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Abstract 

 

Corals are the framework builders of coral reefs and currently face a suite of both global 

pressures, such as ocean acidification and warming, and local pressures, such as declines in 

water quality. One of the most prominent local stressors is high turbidity and sedimentation 

resulting from river-runoff, natural resuspension events and dredging. Dredging involves the 

excavation of sediment from the sea floor to allow for coastal construction, land reclamation, 

industrial development, and the creation of ports and shipping channels. Over the past 50 years 

the drive for more economically efficient transportation of goods has resulted in increasing ship 

size, with a doubling of draft, and this along with rapidly expanding coastal development has 

resulted in increased dredging activities. The upsurge in dredging is particularly evident in 

tropical Australia, where 72 Mm3 of sediment has been dredged over the past 20 years. To 

effectively manage these projects and minimise the impacts on nearby coral reef ecosystems an 

increased knowledge of the type and severity of impacts caused by sediment related stressors 

on corals is required.  

This Thesis combines investigations into coral health during a large scale (~7.6 Mm3 of seafloor 

substrate removed) dredging project in the north west of Australia, along with laboratory 

experiments examining the specific causal pathways of sediment related pressures, including 

suspended sediment concentrations (SSCs), and light reduction, followed by the development 

of thresholds. In addition to this, the cumulative impacts of both local (sediment) and global 

(temperature) related pressures on coral health were experimentally tested.  

Investigations into the impacts of the large-scale dredging project revealed mortality of corals 

were correlated with declines in water quality in close vicinity (<1.5 km) to the dredging, and 

this mortality was also partially attributed to high seawater temperatures that caused bleaching 

in these coral populations. During the project 40% of the 953 monitored coral colonies suffered 

from one or more mortality events (≥ 5% partial colony mortality). Sediment related metrics 

corresponded with mortality in massive corals, while light attenuation metrics corresponded 

with mortality in branching corals, indicating that water quality thresholds should consider local 

community structure and should include multiple metrics, such as light, SSCs and sediment 

deposition when managing similar projects in the future.  

Observations made during this project also revealed an increase in the prevalence of mucous 

sheets on massive Porites spp. close to dredging. During the dredging project 74% of the colonies 

<1.5 km from the dredging produced one or more mucous sheets. In contrast, mean mucous 

sheet prevalence was very low (0.2%), at distantly located reference sites (>20 km away). This 

relationship was confirmed in a laboratory experiment, where Porites spp. colonies only 

produced mucous sheets when exposed to elevated SSCs and subsequent deposition of 
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sediments. These results suggest that mucous sheet prevalence is an effective bioindicator of 

sediment related exposure.  

The specific causal pathways of dredge related pressures on coral health were then examined 

by experimentally partitioning the impacts of elevated SSCs (0, 30, 100 mg L-1), and light 

attenuation (~0, 1.1, 8.6 mol photons m-2 d-1). These treatment levels were applied in a fully 

crossed design to assess the impacts on the health of three coral species/morphologies 

(Acropora millepora, Montipora capricornis and Porites spp.). The results revealed that light 

reduction, rather than elevated SSCs, caused the greatest impacts on coral health, with mortality 

only observed in the two lowest light treatments, regardless of SSC. Sub-lethal stress was also 

observed, with all colonies losing symbionts (bleaching) in the lowest two light treatments by 

the end of the 28 d exposure. These results demonstrated that light reduction associated with 

turbidity poses a proportionally greater risk than effects of elevated SSCs alone and should be 

managed appropriately. 

The finding that coral are more sensitive to light attenuation than suspended particles may be 

particularly significant for large dredging programs, as water quality analyses during a large-scale 

dredging project revealed that consecutive days in darkness, and extended low light periods (< 

1 mol photons m-2 d-1) are experienced close to dredging. This led me to quantify low light 

thresholds for sub-lethal stress in several species of corals over an extended period of time. The 

effects of low light exposure (daily light integral [DLI] of ~0, 0.02, 0.1, 0.4, 1.1 and 4.3 mol 

photons m-2) were examined over 30 d, for two coral species (A. millepora and Pocillopora 

actua), juvenile P. acuta (7 months old) and a species of crustose coralline algae CCA (Porolithon 

onkodes). Bleaching was observed in both coral species following exposures of <0.4 DLI, while 

partial mortality of P. onkodes was apparent under the same light conditions. These results 

suggest that light limitation due to elevated SSCs during dredging projects should be minimised 

to avoid prolonged exposure to days in darkness and low light.  

Lastly, cumulative impacts of dredging related sediment deposition and temperature stress 

resulting in coral bleaching were examined. In this study, 3 coral species (A. millepora, Porites 

spp. and Turbinaria reniformis) were experimentally induced to bleach by exposure to a 

temperature of 31°C for 21 d. These corals, along with corals not exposed to thermal stress, 

were then subjected to a range of sedimentation rates (0, 11, 22 and 40 mg cm-2 d-1), and their 

sediment-rejection ability was quantified after 1 and 7 successive sediment deposition events. 

Bleached corals were less capable of removing sediments from their surfaces, with 3 to 4-

fold more sediment accumulating on bleached than normally-pigmented corals. Consecutive 

deposition resulted in a ~3-fold decrease in clearance ability, regardless of bleaching status. 

These results suggest that adaptive management practices should be developed to reduce the 
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impacts of future dredging projects that follow or coincide with elevated sea surface 

temperatures and coral bleaching events. 

Collectively, these field and experimental studies demonstrate that dredge related water quality 

conditions can impact considerably on coral health. Light and sediment deposition related 

metrics appear to have a greater influence on coral health than SSCs alone. Although light 

reduction and SSCs are clearly linked, future dredging management practices should aim to 

maintain irradiance above the minimum thresholds for low-light bleaching identified here. The 

cumulative impacts on corals resulting from dredge related pressures and increased 

temperatures identified in the field, and confirmed in bleaching-sediment deposition 

experiments, demonstrate the need to consider a broader suite of additional local 

environmental conditions that may influence the sensitivity of coral populations to dredging 

related pressures.   



vii 
 

Table of Contents 

 

Thesis Declaration .............................................................................................................. iii 

Abstract ............................................................................................................................. iv 

Table of Contents .............................................................................................................. vii 

List of Tables ....................................................................................................................... x 

List of Figures .................................................................................................................... xii 

Acknowledgements ........................................................................................................... xvi 

Authorship declaration: co-authored publications ............................................................. xvii 

Chapter 1. Introduction ....................................................................................................... 1 

1.1 Pressures faced by coral reefs ................................................................................ 1 

1.2 Sediment generation ............................................................................................. 1 
1.2.1 Natural sediment re-suspension events and river runoff ........................................ 1 
1.2.2 Dredging .................................................................................................................. 2 
1.2.3 Similarities between sediment generating processes ............................................. 2 

1.3 Australian dredging................................................................................................ 3 

1.4 Coral reef habitats ................................................................................................. 3 

1.5 Dredging management ........................................................................................... 4 

1.6 Corals .................................................................................................................... 5 

1.7 Cause effect pathways and dose response relationships ......................................... 6 
1.7.1 Suspended sediment concentrations ....................................................................... 6 
1.7.2 Light attenuation ..................................................................................................... 7 
1.7.3 Sediment deposition ................................................................................................ 8 
1.7.4 Interacting proximal stressors ................................................................................. 9 

1.8 Overall aims and thesis outline .............................................................................. 9 
Chapter 2. Mortality pathways and survival strategies utilised by coral colonies during a 
large scale dredging project ................................................................................................ 10 
Chapter 3. Mucous sheet production in Porites: an effective bioindicator of sediment-
related pressures ................................................................................................................. 10 
Chapter 4. Impacts of turbidity on corals: The relative importance of light limitation and 
suspended sediments ........................................................................................................... 10 
Chapter 5. Low light thresholds for corals and crustose coralline algae ............................. 11 
Chapter 6. Cumulative impacts: thermally bleached corals have reduced capacity to clear 
deposited sediment .............................................................................................................. 11 

Chapter 2. Mortality pathways and survival strategies utilised by coral colonies during a 
large-scale dredging project............................................................................................... 12 

2.1 Abstract ............................................................................................................... 12 

2.2 Introduction ........................................................................................................ 12 

2.3 Materials and Methods ........................................................................................ 15 
2.3.1 Coral health and water quality monitoring ........................................................... 15 
2.3.2 Photograph analyses ............................................................................................. 16 
2.3.3 Forensic investigation of mortality patterns ......................................................... 18 
2.3.4 Statistical analyses of mortality causes ................................................................ 18 



viii 
 

2.4 Results ................................................................................................................ 19 
2.4.1 Mortality patterns .................................................................................................. 19 
2.4.2 Observations of mortality ...................................................................................... 22 
2.4.3 Mortality susceptibility .......................................................................................... 24 
2.4.4 Modelling mortality causes .................................................................................... 25 

2.5 Discussion ........................................................................................................... 28 
2.5.1 General mortality patterns .................................................................................... 28 
2.5.2 Susceptible and resilient coral groups to dredging related pressures ................... 30 
2.5.3 Conclusions ............................................................................................................ 32 

Chapter 3. Mucous sheet production in Porites: an effective bioindicator of sediment related 
pressures .......................................................................................................................... 34 

3.1 Abstract .............................................................................................................. 34 

3.2 Introduction ........................................................................................................ 34 

3.3 Materials and Methods ........................................................................................ 37 
3.3.1 Field study .............................................................................................................. 37 
3.3.2 Laboratory study .................................................................................................... 39 
3.3.3 Data Analysis ......................................................................................................... 40 

