed so that the trend can be seen clearly (please refer to Fig. S2b for the 256 

full graph). 257 

  258 

Increasing initial algal turf length and predicted initial algal turf sediment load led to 259 

precipitous declines in the productivity of algal turfs (Fig. 2). These declines levelled off at 260 

initial algal turf lengths of ~4-5 mm and sediment loads of ~100-200 g m-2 with a clear 261 

inflexion point at a sediment load of ~108 g m-2 (Fig. 2). Furthermore, the model suggested 262 

that initial algal turf length had a substantial effect on algal turf productivity as the 95% 263 

credibility intervals did not overlap zero (Table S3). Similarly, the model suggested that 264 

predicted sediment load had a substantial effect on algal turf productivity as the 95% 265 

credibility intervals did not overlap zero (Table S3). In both models the credibility intervals 266 

of the algal turf length/ predicted sediment load interaction with island identity, and the island 267 

identity factor alone, overlapped zero, suggesting that neither the interaction nor island 268 

identity had a substantial effect on algal turf productivity (Table S3). Overall, these results 269 

suggest that algal turf growth slows with linear extension, and that small changes in algal turf 270 

sediment loads can have marked effects on algal turf productivity. SPATs, therefore, can be 271 

considered algal turfs under ~5 mm in length that contain less than ~100 g m-2 of sediment. 272 
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 273 

Figure 2 The relationship between algal turf productivity and a) initial algal turf length, and 274 

b) predicted initial algal turf sediment load. The black line indicates the mean predicted 275 

model fit, while the green lines are based on 500 randomly selected model fits sampled from 276 

the posterior distribution. The green dots are the raw data points. Note that for panel b) the 277 

dashed line indicates the inflexion point and the x axis has been trimmed so that the trend can 278 

be seen clearly (please refer to Fig. S2c for the full graph).  279 
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Clear patterns emerged when the model relating algal turf productivity to algal turf 280 

sediment loads was applied to data describing algal turf sediments across the three spatial 281 

scales (Fig. 3). Firstly, at the smallest spatial scale, productivity clearly increased with 282 

increasing substratum elevation, suggesting that algal turfs on flatter reefs would be less 283 

productive (Fig. 3a). Furthermore, marked differences in estimated algal turf productivity 284 

occurred across reef habitats, with the highest productivity on the reef crest followed by a 285 

marked decline across the reef flat (Fig. 3b). Finally, at the largest spatial scale, estimated 286 

algal turf productivity varied substantially across the continental shelf of the GBR, with 287 

noticeably higher levels on mid- and outer-shelf reef crests compared to inner-shelf reef 288 

crests (Fig. 3c). Taken together, these patterns highlight the potential of algal turf sediments 289 

to drive variation in algal turf productivity across multiple spatial scales.  290 
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 291 

Figure 3 Predicted algal turf productivity across varying a) substratum elevations at Lizard 292 

Island, Australia, b) reef habitats at Lizard Island, and c) shelf positions across the Great 293 
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Barrier Reef, Australia. a) the black line indicates the mean predicted fit of a Bayesian model 294 

relating algal turf productivity (mm day-1) to algal turf sediment load, while the blue lines are 295 

based on 250 randomly selected model fits from the posterior distribution. b) and c) boxplots 296 

show the median, 25th percentiles and outliers, the crosses show the mean value, and dots are 297 

based on 50 randomly selected predictions from the posterior distribution of a Bayesian 298 

model relating algal turf productivity (mm day-1) to algal turf sediment load.   299 

 300 

4. Discussion 301 

Coral reefs in the Anthropocene are expected to be typified by lower coral cover, 302 

lower topographic complexity, and a higher coverage of algal turfs (Bellwood et al., 2019a; 303 

Tebbett and Bellwood, 2019). These algal turfs form an interface that is closely connected 304 

with essential coral reef ecosystem processes including coral settlement (Birrell et al., 2005; 305 