3.4 Results ................................................................................................................ 41 
3.4.1 Field Study .............................................................................................................. 41 
3.4.2 Laboratory Study .................................................................................................... 46 

3.5 Discussion ........................................................................................................... 47 

Chapter 4. Impacts of turbidity on corals: The relative importance of light limitation and 
suspended sediments ........................................................................................................ 51 

4.1 Abstract .............................................................................................................. 51 

4.2 Introduction ........................................................................................................ 51 

4.3 Materials and Methods ........................................................................................ 53 
4.3.1 Data analysis .......................................................................................................... 56 

4.4 Results ................................................................................................................ 57 

4.5 Discussion ........................................................................................................... 62 

Chapter 5. Impacts of light limitation on corals and crustose coralline algae ....................... 68 

5.1 Abstract .............................................................................................................. 68 

5.2 Introduction ........................................................................................................ 68 

5.3 Methods .............................................................................................................. 71 

5.4 Results ................................................................................................................ 74 
5.4.1 Health parameters assessed through time ............................................................ 74 
5.4.2 Photosynthetic Incubations ................................................................................... 77 
5.4.3 Irradiance response relationships .......................................................................... 77 
5.4.4 Thresholds of low light relative to dredge related water quality conditions ......... 79 

5.5 Discussion ........................................................................................................... 80 

Chapter 6. Cumulative impacts: thermally bleached corals have reduced capacity to clear 
deposited sediment .......................................................................................................... 85 

6.1 Abstract .............................................................................................................. 85 

6.2 Introduction ........................................................................................................ 85 



ix 
 

6.3 Materials and Methods ........................................................................................ 87 

6.4 Results ................................................................................................................ 92 
6.4.1 Effects of bleaching on coral survival, colour and physiology ............................... 92 
6.4.2 Effects of pulsed sediment on coral survival, colour, physiology and sediment 
clearance .............................................................................................................................. 93 

6.5 Discussion ........................................................................................................... 98 

Chapter 7. General Discussion ......................................................................................... 102 

7.1 Understanding cause:effect pathways ................................................................ 105 
7.1.1 Proximal stressors ............................................................................................... 105 

7.2 Developing thresholds ....................................................................................... 106 

7.3 Cumulative impacts ........................................................................................... 109 

7.4 Future directions ............................................................................................... 109 

7.5 Conclusions ....................................................................................................... 111 

References ...................................................................................................................... 112 

Appendix A. Assessing the impacts of sediments from dredging on corals ......................... 124 

Appendix B. Porites mucous sheet production: an effective bioindicator of sediment related 
pressures ........................................................................................................................ 163 

Appendix C. Impacts of turbidity on corals: The relative importance of light limitation and 
suspended sediments ...................................................................................................... 166 

Appendix D. Impacts of light limitation for corals and crustose coralline algae .................. 172 

Appendix E. Publications arising from this Thesis ............................................................. 176 

 

  



x 
 

List of Tables 

 
Table 2.1 Model parameters, their units, mean value, range of values and method of calculation. ........17 
Table 2.2 Summary of site location grouping (near <2km, intermediate 3-15km and far 20-35km from 

dredging), detailed breakdown of each site, the number of colonies, distance from dredging, depth 
and water quality characteristics over the dredging period, and the coral health parameters that 
were recorded, including the percentage of sediment coverings, thermal bleaching and mortality 
observations. Colour highlighting indicates the highest values (red) through to lowest values (blue) 
for each column. ...................................................................................................................................20 

Table 2.3 Summary of mortality at the end of the coral monitoring following the cessation of dredging 
across all coral groups. Data shows the site code (Figure 2.3), distance from dredging, the number of 
colonies at each site (n), and the percentage (%) of colonies with mortality ranging from 0 to 100% in 
each of the 7 scoring categories. Colour highlighting indicates the highest values (red) through to 
lowest values (blue) across all percentage mortality columns. ............................................................22 

Table 2.4 Generalised additive mixed model (GAMM) fit statistics for the relationship between various 
environmental factors and the probability of observing a coral mortality event (>5%) at Barrow Island 
for each of the family/morphology groups. Shown are Akaike Information Criterion (AICc), δAIC, 
model weights and R2 relationships. The top 5 models ranked by AICc are shown. ............................27 

Table 3.1 Summary statistics of site location, distance from dredging, depth and water quality 
characteristics over the dredging period, the number of colonies examined, the number of 
observations made and summary statistics for mucous sheet formation of Category 3 events or 

higher (i.e. >535% mucus covering) including the total number of events, and the number of new 
mucous sheet events. ...........................................................................................................................43 

Table 3.2 Model fit statistics for the relationship between various environmental factors and the 
presence of mucus on massive Porites spp. colonies, at both an (a) observational level through time 
and (b) site level. Summaries are presented, with δAkaike information criterion (AIC) scores, model 
weights and R2 relationships. The most influential parameter for each model set is bold. .................45 

Table 4.1 Top model fits for each health parameter measured through time (partial mortality, colour 
index and Fv /Fm), including the model, number of parameters (n), deviance information criterion 
(DIC), δ DIC, model weights and R2 values. ...........................................................................................58 

Table 4.2 Top model fits for each health parameter, including partial mortality, colour index, maximum 
quantum yield (Fv/Fm) and Chl a, after 28 days of exposure to treatment conditions, including the 
model, number of parameters (n), deviance information criterion (DIC), δ DIC, model weights and R2 

values. ...................................................................................................................................................61 
Table 5.1 Top generalised linear mixed effect model fits for each health parameter measured through 

time (partial mortality, colour index and Fv/Fm), including number of parameters (n), Akaike 
information criterion (AICc), δ AICc, model weights and R2 values. See Appendix D, Tables D1-D3 for 
the complete full subsets output. .........................................................................................................75 

Table 5.2 Nonlinear regression (four-parameter logistic function) results of colour index, maximum 
quantum yield (Fv/Fm) and Chl a for A. millepora, P. acuta adults and P. acuta juveniles after 10, 20 
and 30 days of exposure to treatment conditions. No effects were observed at day 10. Both the 10% 
and 50% effect irradiances (EI10 and EI50) are presented as mol photons m-2 d-1 with 95% confidence 
intervals. NE indicates no effect............................................................................................................79 

Table 6.1 Top model fits (generalised linear mixed model) for colour index, Chl a concentrations, 
maximum quantum yield (Fv/Fm) and deposited sediment for each of the fixed factors, inducing 
bleaching status (ble.), species (spp.), time and sediment deposition treatment (sed.). Shown are the 
fitted model, number of parameters (n), Akaike information criterion (AICc), δ AICc, model weights, 
and R2 values. The model with the fewest parameters within 2 AICc is considered the most 
parsimonious, and therefore the best model. Selected best models are shown in bold. ....................94 

Table B1 Model parameters, their units, mean value, range of values and method of calculation. ...... 163 
Table B2 Summary statistics of the extent of surface coverage of the mucous sheets and repeated sheet 

formation during the dredging phase for all new incidences of mucous sheet formation. Data for 

mucus category shows the total number of colonies with a mucous sheet ≥ category 3 (535% 
cover), and then the number (n) of colonies in each of categories 7 (100% coverage) through to 

category 3 (535% coverage. Numbers in brackets represent the % of each category compared to the 
total at each site. For the repeated mucous sheet production, the numbers represent the number of 
colonies showing 1, 2, 3 etc mucous sheets and the %. .................................................................... 164 



xi 
 

Table B3 Modelled relationships between time and deposition rate on Porites fragments during a one-
month experiment, with number of parameters (n), AICc scores, δ AIC, and model weights. .......... 164 

Table C1 All model fits for partial mortality measured through time, including the number of parameters 
(n), deviance information criterion (DIC), δ DIC, model weights and R2 values. ................................ 166 

Table C2 All model fits for colour index measured through time, including deviance information 
including the number of parameters (n), deviance information criterion (DIC), δ DIC, model weights 
and R2 values. ...................................................................................................................................... 167 

Table C3 All model fits for maximum quantum yields (Fv/Fm) measured through time, including the 
number of parameters (n), deviance information criterion (DIC), δ DIC, model weights and R2 values.
 ............................................................................................................................................................ 168 

Table C4 Model comparison of all models fitted for partial mortality (%) after 28 days of exposure to 
treatment conditions including the number of parameters (n), deviance information criterion (DIC), δ 
DIC, model weights and R2 values. ...................................................................................................... 169 

Table C5 Full model comparison of all models fitted for colour index after 28 days of exposure to 
treatment conditions including the number of parameters (n), deviance information criterion (DIC), δ 
DIC, model weights and R2 values. ...................................................................................................... 170 

Table C6 Full model comparison of all models fitted for maximum quantum yields (Fv/Fm) after 28 days 
of exposure to treatment conditions including the number of parameters (n), deviance information 
criterion (DIC), δ DIC, model weights and R2 values. .......................................................................... 170 

Table C7 Full model comparison of all models fitted for Chlorophyll a after 28 days of exposure to 
treatment conditions including the number of parameters (n), deviance information criterion (DIC), δ 
DIC, model weights and R2 values. ...................................................................................................... 171 

Table D1 All model fits for mortality measured through time, including the number of parameters (n), 
deviance information criterion (DIC), model weights and R2 values. ................................................. 172 

Table D2 All model fits for colour index measured through time, including the number of parameters (n), 
deviance information criterion (DIC), model weights and R2 values. ................................................. 172 