Speare et al., 2019), herbivory (Duran et al., 2019; Kelly et al., 2017; Streit et al., 2019) and, 306 

importantly, benthic productivity (Hatcher, 1988; Klumpp and McKinnon, 1992; Steneck, 307 

1997). However, the state of algal turfs can range along a spectrum of sediment loads from 308 

short productive algal turfs (SPATs) to long sediment-laden algal turfs (LSATs) (Goatley et 309 

al., 2016). Across this spectrum, we examined the capacity of sediments to shape the nature 310 

of algal turfs and the functions they provide (Fig. 4). Unexpectedly, we found that even at 311 

relatively low sediment levels, there was precipitous declines in the productivity of algal 312 

turfs, with a concomitant decrease in the relative amount of detrital particulates. As such, 313 

even small shifts in the state of algal turfs towards LSATs, brought on by stressors such as 314 

enhanced sediment fluxes or overfishing (Fong et al., 2018; Goatley et al., 2016; Tebbett et 315 

al., 2018), may have considerable bottom-up effects on coral reef ecosystem processes. 316 
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 317 

Figure 4 A conceptual diagram summarising the major changes in the nature of algal turfs on 318 

coral reefs across a spectrum from short productive algal turfs (SPATs) to long sediment-319 

laden algal turfs (LSATs). Note that the nature of algal turfs in terms of productivity, and the 320 

relative nutritional value of particulates, appears to decline rapidly from 0 to about 100 g m-2 321 

of sediment (see Figs. 1, 2 for more details). SPATs therefore appear to end when algal turf 322 

length exceeds ~5 mm and sediment loads exceed ~100 g m-2 323 

 324 

 Our results support previous studies which have highlighted the positive relationship 325 

between algal turf length and sediment load on coral reefs (Fong et al., 2018; Gordon et al., 326 

2016; Purcell, 2000), giving rise to the terms SPATs and LSATs (Goatley et al., 2016). 327 

However, the effect of this sediment on algal turf processes, such as productivity, has 328 
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remained relatively unexplored, particularly across large spatial scales. In exploring this 329 

effect of various sediment loads, we highlight a fundamental shift in the productivity of algal 330 

turfs, with rapid changes at very low sediment levels <100 g m-2 (Fig. 4). Such low sediment 331 

levels can accumulate in algal turfs in less than three days (Latrille et al., 2019; Tebbett et al., 332 

2018). Importantly, we also found that algal turf biomass did not change across this SPAT-333 

LSAT spectrum, supporting the results of previous studies on coral reefs (Purcell and 334 

Bellwood, 2001), and subtropical rocky reefs (Airoldi and Virgilio, 1998). This lack of 335 

change in biomass potentially offers a mechanistic explanation for the fundamental decline in 336 

productivity. It is likely that at low sediment loads algal turf assemblages are composed of 337 

short, high unit biomass (mass per mm), high-productivity algal taxa. By contrast, with 338 

increasing sediment loads >~100 g m-2, the composition may shift towards longer, low unit 339 

biomass, less productive algal taxa. Visually algal turfs appear to transition from a low dense 340 

complex algal turf community to etiolated algal filaments. Such changes in algal turf 341 

community composition across sediment loads has been shown on subtropical rocky reefs 342 

(Airoldi et al., 1995; Stewart, 1983), and further investigation on coral reefs, as suggested by 343 

Harris et al., (2015), appears warranted. However, regardless of the actual mechanistic basis, 344 

when sediment loads exceed ~100 g m-2 it appears algal turfs enter a critical transition zone, 345 

beyond which low productivity and low particulate nutritional value persist. 346 

In addition to identifying changes in the nature of algal turfs across the SPAT-LSAT 347 

spectrum, a clear outcome of our study is that it provides a way forward in terms of 348 

estimating algal turf productivity on coral reefs, utilising a single ‘universal trait’. 349 