Table D3 All model fits for maximum quantum yield measured through time, including the number of 
parameters (n), deviance information criterion (DIC), model weights and R2 values. ....................... 173 

 
  



xii 
 

List of Figures 

 
Figure 1.1 (a) Working trailing suction hopper dredge in waters of Cleveland Bay off Townsville, 

Queensland generating buoyant surface plumes through propeller wash. (b, c) Atmospherically 
corrected, colour corrected, pan sharpened satellite image from the United States Geological Survey 
(USGS) Operational Land Imager (OLI) instrument on (b) 10 July 2014, showing sediment plumes 
caused by dredging and dredge material placement near Onslow in the Pilbara region of Western 
Australia (where DMPS=offshore dredge material placement site) and (c) 25 September 2013, 
showing natural turbidity caused by a high wind event. (d) Buoyant turbidity plume overlying a 
branching coral colony. (e) A massive coral colony photographed during the daytime, where 
temporary darkness caused by the elevated turbidity levels. (f) Smothering of a massive coral by 
sediment. Images d-f were taken during the Barrow Island project. Satellite images courtesy of Mark 
Broomhall and Peter Fearns (Department of Imaging and Applied Physics Curtin University of 
Technology). Figure adapted from Appendix A. ......................................................................................5 

Figure 1.2 A conceptual model of the effects of turbidity-generating events on corals based on the US 
Environmental Protection Agency (USEPA) causal/diagnosis decision information system framework 
(CADDIS), identifying the sources of sediment, dredging-related turbidity-generating activities, all 
known cause–effect pathways, biologically plausible cause–effect pathways, modes of action, 
interacting factors, and likely physiological and ecological responses developed in Appendix A. .........7 

Figure 2.1 Location of the study area in north west Australia. Proximity of the study area to the Pilbara 
coast of Western Australia. Sites used for analysis and their location, their position and proximity to 
the material offloading facility (MOF), turning basin and tanker access channel and the reef structure 
of the area, all which were dredged. A satellite image of the sediment plume with locations of 
corresponding coral health monitoring sites. .......................................................................................16 

Figure 2.2 Changes in morality for Poritidae massive, Acroporidae corymbose Pocilloporidae branching, 
Poritidae branching, and Faviidae massive corals over the 530 d dredging project for those sites near 
to the dredging (<1.5 km, red), at intermediate distances from the dredging (3-15 km, black) and far 
from the dredging (>20 km, blue). Grey line at 203 d indicates the start of the coral bleaching. ........21 

Figure 2.3 Poritidae massive, Acroporidae corymbose, Pocilloporidae branching, Faviidae massive, and 
Poritidae branching colonies over the 530 d dredging project showing mortality increasing through 
time. ......................................................................................................................................................23 

Figure 2.4 Representative colonies of four morphological groups examined as part of the analysis, 
including (a) cone shaped Porites spp., (b) undulating, massive Porites spp., (c) branching and 
corymbose Acropora spp., and (d) funnel-shaped foliaceous Turbinaria spp. .....................................25 

Figure 2.5 Heatmap of per model variable importance of each environmental variable including 
bleaching presence, 14 day mean nephelometric turbidity units (NTU), sediment presence, 14 day 
mean temperature, distance from dredging, colony size, background substrate, sediment stress, 
depth, and 14 day mean light stress driving the mortality of five coral family/morphology groups. 
Darker colours indicate increased importance of the variable, indicating the strongest relationships 
with mortality at Barrow Island. ...........................................................................................................26 

Figure 2.6 Partial plots of the best generalised additive mixed model (GAMM) logistic regression fits 
showing relationships against the included predictors of the probability of mortality, for each 
taxonomic/morphology group, including: Poritidae massive, Acroporidae corymbose, Pocilloporidae 
branching, Faviidae massive and Poritidae branching corals. Plotted Y values represent the fitted 
trends and 95% confidence intervals. Rug at the bottom of each continuous plot demonstrates the 
location of data points. .........................................................................................................................28 

Figure 3.1 (a) Location of the study area near Barrow Island off the Pilbara coast of Western Australia. 
(b) Sites used for analysis and their location (c) The impact sites used for analysis, their position, 
proximity to the material offloading facility (MOF), turning basin and tanker access channel and the 
reef structure of the area, all which were dredged. .............................................................................38 

Figure 3.2 Stylised representation of tank design and sediment delivery system used for experimental 
investigations. The system consisted of 10 experimental tanks which were supported by 2 sediment 
stock tanks and sediment delivery loops. Live feedbacks between turbidity sensor and sediment 
dosing valve, PAR sensor and custom LED lighting; and Deposition sensor, water movement and 
circulation pumps were controlled by a programmable logical control (PLC) system. .........................40 

Figure 3.3 (a) Satellite imagery of the sediment plume on August 29, 2010 with coral health monitoring 
sites. (b) Mucous sheet production in a Porites spp. colony in the field showing a heavily sediment-
laden, opaque mucous sheet, that is peeling away from the tissue surface (see arrow). (c) A colony 



xiii 
 

with an opaque sediment-laden mucous sheet that is beginning to slough off the surface by water 
movement (see arrow). (d) A colony with a semi-transparent sediment-laden mucous sheet that is 
beginning to slough off the surface. (e, f) 50 mm (diameter) fragments of Porites spp. in the 
laboratory, (e) that has begun to shed a sediment laden sheet by peeling of the mucous sheet and (f) 
by disintegration of the mucous sheet. Note the extended coral polyps in image (e), as opposed to 

the retracted state in image (f). (gk) A colony 0.3 km from the dredging activity displaying repeat 
mucous sheet formation and sloughing. Satellite imagery from the Japan Aerospace Exploration 
Agency (JAXA) Advanced Land Observing Satellite (ALOS) Advanced Visible and Near Infrared 
Radiometer type 2 (AVNIR-2). .............................................................................................................. 42 

Figure 3.4 The relationship between distance from dredging and (a) the surface area of Porites spp. 
covered in mucus, and (b) the number of new mucous sheets produced, numbers above bars 
indicate the total number of sheets produced. .................................................................................... 44 

Figure 3.5 The relationship between mucous sheet formation in Porites spp. (red) and the 14 day 
running mean NTU value (black) with distance from dredging activity. Data presented is mean ± SE 

with n= 1740 surveys. ......................................................................................................................... 46 
Figure 3.6 Probability of mucus occurrence with increasing sediment deposition during week 1, 2, 3 and 

4 of the experimental exposure. Lines represent fitted values with shaded areas indicating ± 95% 
confidence limits. Points represent fragment level mucous sheet production.................................... 47 

Figure 4.1 (A) Schematic representation of the experimental dosing system showing one of the 18 
holding tanks, the sediment delivery (stock) tanks, and the position of the recirculation pump, water 
movement pump and in-line turbidity sensor. Delivery of sediment from the stock tanks was 
controlled by the PLC system from input from the turbidity sensor. (B) Suspended sediment 
concentration (SSC) conditions in each tank showing (i) averaged daily SSC for the 28 d exposure 
period (lines) and gravimetric analyses (points, mean ± SE). Note probe values were adjusted from 
the 17th of November due to sensor drift; (ii) raw data from the first 12 h of a representative day (8th 
of November) showing a saw tooth pattern of sediment delivery. ..................................................... 57 

Figure 4.2 Explanatory value of each of the 4 fixed factors included in the models, including DLI (mol 
photon m-2 d-1), Time (d), Species and SSC (mg L-1), with darker colours indicating increased 
importance of that variable. Explanatory value was calculated simply as the additional R2 obtained 
when a variable was included in a complete interaction model, compared to a model excluding just 
that variable.......................................................................................................................................... 58 

Figure 4.3 Partial mortality (%) of each coral fragment of A. millepora, M. capricornis and Porites spp. 
across 3 light levels (~0, 1.1, 8.6 mol photons m-2 d-1) and 3 sediment treatments (0, 30,100 mg L-1). 
Raw data are presented with modelled relationship and 95% credible intervals. ............................... 59 

Figure 4.4 Colour index and maximum quantum yield (Fv/Fm) of for A. millepora, M. capricornis, and 
Porites spp., for 3 light levels (~0, 1.1, and 8.6 mol photons m-2 d-1) across all sediment 
concentrations. Raw data is presented with modelled relationship and 95% credible intervals......... 60 

Figure 4.5 Changes in partial mortality, colour index, maximum quantum yield (Fv/Fm) and Chl a of coral 
tissue of A millepora, M. capricornis and Porites spp. after 28 d of exposure across the 3 light levels 
(0, 1.1, 8.6 mol photons m-2 d-1) and 3 sediment treatments (0, 30,100 mg L-1). Modelled data is 
presented with 95% credible intervals. ................................................................................................ 62 

Figure 4.6 Relationship between Chl a concentrations (µg gdw-1) and colour changes, depicted as colour 
index, measured from photographs for A. millepora, M.capricornis, and Porites spp. ........................ 62 

Figure 5.1 Photographs of representative A. millepora and P. acuta fragments after 30 d of exposure to 
the six irradiance treatments of daily light integrals (DLIs) of ~0, 0.02, 0.1, 0.4, 1.1 and 4.3 mol 
photons m-2 d-1. .................................................................................................................................... 75 