Specifically, a universal trait, is a trait that can be directly related to a range of organismal 350 

functions (Bellwood et al., 2019b). Perhaps the best example in coral reef ecology is fish 351 

body size. Fish size is related to every known fish function (Bellwood et al., 2019b), and 352 

quantifying this trait permits the estimation of a range of core ecosystem processes including 353 
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nutrient cycling (Allgeier et al., 2014) and storage and production of fish biomass (Morais 354 

and Bellwood, 2018). In our case, algal turf length appears to be a similar ‘universal trait’ for 355 

benthic algal turfs (Fig. 4). This one trait appears to be related to many facets of algal turf 356 

condition (Flower et al., 2017; Goatley et al., 2016; Steneck et al., 2018), including 357 

accumulated sediment mass (the underlying driver of most processes related to algal turfs 358 

[Clausing et al., 2014; Fong et al., 2018; Goatley et al., 2016]). Importantly, we can now 359 

estimate productivity as a function of algal turf length and/or sediment load. This is a key 360 

step forward in the study of benthic productivity on coral reefs. This is because length is by 361 

far the easiest algal turf trait to measure, with established methods allowing direct 362 

quantification rapidly across broad spatial scales (reviewed in Tebbett and Bellwood, 2019).  363 

In the past, research into benthic productivity has been limited by the methodologies 364 

that required expensive or technical respirometry chambers (e.g. Klumpp and McKinnon, 365 

1992, 1989), caging techniques over extended temporal scales (e.g. Russ, 2003; Russ and 366 

McCook, 1999), and/or relied on artificial tiles that may not be representative of natural 367 

substrata (Hixon and Brostoff, 1985) and are likely to accumulate lower sediment loads than 368 

natural algal turfs (Tebbett et al., 2018). Furthermore, at larger scales the application of 369 

different methods precludes reliable comparative analysis. Due to these limitations when 370 

‘productivity’ is included in large-scale coral reef studies, pelagic primary productivity or 371 

other proxies such as chlorophyll-A concentration is often used (Cinner et al., 2018; Taylor et 372 

al., 2018). However, the links with benthic productivity are often tenuous or unknown, 373 

seriously limiting the strength of inferences relating to benthic processes (Gove et al., 2013; 374 

Taylor et al., 2018). Our modelling framework, derived from readily measured algal turf 375 

traits across a spectrum of naturally occurring SPATs to LSATs, permits a direct estimation 376 

of algal turf productivity that operates at any scale. This utility is exemplified when we 377 

applied our models to estimate productivity at various spatial scales.    378 
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Our estimated multi-scale patterns of algal turf productivity, as a function of sediment 379 

load (based on models derived from our response-curves), are strongly supported by previous 380 

empirical data. Specifically, previous studies have highlighted far higher algal turf 381 

productivity on reef crest habitats relative to reef flats (Klumpp and McKinnon, 1989; Russ, 382 

2003), but generally far lower productivity on inner-shelf reefs relative to mid-, and outer-383 

shelf reefs on the GBR (Russ and McCook, 1999; Williams et al., 1986). Furthermore, our 384 

results support the suggestions of Tebbett et al., (2020), that enhanced algal turf sediment 385 

accumulation on flatter, low-elevation, climate-modified coral reefs could reduce algal turf 386 

productivity. Based on our models, it appears that gradients in algal turf sediments are able to 387 

explain gradients in algal turf productivity across shallow water coral reef habitats. This 388 

conclusion is underpinned by previous experimental work that established a causal 389 

relationship between sediment loads and algal turf productivity (Tebbett et al., 2018). 390 

Although other factors, such as light intensity, and hydrodynamic activity (an ultimate driver 391 

of algal turf sediment loads), are undeniably important and are likely to contribute to 392 

observed gradients in algal turf productivity (Carpenter, 1985; Hatcher, 1990; Klumpp and 393 