Figure 5.2 Partial mortality, colour index and maximum quantum yield (Fv/Fm) of corals A. millepora, P. 
acuta adults, P. acuta juveniles and the crustose coralline algae P. onkodes, for the 6 light treatments 
of ~0, 0.02, 0.1, 0.4, 1.1 and 4.3 DLI (mol photons m-2 d-1), as indicated by the colours. Raw data are 
presented (triangles), along with curves showing best-model fitted relationships (lines) and 
corresponding 95% credible intervals (ribbons). .................................................................................. 76 

Figure 5.3 Gross photosynthesis (negative values indicate respiration) at saturating irradiance (419 µE m-

2 s-1), determined from photosynthesis irradiance (P—I) curves for both A. millepora (black) and adult 
P. acuta (grey) colonies across the 6 light treatments (~0, 0.02, 0.1, 0.4, 1.1 and 4.3 mol photons m-2 

d–1). Data presented in mean ± SE, n = 3. ............................................................................................. 77 
Figure 5.4 Irradiance-response relationships for colour index and maximum quantum yield (Fv/Fm), and 

Chl a concentrations of corals A. millepora, P. acuta adults, P. acuta juveniles and the crustose 
coralline algae P. onkodes, after 30 d of exposure to 6 light treatments of 0, 0.02, 0.1, 0.4, 1.1 and 4.3 
mol photons m-2 d-1 (note inverse DLI values on x-axis). Raw data is presented (points), with modelled 



xiv 
 

relationships (lines) and 95% confidence intervals (ribbons). See Appendix D Figures D4 and D5 for 
relationships after 10 and 20 d. ............................................................................................................78 

Figure 5.5 Water quality conditions before and during a large-scale, capital dredging project on the coral 
reefs surrounding Barrow Island (north-west Australia) where ~7.6M m3 of sediment was removed 
over a 530 d period (for further details see Jones et al. (2015a), and Fisher et al. (2015)). Turbidity 
(NTU) and benthic PAR levels (DLI, mol photons m-2 d-1) are shown for the extended pre-dredging 
baseline and dredging phase at one site, located 0.8 km from the primary excavation site dredging at 
6.2 m depth. Horizontal coloured ribbons on the right hand quantile plot show calculated DLI 
thresholds for each of the 3 species/life stages (see Table 5.2) investigated, including A. millepora, P. 
acuta and P. acuta juveniles for both 10 and 50% impacts on colour index (EI10 = orange and EI50 = 
red). Data presented are the daily mean NTU and DLI (black), with 30 d running means (blue solid 
line). Periods when the 30 d running mean DLI drops below the experimentally calculated threshold 
values (Table 5.2) are indicated by the appropriate threshold colour. Quantiles of 30 d running mean 
DLI are also presented across the pre-dredge (blue) and dredging (black) phases. .............................80 

Figure 6.1 Conceptual diagram of the steps involved in the experiment, including (a) the initial healing 
process, (b) bleaching of corals, (c) subsequent sediment deposition exposures and health 
parameters that were assessed at different stages of the experiment. ...............................................89 

Figure 6.2 Differences in coral tissue colour and maximum quantum yield of the algal symbionts after 
the experimental bleaching. (a) Colour score index and (b) Fv/Fm of bleached and normally-
pigmented corals after exposure to 31°C or 27°C for 3 weeks and before the sediment deposition 
experiments. Average data is presented with SE, n=36. .......................................................................93 

Figure 6.3 Suspended sediment concentrations (SSCs) and sediment deposition rates in the 
experimental tanks. (a) Nephelometrically-derived suspended sediment concentrations (mg L–1) in 
each tank for the 7 day exposure period showing resuspension of sediment each afternoon (4:00 
pm) followed by a decrease in SSCs as sediment fall out of suspension on the corals and SedPods 
each night, (b) Sedimentation (SedPod accumulation rate, mean ± SE, n=3) after each of the 
deposition events across the 4 deposition rate treatments of 0, 11, 22 and 40 mg cm–2. ...................93 

Figure 6.4 Physiological health parameters of bleached and normally-pigmented corals after 7 
consecutive deposition events. (a) Colour index, (b) Maximum quantum yield (Fv/Fm), and (c) Chl a 
concentrations (µg Chl a cm–2) of A. millepora, Porites spp. and T. reniformis fragments across 4 
deposition rate treatments for both normally pigmented (black) and bleached (blue) fragments after 
7 consecutive deposition events. Raw data (triangles) is presented with modelled relationships (lines) 
and 95% confidence intervals (ribbons). ...............................................................................................95 

Figure 6.5 Sediment accumulation on bleached and normally-pigmented corals. The amount of sediment 
(mg cm–2) accumulated on each fragment of A. millepora, Porites spp. and T. reniformis across 4 
deposition rate treatments for both normally-pigmented (black) corals and bleached (blue) 
fragments after: (a) 1 deposition event, and (b) a further 6 deposition events. Raw data is presented 
(triangles) with modelled values (lines) and 95% credible intervals (ribbons). ....................................96 

Figure 6.6 Explanatory value of each of the fixed factors included in the models, including deposition 
rate treatment (mg cm–2), Time (d), Species and bleaching status (normally pigmented or bleached), 
with darker colours indicating increased importance of that variable. Explanatory value was 
calculated simply as the additional R2 obtained when a variable was included in a complete 
interaction model, compared to a model excluding just that variable. This in effect represents the 
unique variance explained by each predictor, rather than the overall R2 explained by individual best 
models, as presented in Table 1. ..........................................................................................................97 

Figure 7.1 Satellite image taken during the Wheatstone dredging project off the coast of Onslow, 
Western Australia on the 28th of July 2014 demonstrating a turbid sediment plume passing over reef 
around Thevenard Island Satellite imagery from the Japan Aerospace Exploration Agency (JAXA) 
Advanced Land Observing Satellite (ALOS) Advanced Visible and Near Infrared Radiometer type 2 
(AVNIR-2)............................................................................................................................................ 102 

Figure 7.2 Ternary diagrams representing the relative influence of the 3 key proximal stressors 
associated with turbidity generation activities i.e. suspended sediment (SS), light availability (LA) and 
sediment covering (SC) on shallow tropical benthic organisms such as corals. Adapted from Appendix 
A. ........................................................................................................................................................ 106 

Figure B1 Probability of observing mucus on massive Porites colonies on both a (a) observational level 
scale through time and (b) a site level over the whole dredging period. Points represent mean 
probability across sites, for each given parameter. The solid black line shows the fitted generalised 
additive mixed model (GAMM). The colour ramp indicates distance from dredging (km) for each site.
 ........................................................................................................................................................... 165 



xv 
 

 
Figure D1 Light levels throughout the duration of the 30 d exposure period averaged across each light 

treatment. Data presented is mean ± standard error. ....................................................................... 172 
Figure D2 Photosynthesis-irradiance (P-I) curves created using a hyperbolic tangent function for A. 

millepora and adult P. acuta fragments across the 6 light treatments (0, 0.02, 0.1, 0.4, 1.1 and 4.3 DLI 
mol photon m-2). ................................................................................................................................. 174 

Figure D3 Irradiance-response relationships for mortality of A. millepora, P. acuta adults, P. acuta 
juveniles, after 30 d of exposure to 6 light treatments of 0, 0.02, 0.1, 0.4, 1.1 and 4.3 DLI (mol m-2 d-

1). Note inversions on both axes. ........................................................................................................ 174 
Figure D4 Irradiance-response relationships for colour index and maximum quantum yield (Fv/Fm) of A. 

millepora, P. acuta adults, P. acuta juveniles, after (a) 10 and (b) 20 d of exposure to 6 light 
treatments of 0, 0.02, 0.1, 0.4, 1.1 and 4.3 DLI (mol m-2 d-1). Note inversions on both axes ............. 175 

  



xvi 
 

Acknowledgements 

 
Firstly, I would like to acknowledge and thank my supervisors, Ross Jones, Andrew Negri, Peta 

Clode and Alan Duckworth. Thank you for allowing me to develop my independence and ideas 

as a researcher. Thank you for teaching me how to overcome challenges. Thank you for your 

comments on manuscripts and helping me to develop my writing skills and data interpretations. 

Most of all thank you for your guidance, encouragement and insights. Without your constant 

help and support this Thesis would not have been possible.  

 

I would also like to extend my gratitude to Rebecca Fisher, who provided tremendous support, 

suggestions and knowledge throughout the development of all my chapters. Thank you for your 

help and guidance with all the statistical analyses presented in this Thesis.  

 

This research was funded by the Western Australian Marine Science Institution (WAMSI) as part 

of the WAMSI Dredging Science Node, and made possible through investment from Chevron 

Australia, Woodside Energy Limited, BHP Billiton as environmental offsets and by co-investment 

from the WAMSI Joint Venture partners, namely the Australian Institute of Marine Science. This 

research was also supported by an Australian government Research Training Program (RTP) 

scholarship.  

 

To the team at the Australian Institute of Marine Science Sea Simulator, thank you for your 

ongoing help with experimental systems, particularly Craig Humphrey and Andrea Severati. 

Thank you for always finding solutions to the many challenges faced when developing the 

complex experimental dosing systems used throughout this Thesis.  

 

Thank you to Gerard Ricardo, Brain Strehlow, Kathryn Berry and Taryn Foster for the insightful 

discussions about all aspects of this Thesis. Thank you to my friends who always provided 

encouragement and support, particularly Andy, Jess, Lyndsay, Rhianne, Erin and Soss. Lastly, I 

would like to thank my parents Guy and Nicola for your unwavering support throughout this 

experience.  

  



xvii 
 

Authorship declaration: co-authored publications  

 
This Thesis contains work that has been published and/or prepared for publication.  

 

Chapter 2. Mortality pathways and survival strategies utilised by coral colonies during a 

large scale dredging project 

P. Bessell-Browne, R. Fisher, P. Clode, R. Jones 

 

P.B-B, R.F and R.J conceived and designed the study. P.B-B analysed the photographs. P.B-

B and R.F analysed the data. P.B-B drafted the manuscript with input from all authors.  

 

Rebecca Fisher 

08/02/2017 

Peta Clode 

08/02/2017 

Ross Jones 

 09/02/2017 

 

 

Chapter 3. Mucous sheet production in Porites: an effective bioindicator of sediment related 

pressures 

P. Bessell-Browne, R. Fisher, A. Duckworth, R. Jones  

Published in Ecological Indicators (2017) 77: 276-285 

 

P.B-B, R.F and R.J conceived and designed the study. P.B-B analysed the photographs. P. 

B-B and A.D ran the experiment. P.B-B, R.F and R.J analysed the data. P.B-B drafted the 

manuscript with input from all authors.  

 

Rebecca Fisher 

08/02/2017 

Alan Duckworth  

08/02/2017 

Ross Jones 

 09/02/2017 

 
 

 

Chapter 4. Impacts of turbidity on corals: the relative importance of light limitation and 

suspended sediments 

P. Bessell-Browne, A. Negri, R. Fisher, P. Clode, A. Duckworth, R. Jones 

Published in Marine Pollution Bulletin (2017) 117: 161-170 

 

P.B-B, A.N and R.J conceived and designed the study. P.B-B ran the experiment and 

completed the lab work. P.B-B and R.F analysed the data. P.B-B drafted the manuscript 

with input from all authors.  

 

Andrew Negri 

08/02/2017 

Rebecca 

Fisher 

08/02/2017 

Peta Clode 

08/02/2017 

Alan 

Duckworth 

08/02/2017 

Ross Jones 

09/02/2017 

  



xviii 
 

 

Chapter 5. Impacts of light limitation on corals and crustose coralline algae  

P. Bessell-Browne, A. Negri, R. Fisher, P. Clode, R. Jones 

Published in Scientific Reports (2017)  

 

P.B-B, A.N and R.J conceived and designed the study. P.B-B ran the experiment and 

completed the lab work. P.B-B and R.F analysed the data. P.B-B drafted the manuscript 

with input from all authors.  

 

Andrew Negri 

08/02/2017 

Rebecca Fisher 

08/02/2017 

Peta Clode 

08/02/2017 

Ross Jones 

09/02/2017 

 

 

Chapter 6. Cumulative impacts: thermally bleached corals have reduced capacity to 

clear deposited sediment 

P. Bessell-Browne, A. Negri, R. Fisher, P. Clode, R. Jones 

Published in Scientific Reports (2017) 7: 2716 

 

P.B-B, A.N, R.F and R.J conceived and designed the study. P.B-B ran the experiment 

and completed the lab work. P.B-B and R.F analysed the data. P.B-B drafted the 

manuscript with input from all authors.  

 

Andrew Negri 

08/02/2017 

Rebecca Fisher 

08/02/2017 

Peta Clode 

08/02/2017 

Ross Jones 

 09/02/2017 

 

 

Student signature:  

 

Date: 20/02/2017 

 

I, Peta L. Clode certify that the student statements regarding their contribution to each of 

the works listed above are correct 

 

Co-ordinating supervisor signature:     

 

 

Date:  20/02/2016 



 

 

Chapter 1. Introduction 

1.1 Pressures faced by coral reefs  

Coral reefs face a suite of pressures from both local sources, such as pollution and overfishing, 

along with global sources associated with the changing climate (Gardner et al. 2003, Carpenter 

et al. 2008, Knowlton & Jackson 2008). These pressures have resulted in the downward 

trajectory in coral reef health, and what is considered the demise of coral reefs globally (Hoegh-

Guldberg 1999, Wilkinson 1999, Baker et al. 2008). Increased atmospheric carbon dioxide 

concentrations, which are set to exceed 500 parts per million between 2050 and 2100 are 

predicted to result in increased global temperatures of at least 2°C (IPCC 2014). Under these 

conditions, it is expected that corals will become rare on reef systems due to decreased 

calcification rates and increased coral bleaching events, resulting in a phase shift towards algal 

dominated communities (McCook 1999, McManus & Polsenberg 2004, Hoegh-Guldberg et al. 

2007, Fabricius et al. 2011). Effects of global stressors are also being exacerbated by regional 

and local stressors including increased sediment loads, organic and inorganic pollution, organic 

and heavy metal pollutants, over-exploitation, pollution by oil and petroleum products, and the 

effects of engineering and military damage (Wilkinson 1999, Hughes et al. 2003). Nearshore 

coral reefs are particularly under pressure from increasing land clearing, with nutrients from 

fertiliser use (Matson et al. 1997, Tilman et al. 2001, Smith et al. 2003), and sedimentation from 

run-off and dredging (Rogers 1990, GESAMP 2001, Fabricius 2005) considered the dominant 

pollution pressures linked to reef degradation. Of particular interest and focus in this Thesis is 

understanding how pressures related to dredging activities impact upon corals.   

1.2 Sediment generation 

1.2.1 Natural sediment re-suspension events and river runoff  

Natural re-suspension events can result in elevated suspended sediment concentrations (SSCs) 

in the coastal zone. Such natural sediment generating events are considerable pressures in 

Australian waters, particularly on the Great Barrier Reef (GBR), with monsoons eroding soil from 

agricultural areas, which is then transported down river and into coral reef environments (Kroon 

et al. 2012). It is estimated that the suspended sediment loads on the GBR are five-fold higher 

than pre-European loads (Kroon et al. 2012). While the larger particles generally settle out 

before they reach reefal locations, finer particles result in extensive plumes of suspended 

particulate matter traveling up to hundreds of kilometres along the GBR lagoon (Larcombe et al. 

2001, Orpin & Ridd 2012). Sediments from agricultural sources are generally associated with 
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nutrient runoff from fertilisers, and microbial conversions result in the organic nutrient 

enrichment of some sediments (Devlin & Brodie 2005). These nutrient-enriched sediments can 

boost nutritional value for heterotrophic feeding by some coral species (Anthony 2000, Anthony 

& Larcombe 2000, Anthony & Connolly 2004, Anthony 2006), or may be detrimental to others 

due to smothering by sticky organic-rich particles (Fabricius & Wolanski 2000). Silt size particles 

that have settled are easily re-suspended by natural events (Larcombe et al. 2001), and can 

continue to impact upon coral populations over extended time frames.  

1.2.2 Dredging 

Dredging involves the excavation of sediment from the sea floor and subsequent dumping at 

disposal sites to make way for coastal construction, industrial development and the creation, 

expansion, and maintenance of ports and shipping channels (IADC 2010, PIANC 2010). Most 

importantly, dredging facilitates sea-borne trade of goods, including the exploitation of offshore 

and/or remote energy resources, but it can also support coastal protection, and allows for 

population growth through land reclamation programs (IADC 2010). In addition, dredging can 

benefit water related tourism by facilitating cruise ship and yacht harbour developments (IADC 

2010).  

Dredging introduces sediment comprised of various sizes, shapes, and colours into the water 

column. Larger particles generally deposit on the nearby seabed, while finer size classes (< 63 

µm), remain in suspension for longer periods to form mobile plumes that are transported away 

from the dredge site by local water currents (PIANC 2010, Fisher et al. 2015). Like sediment 

plumes from river runoff and resuspension, dredging plumes also result in light attenuation and 

subsequent sediment deposition, which have numerous and varied ecological implications 

(Newell et al. 1998, Jones et al. 2016). 

1.2.3 Similarities between sediment generating processes 

Natural re-suspension events, river runoff, and dredging all result in plumes of suspended 

sediment that can impact upon the health of nearby benthic communities. Some natural 

turbidity re-suspension and flood plume events result in SSCs of similar concentrations to those 

experienced during dredging campaigns (Cooper et al. 2007, Fisher et al. 2015, Jones et al. 

2015a). While the duration of dredging activities can vary from weeks for maintenance dredging, 

to years for some capital dredging projects (PIANC 2010), natural sediment re-suspension events 

may be experienced over weeks to months (Orpin et al. 2004, Whinney et al. 2017). In addition, 

satellite imagery of turbid plumes resulting from both dredging (Fig. 1.1b), and natural run-off 
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(Fig. 1.1c), have been observed resulting in suspended sediment concentrations that appear 

comparable.   

1.3 Australian dredging 

The scale of dredging has increased recently to meet the increasing size of ships required for 

economically efficient transportation of goods (Ports Australia 2014). As the size of container 

and bulk cargo ships increases, so do the draft requirements, with an increase from 4 m in the 

1970s to 8 m in 2013 (Rodrigue et al. 2013). This increase in size has required the deepening of 

channels and berths through capital development and larger volumes of substrate removed 

during maintenance dredging programs. The volumes of dredged material have also increased, 

with this particularly evident in northern Australia where coastal and offshore development has 

been rapid. In the past 20 years, 72 Mm3 of sediment has been dredged during capital projects 

in northern Australia, and of this 35 Mm3 was in Queensland (QLD), 21 Mm3 was in Western 

Australia (WA), and 16 Mm3 was in the Northern Territory (NT) (Ports Australia 2014). In 

addition, 0.7 Mm3, 1 Mm3 and 1.5 Mm3 were dredged in northern QLD, WA and the NT 

respectively for maintenance of existing ports and channels (Ports Australia 2014). Along the 

QLD coast this dredging has primarily been undertaken to facilitate coal exports, while port 

developments on the northern and western coasts are related to iron ore and liquefied natural 

gas exportation (Ports Australia 2014).  