McKinnon, 1989; Roff et al., 2018), our results show that, in addition to a causal relationship, 394 

algal turf sediments are able to influence productivity to the full extent seen in natural and 395 

disturbed systems.  396 

Remarkably, we found limited between-island differences in the nature of algal turfs 397 

across the range of sediment loads examined, especially in terms of algal turf productivity. 398 

This is despite the two locations being exposed to a markedly different suite of biological 399 

(e.g. herbivorous fish assemblages [see Table S1]) (Cheal et al., 2012), physical (e.g. 400 

sediment resuspension, and oceanic flushing) (Brodie et al., 2012; Woolfe et al., 2000), and 401 

anthropogenically enhanced (e.g. terrestrial inputs of nutrients) (Fabricius et al., 2014; Kroon 402 

et al., 2012), drivers. Many of these drivers, especially nutrients, have been linked to algal 403 
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productivity on coral reefs (Graham et al., 2018; Hatcher, 1990; Russ and McCook, 1999; 404 

Smith et al., 2001; Williams and Carpenter, 1988). The variation in these drivers would have 405 

been captured in our ‘island identity’ factor. However, we found minimal between-island 406 

effects, strongly supporting studies which have suggested a limited role for top-down 407 

processes, such as herbivory, or bottom-up processes based on nutrients (Burkepile and Hay, 408 

2006; Russ et al., 2015). By contrast, algal turf sediment loads alone had, by far, the largest 409 

effect on productivity. Algal turf sediment loads may therefore represent the primary driver 410 

of algal turf productivity on coral reefs.    411 

Unfortunately, 50% of the world’s coral reefs are at risk of increased terrestrial 412 

sediment inputs (Burke et al., 2011). As algal turfs can represent the major reservoir of 413 

sediments on coral reefs (Latrille et al., 2019), increased sediment fluxes to reefs may lead to 414 

increased algal turf sediment accumulation. A process that will intensify as climate-change 415 

reduces coral reef topographic complexity (Tebbett et al., 2020). As such, our study carries 416 

particularly serious implications for coral reefs that are both at risk of increased sediment 417 

accumulation and are heavily relied upon by people in subsistence fisheries. This is because 418 

catches in many subsistence coral reef fisheries can be predominantly composed of 419 

herbivorous and detritivorous fishes (Edwards et al., 2014; Robinson et al., 2019). 420 

Unfortunately, if increasing algal turf sediment loads lead to declines in algal turf 421 

productivity and particulate nutritional value, this may impose significant bottom-up effects 422 

on the herbivorous and detritivorous fishes that rely on these nutritional resources. This 423 

conclusion is supported by studies that have highlighted the close relationship between coral 424 

reef herbivorous and detritivorous fish populations and algal-based nutritional resources 425 

(Purcell and Bellwood, 2001; Russ et al., 2015; Tootell and Steele, 2016). Together, this 426 

evidence highlights the potential capacity of algal turf sediments to shape food chains by 427 

limiting nutritional resources.   428 
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While fisheries productivity may be sustained on algal covered coral reef systems 429 

(Bellwood et al., 2018; Morais and Bellwood, 2019; Robinson et al., 2019), this fishable 430 

biomass productivity may be intimately linked to the ability of the algae to provide nutritional 431 

resources to these fishes (Kelly et al., 2017; Russ, 2003). However, we have highlighted that 432 

the capacity of algal turfs to provide these nutritional resources is heavily dependent upon 433 

accumulated sediment loads. These findings come at a time when global climate change has 434 

driven profound losses of coral cover on the world’s coral reefs, with many reefs now 435 

covered primarily by algal turfs (Bellwood et al., 2019a; Bruno et al., 2019; Hughes et al., 436 

2017). As such, sustaining the functioning and productivity of coral reefs in the 437 

Anthropocene, may be intimately intertwined with the nature of algal turfs and the sediments 438 

they contain.  439 
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