1.4 Coral reef habitats  

Port developments and dredging operations in tropical northern Australia are often undertaken 

in close proximity to sensitive marine ecosystems including seagrass beds and coral reefs (Ports 

Australia 2014). Scleractinian corals are habitat forming, and the principal framework builder of 

coral reefs. Tropical reefs are one of the most diverse habitats in the world, second only to 

rainforests (Knowlton et al. 2010). Therefore, the loss of corals through activities such as 

dredging can have consequences for numerous other groups, potentially leading to reductions 

in species diversity, population density, and the biomass of coral reefs (Newell et al. 1998). For 

this reason, maximising the survival of coral communities throughout dredging projects is of 

paramount importance, with many environmental approval and monitoring procedures 

focusing upon the impacts on coral communities as a key indicator of ecological health (PIANC 

2010). 
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1.5 Dredging management 

To appropriately protect coral reef habitats regulations guiding dredging activities need to be 

effective and continually improved. Most large scale dredging projects in Australia require 

environmental impact assessments (EIAs), provisions for which are contained at the Federal 

levels within the Environment Protection and Biodiversity Conservation Act (1999), and through 

state and territory legislation. The EIAs require proponents to make scientifically sound and 

spatially defined predictions of the likely extent, severity and persistence of environmental 

impacts. Guidance statements for large-scale marine dredging proposals have been developed 

to establish a minimum standard of information, and a framework for presentation (EPA 2016). 

Dredging proponents are encouraged to use coupled hydrodynamic and sediment transport 

models to predict how sediment plumes propagate, behave and attenuate in the environment. 

The maps produced from the modelling spatially define the extent and intensity of suspended 

sediment concentrations, are superimposed upon benthic habitat maps and interrogated 

against relevant tolerance levels (see below) to form the basis of the ecological impact 

predictions (EPA 2016). The ecological impact predictions are often used to define ‘operational 

zones’ within a dredging program. In WA, for example, proponents are encouraged to identify a 

‘zone of high impact’, ‘zone of moderate impact’, and ‘zone of influence’, where effects are, 

predicted to be severe (permanent), sub-lethal, (recoverable within 5 years) and measurable 

(but with no discernible effects) respectively based upon the tolerance levels (EPA 2016). 

The zoning scheme is a practical and pragmatic approach to manage dredging projects as it 

recognises there will be some environmental damage that occurs through dredging. Once 

dredging has started water quality and ecological monitoring is undertaken to ensure the 

proponents are compliant with the predicted zones (Appendix A). To be able to predict the zones 

(within the EIA process) there is a need to understand the tolerance limits of local habitats to 

dredging related activities. Water quality monitoring during dredging is used as an early warning 

system, to alert proponent to conditions which if continued would likely result in harm to the 

surrounding environments. This will allow modification of dredging activities to remain 

compliant with approval conditions and the zonation scheme. Water quality monitoring also 

requires an understand the tolerance limits of local habitats to dredging related activities. The 

challenge is that there is little convincing information in the literature to prediction and 

management of the impacts of dredging in this way, especially for habitat forming species such 

as corals. 
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Figure 1.0.1 (a) Working trailing suction hopper dredge in waters of Cleveland Bay off Townsville, 

Queensland generating buoyant surface plumes through propeller wash. (b, c) Atmospherically corrected, 

colour corrected, pan sharpened satellite image from the United States Geological Survey (USGS) 

Operational Land Imager (OLI) instrument on (b) 10 July 2014, showing sediment plumes caused by 

dredging and dredge material placement near Onslow in the Pilbara region of Western Australia (where 

DMPS=offshore dredge material placement site) and (c) 25 September 2013, showing natural turbidity 

caused by a high wind event. (d) Buoyant turbidity plume overlying a branching coral colony. (e) A massive 

coral colony photographed during the daytime, where temporary darkness caused by the elevated 

turbidity levels. (f) Smothering of a massive coral by sediment. Images d-f were taken during the Barrow 

Island project. Satellite images courtesy of Mark Broomhall and Peter Fearns (Department of Imaging and 

Applied Physics Curtin University of Technology). Figure adapted from Appendix A. 

1.6 Corals 

To improve our understanding of potential dredge related water quality impacts coral 

communities, we need to better understand the adaptive physiologies of different coral species 

and their specific responses to dredge related pressures. For the purpose of this Thesis, pressure 

(or stressor) is considered a physical, chemical or biological change that has the potential to 

cause environmental change. Most shallow water tropical corals are sessile colonies of filter-

feeding polyps that live in a mutualistic symbiosis with dinoflagellates of the genus 

Symbiodinium (Trench 1979, Stat et al. 2008). Corals obtain much of their energy 

autotrophically; the endosymbiotic algae provide the coral host with photosynthate (organic 

carbon) that can represent up to 90% of the corals daily energy requirements (Muscatine et al. 

1981, Falkowski et al. 1984, Muscatine 1990). But, corals can also obtain energy 

heterotrophically, and capture up to meso/macro sized zooplankton by nematocyst discharges 

and tentacle grabbing (reviewed by Houlbrèque and Ferrier-Pagès (2009)). The reliance of corals 
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on autotrophy makes them potentially vulnerable to low-light conditions from turbidity 

generated by dredging (Appendix A). However, corals exist as a highly diverse group of species 

that form various morphologies. These morphologies may differ in their light requirements, 

feeding strategies, growth rates, and ability to survive light and sediment-related pressures 

(Chappell 1980). For example, as light exposure in a habitat increases, coral morphologies 

transform from massive, to foliose and then to branching, with similar patterns observed with 

changes in hydrodynamic stress and sediment pressures (Chappell 1980). These adaptations 

have, however, occurred over evolutionary time frames, and the ability of corals to adapt to 

changes in shorter-term sediment related pressures is not known and requires further 

investigation.  

1.7 Cause effect pathways and dose response relationships 

A conceptual model of the impacts of turbidity-generating activities on corals has been 

developed (Appendix A), based on the US Environmental Protection Agency (USEPA) 

causal/diagnosis decision information system framework (CADDIS) (Norton et al. 2009). Our 

model includes both the chemical and physical effects resulting from dredging activities (Figure 

1.0.2). This Thesis focusses on the impacts of the physical effects without complication of 

additional chemical (e.g. contamination) impacts, or specific impacts on early life histories (Jones 

et al. 2015b). Dredging creates turbid plumes of suspended sediment that results in a range of 

impacts to corals (Figure 1.0.2). These impacts can be partitioned into three proximal stressors. 

Firstly, the suspended sediment may prevent heterotrophic feeding and cause abrasion of tissue 

surface (Figure 1.0.2). Secondly, this suspended sediment attenuates light, reducing its 

availability for photosynthesis by the phototrophic symbionts associated with corals 

(Symbiodinium spp.) (Figure 1.0.2). Lastly, sediment may fall out of suspension and smother 

benthic organisms (Figure 1.0.2). Comprehensive descriptions of each of these proximal 

stressors can be found in Appendix A and are summarised below. 

1.7.1 Suspended sediment concentrations  

Of the three proximal stressors generated by dredging activities, the first, increased suspended 

sediment concentrations (SSCs) (Fig. 1.1d), may either benefit or harm a coral depending on 

concentrations and nutrient status. Corals can ingest and assimilate particles in suspension 

(Goreau et al. 1971, Anthony 1999a, Anthony 1999c, Anthony & Fabricius 2000), or that have 

settled on their surfaces (Mills & Sebens 1997, Mills et al. 2004). This ingestion, however, has 

only been observed at low to moderate SSCs (<30 mg L-1), and the nutritional benefits depend 

on the associated organic matter (Anthony 1999a, Anthony 1999b, Anthony 2006). Above this 
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level increased SSCs reduce the feeding rates of corals, as elevated SSCs result in polyp retraction 

(Szmant-Froelich et al. 1981, Mills & Sebens 1997, Anthony 2000). This threshold value, will 

however, most likely change with different coral species and with variable sediment exposure 

histories. These studies suggest that the impact of SSCs varies with sediment type and associated 

nutrients, but will generally not provide substantial health benefits, particularly at high 

concentrations that can occur during dredging operations. 

 

 

Figure 1.0.2 A conceptual model of the effects of turbidity-generating events on corals based on the US 

Environmental Protection Agency (USEPA) causal/diagnosis decision information system framework 

(CADDIS), identifying the sources of sediment, dredging-related turbidity-generating activities, all known 

cause–effect pathways, biologically plausible cause–effect pathways, modes of action, interacting factors, 

and likely physiological and ecological responses developed in Appendix A. 

1.7.2 Light attenuation 

Light attenuation is directly related to increased SSCs and also changes exponentially with depth 

through the water column (Bak 1978) (Fig. 1.1e). Particulate matter in the water column scatters 

and absorbs incoming light, reducing its intensity and spectral integrity (Bak 1978, Falkowski et 

al. 1990, Richmond 1993, Te 1997). Previous studies have demonstrated that the majority of 

scleractinian corals require high light levels for survival (Achituv & Dubinsky 1990). These high 

light requirements have limited the distribution of corals to low latitudes (~32° north and south 
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of the equator), and shallow depths (~10% of surface light or 50 m) (Muir et al. 2015). Decreased 

light levels reduce photosynthesis of the symbionts, limiting growth and other vital physiological 

processes (Falkowski & Dubinsky 1981, Richmond 1993). This suggests that during dredging 

projects or natural se-suspension events resulting in elevated SSCs, light levels will be 

considerably diminished, and in some cases corals may be exposed to periods of darkness or 

extreme low light for days to weeks at a time (Fisher et al. 2015, Jones et al. 2015a). Exposure 

to extended periods of low light is not a pressure that many scleractinian coral species are 

adapted to, particularly in clear water, oligotrophic reef systems. Therefore, it is anticipated that 

severe light attenuation will negatively impact upon coral health, particularly if energy stores 

and heterotrophic food sources are limited (Anthony 2000).  

1.7.3 Sediment deposition 

Sediment deposition on corals and the seafloor substrate is the third dredging related proximal 

stressor. When sediment settles, it smothers coral tissue preventing light reaching symbionts, 

thus reducing their photosynthetic capacity (Falkowski & Dubinsky 1981, Richmond 1993) (Fig. 

1.1f). Sediment cover also increases the boundary layer surrounding the coral, preventing gas 

exchange between the coral tissue and surrounding water, which can result in bleaching 

(breakdown of symbiosis) and tissue necrosis (Riegl & Branch 1995, Philipp & Fabricius 2003, 

Weber et al. 2012). A coral may avoid sediment settling on their tissue purely through 

morphology, with various gross and fine scale variations influencing the gravitational shedding 

of sediment particles. This is evident for branching colonies, where there is limited vertical tissue 

to collect deposited sediment (Stafford-Smith & Ormond 1992, Stafford-Smith 1993, Riegl 1995, 

Riegl & Branch 1995, Sanders & Baron-Szabo 2005). Foliaceous colonies with large portions of 

vertical tissue are also well adapted to avoid sediment deposition, however, those with large 

areas of horizontal tissue will generally suffer from sediment deposition and most likely tissue 

necrosis if this sediment cannot be removed effectively (Flores et al. 2012, Weber et al. 2012). 

Massive and sub-massive colonies have large areas of horizontal tissue that can collect sediment 

and, therefore, it is anticipated these morphologies will need well developed sediment removal 

mechanisms or colonies will suffer mortality during periods of elevated deposition. The fine 

scale morphological variation within a colony can also affect its ability to avoid or survive 

sediment deposition, as those colonies with high levels of rugosity catch sediment and make it 

difficult to remove, resulting in necrosis of these areas. While foliaceous and massive corals are 

vulnerable to sediment deposition, they are not without effective defenses, with various active 

sediment removal mechanisms utilised to clear depositing sediment, including the ingestion of 

particulate matter, cilia beating, mucus production, tissue expansion, tentacle movement, 
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mesentery manipulation of particles, and pulsing of tissue (Stafford-Smith & Ormond 1992). The 

ability of corals to utilise these mechanisms without depleting energy stores will determine their 

survival of dredging related sediment deposition events.  

1.7.4 Interacting proximal stressors  

The three dredging related proximal stressors may appear relatively straight forward to 

investigate individually; however, they are generally interdependent and there are vast arrays 

of combinations and scenarios that may manifest, complicating predictions of their impacts in 

dredging, runoff or resuspension scenarios. When considering this, along with the great variety 

of sediment types and sizes present in marine environments and the diversity of coral 

populations and local water quality conditions, understanding, unravelling and managing these 

impacts represents a considerable challenge. 

Please see Appendix A for our more detailed review of the water quality conditions resulting 

from dredging, the subsequent impacts on corals, and an extensive overview of previous 

experimental studies investing dredge-related impacts on corals. 

1.8 Overall aims and thesis outline 

This Thesis has been written as a series of research papers, most of which are published, with 

each having its own specific introductions, aims and outcomes. The desired outcome of this 

Thesis is to be able to better predict and manage the impacts of dredging on tropical corals, and 

investigates both the lethal and then sub-lethal impacts of the various dredge related pressures 

on corals. While there is a strong focus on dredging-related pressures on corals, many of the 

processes and responses investigated are equally applicable to natural turbidity events including 

wind-driven sediment re-suspension and monsoon-driven flood plumes from tropical rivers. 

Increased knowledge of these impacts will allow for improved management of future dredging 

operations and will assist in the development of water quality thresholds for dredging and other 

turbidity-generating activities and events.  

The general aims of this Thesis were to (i) identify the causal pathways resulting from dredging 

related water quality pressures, (ii) quantify thresholds to improve our understanding of the 

specific impacts of individual dredge related pressures on corals, (iii) improve understanding of 

cumulative impacts of water quality and temperature related pressures on corals, and (iv) guide 

the management of future dredging activities.  

Outlined below are the specific aims of each of the data chapters: 
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Chapter 2. Mortality pathways and survival strategies utilised by coral colonies during a large 

scale dredging project 

This study aims to improve our understanding of the processes by which corals are influenced 

by a large-scale dredging project over an 18 month period. It outlines a detailed analysis 

investigating the links between water quality conditions and coral health using field data 

collected during the Barrow Island dredging project off the coast of Western Australia. More 

specifically this study aims to determine whether the dredging resulted in mortality within coral 

populations above baseline levels, to identify the most susceptible and resilient coral groups 

(family and morphology), and to ascertain what traits may confer sensitivity or resilience to 

dredging-related pressures. 

Chapter 3. Mucous sheet production in Porites: an effective bioindicator of sediment-related 

pressures 

This study expands on the findings of Chapter 2 where an increase in mucous sheet production 

was observed in massive Porites spp. colonies located in close proximity to the dredging 

operations. It more specifically examines field data to reveal the extent to which in situ mucus 

production is linked to dredging-related pressures (such as SSCs, light attenuation, and sediment 

deposition based metrics), or whether it is driven by other environmental factors (such as 

temperature or lunar patters). It also includes a highly controlled laboratory study to verify links 

between SSCs, sediment deposition, and mucus formation in Porites spp. colonies. These results 

are combined in effort to determine the effectiveness of this response as a monitoring tool for 

future dredging activities.  

Chapter 4. Impacts of turbidity on corals: The relative importance of light limitation and 

suspended sediments 

This study partitions the impacts on coral of two key pressure parameters associated with high 

turbidity related to dredging activities, including (i) physical effects of sediment particles; and 

(ii) light attenuation. The aim of the study was to provide insights into the cause-effect pathways 

of turbidity for three species and morphologies of coral, determine viable indicators of stress, 

and guide the development of future experiments to establish appropriate pressure-response 

relationships and thresholds for management purposes.  
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Chapter 5. Impacts of light limitation on corals and crustose coralline algae  

This study, follows on from the results obtained in Chapter 4, where light attenuation was found 

to be more influential to coral health than SSCs. The aim of the study was to understand the 

responses over time of adult and juvenile corals, and crustose coralline algae (CCA), to extended 

periods of low light. From this increased understanding, the study aimed to determine low light 

thresholds for both corals and CCA.  

Chapter 6. Cumulative impacts: thermally bleached corals have reduced capacity to clear 

deposited sediment 

This study investigates an observation made in Chapter 2, where the dredging activities at 

Barrow Island coincided with a heating event that caused extensive coral bleaching. This 

convergence of events highlighted the need to improve our understanding of how the 

cumulative impacts of thermal stress and sediment deposition related stressors impact upon 

coral health. This study aimed to determine whether bleaching resulting from thermal stress 

reduces the ability of corals to clear deposited sediment in a controlled laboratory experiment.    
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Chapter 2. Mortality pathways and survival strategies utilised by coral 
colonies during a large-scale dredging project 

Pia Bessell-Browne, Rebecca Fisher, Peta L. Clode, Ross Jones 

2.1 Abstract 

Determining the specific drivers of mortality from dredge related pressures is of considerable 

importance as dredging projects undertaken in the vicinity of coral reefs are increasing globally 

due to expanding coastal development. Water quality and coral health data collected over a 530 

d capital dredging project that removed ~7.6 Mm3 of seafloor substrate provided a unique 

opportunity to determine impacts of the resulting water quality conditions on coral health. The 

dredging activity also coincided with a coral bleaching event, again providing a unique 

opportunity to investigate cumulative impacts of both local and global stressors. Sediment 

related metrics reduced in intensity with distance from dredging, and a decrease in mortality 

was observed along the same gradient. Over the dredging period 28,900 observations of 953 

coral colonies were made. Of these observations, mortality events (≥ 5% mortality) were 

observed on 11,206 occasions (i.e. 40%). The majority of these mortality events were observed 

at locations within 1.5 km of the dredging activity, with half of these colonies having ≥ 5% 

mortality. The bleaching event resulted in considerable mortality of all morphological groups 

across both dredging impacted and reference locations, highlighting the need to consider 

potential cumulative impacts when assessing the impacts of dredging projects and other 

anthropogenic stressors in the future. Modelling revealed that sediment related metrics 

appeared to be more closely related to mortality in massive colonies, while light metrics were 

more strongly associated with mortality in branching colonies. This data suggests that when 

implementing water quality thresholds for dredging campaigns consideration of the local coral 

community structure should be taken into consideration, and a range of cause-effect pathways, 

such as deposition, turbidity and light, should be used for the management of dredging impacts 

on coral reefs.  

2.2 Introduction 

Globally, the coastal zone is undergoing rapid development to support increasing population 

growth, and in many cases dredging is undertaken to facilitate this development (Appendix A). 

Dredging can generate large quantities of suspended sediment that impact upon nearby coral 

populations (Rogers 1990, Foster et al. 2010, Erftemeijer et al. 2012, Jones et al. 2016). Excess 

sediments released into the water column results in three proximal stressors to corals: firstly, 

the suspended sediment can clog filter feeding apparatus; secondly suspended sediments 
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attenuate light, reducing the quantity and quality available for photosynthesis; and lastly 

suspended sediments may fall out of suspension and smother coral colonies (reviewed in 

Appendix A). To appropriately manage the impacts of coastal developments, such as dredging, 

we need to increase our understanding of the cause effect pathways impacting the responses 

of corals to these associated proximal stressors. 

Assessing the impacts of suspended sediment related stressors on corals to develop relevant 

water quality thresholds for use in management plans aimed at minimising the impacts of 

coastal developments has proved surprisingly difficult. The effects of reduced light, increased 

suspended sediment concentrations (SSCs) and sedimentation can act individually or in 

combination, and their relative impact can change across time and space. Exposure to low light 

limits coral growth, along with other important physiological processes such as reproduction 

(Falkowski & Dubinsky 1981, Falkowski et al. 1990, Richmond 1993). Light attenuation due to 

elevated SSCs may be the most damaging parameter if sediments are kept in suspension (by 

wave energy and tidal movements), but sedimentation may become problematic if SSCs rapidly 

fall out of suspension (following the passage of a storm or slack water during a tidal cycle) 

(Masselink et al. 2014), which again prevents light transmission to phototrophic symbionts. Low 

light impacts are likely to be exaggerated by the shift in light spectra away from useable 

photosynthetic wavelengths through sediment plumes (Appendix A). Deposited sediment on 

coral tissues results in necrosis if the sediment deposition rate overwhelms clearance rates 

(Riegl & Branch 1995, Philipp & Fabricius 2003, Weber et al. 2006, Weber et al. 2012). Given the 

range of cause effect pathways between corals and dredging related stressors, identifying the 

most relevant pressure parameter(s) over different time scales, and in response to different 

ocean conditions, and sediment generating activities, is fundamentally important, yet remains a 

considerable challenge for experimental studies that generally fail to adequately partition the 

effects of different pathways and/or use treatment levels that have little relevance to realised 

exposure profiles in the field (Appendix A).    

Understanding the impacts of elevated sediment related pressures on corals is further 

complicated by corals forming a diverse group, with varying morphologies likely to cope with 

sediment related stressors in fundamentally different ways. Branching corals can clear deposited 

sediment with limited need for active sediment removal mechanisms (Stafford-Smith & Ormond 

1992, Riegl & Branch 1995, Riegl et al. 1996, Sanders & Baron-Szabo 2005). Massive and 

foliaceous colonies have substantial areas of upward facing tissue that collect depositing 

sediment and require active sediment removal mechanisms (Stafford-Smith & Ormond 1992, 

Stafford-Smith 1993). Active sediment removal mechanisms include the ingestion of particulate 

matter, cilia beating, mucus production, tissue expansion, tentacle movement, mesentery 

manipulation of particles, and pulsing of tissue (Stafford-Smith & Ormond 1992). In addition, 
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different coral morphologies have different light requirements, with branching groups generally 

located in shallower locations in comparison to foliaceous and massive colonies, and have 

correspondingly higher light requirements (Chappell 1980). During exposure to dredge related 

stressors, light levels may be low for extended periods (Fisher et al. 2015, Jones et al. 2015a), 

limiting photosynthesis of algal symbionts. Corals that are able to increase their heterotrophic 

feeding will benefit in such situations (Anthony & Fabricius 2000). Potentially large variation in 

the capacity of different coral morphologies for passive and active sediment removal, 

sensitivities to reduced light conditions, and flexibility of feeding mechanisms are likely to result 

in considerable differences in the relative importance of different exposure pathways among 

corals with differing life history traits (Hoegh-Guldberg & Bruno 2010, Darling et al. 2012, Darling 

et al. 2013). 

Coral reefs are under increasing pressure from a range of global and local stressors, such as 

warming ocean temperatures, ocean acidification, pollution, overfishing and sediment 

pressures associated with river runoff and dredging associated with increased coastal 

development (Richmond 1993, Hoegh-Guldberg 1999, Halpern et al. 2008b, Hoegh-Guldberg & 

Bruno 2010, De’ath et al. 2012). Such impacts can be cumulative, posing additional challenges 

for environmental management and regulation of these valuable ecosystems (Gardner et al. 

2003, Carpenter et al. 2008, Knowlton & Jackson 2008). Recent dredging projects have often 

coincided with periods of elevated sea surface temperatures that have resulted in bleaching of 

coral communities. Such dredging projects include Pluto and Barrow Island in the north-west of 

Western Australia (Hanley 2011), Magnetic Island in Queensland (Chin & Marshall 2003), and 

Miami in Florida (Miller et al. 2016). Thermal related bleaching is considered a significant risk to 

coral reef communities and is increasing in frequency and intensity (Glynn 1993, Glynn 1996, 

Brown 1997, Hoegh-Guldberg 1999), resulting in coral mortality (Jokiel & Coles 1990, Glynn & 

De Weerdt 1991, Gleason & Wellington 1993). When a natural stress event, such as mass 

bleaching, coincides with ongoing developments involving dredging, increased mortality of coral 

populations is expected. An improved understanding of such cumulative impacts is imperative 

for the development of flexible adaptive management strategies (Holling 1978, Walters 1986).  

Field studies examining the relationship between sediment generating activities and coral health 

are rare, yet have the potential to provide substantial insights into the impacts, and cause-effect 

pathways of mortality associated with coastal developments. To facilitate the production and 

exportation of liquefied natural gas (LNG) in northern Western Australia, numerous large scale 

dredging projects have been undertaken for development of ports, shipping channels and 

transportation pipelines (Ports Australia 2014). One of these projects was undertaken at Barrow 

Island, located ~50 km off the Pilbara coast, in a clear-water, offshore environment and a diverse 

coral reef community (EPA 2006, Chevron-Australia 2009). Due to the sensitive nature of this 
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dredging campaign the proponents undertook an unprecedented monitoring program that 

involved the collection of water quality conditions at ~10 min intervals (SSCs and light) and the 

photographing of 1,588 tagged coral colonies approximately fortnightly at 27 sites over the 18 

month dredging period. This project also coincided with a period of elevated sea surface 

temperatures that resulted in coral bleaching (Depczynski et al. 2013, Lafratta et al. 2016).  

Monitoring at Barrow Island included a number of sites that were intentionally located within 

the predicted zone of high impact (where coral mortality was anticipated), representing a strong 

gradient in water quality conditions (Fisher et al. 2015) usually not captured by compulsory 

compliance monitoring (Styan & Hanley 2013). The water quality and coral health data collected 

during the Barrow Island dredging project represented an unprecedented potential to increase 

our understanding of the realistic water quality conditions experienced during dredging 

projects, and the corresponding changes in coral health. While previous studies have thoroughly 

explored the changes in water quality conditions associated with this dredging campaign (Fisher 

et al. 2015, Jones et al. 2015a), these studies have not yet attempted to link these changes to 

impacts on coral health and mortality. The combination of detailed water quality information 

and coral health data provide a unique opportunity to explore the strength of various cause-

effect pathways and coral mortality in situ. Here we describe the results of a detailed analysis 

investigating the links between water quality conditions and coral health during the Barrow 

Island dredging project. More specifically this study aims to determine levels of dredging and 

bleaching related mortality of corals at Barrow Island, describe the various pathways leading to 

this mortality (sedimentation, light reduction, suspended sediments and thermal stress), and 

assess the relative importance of these pathways for predicting coral mortality. In addition, this 

study explores the most susceptible and resilient coral groups (family and morphology), and 

what traits appear to result in either resilience or susceptibility to dredge related pressures. 

2.3 Materials and Methods 

2.3.1 Coral health and water quality monitoring 

The study is based on field surveys conducted before and during a dredging project at Barrow 

Island, located ~50 km offshore the Pilbara region of north western Australia (Fig 2.1) (EPA 

2006). Data collection methods used during this project are described thoroughly in the dredging 

and spoil disposal management plan (Chevron-Australia 2009) and for a detailed description 

water quality data analysis and processing see Fisher et al. (2015) and Jones et al. (2015).  

The coral health monitoring involved regular photographing of individually marked (tagged) 

corals at each of 26 water quality monitoring sites. The sites, which ranged in depth from 411 

m, were installed from June 2009 onwards in a pre-dredging (baseline period), and before 
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dredging began on the 20th of May 2010. At each site, between 50 and 70 coral colonies 

considered representative of the local reef community were tagged, with additional Porites 

tagged to ensure a minimum of 20 colonies of this genus. Each coral was individually 

photographed every 14 d for the duration of dredging (until 11 November 2011). For most sites, 

2740 surveys were undertaken over the dredging period, but for the sites closest to the 

dredging (LNG0 and LNGA) only 17 and 23 surveys were conducted respectively. 

During dredging there was a near continuous unidirectional, southerly movement of the 

sediment plumes throughout the 1.5 y study (Evans et al. 2012; Fisher et al. 2015). For the 

purposes of this study, analysis of mortality and water quality was therefore restricted to all 

sites to the south of the main dredging (ranging from 0.233.8 km away, Fig. 2.1), and 2 

reference sites (AHC and REFN) located >28 km to north of the study area. 

 

Figure 2.1 Location of the 
study area in north west 
Australia. Proximity of the 
study area to the Pilbara 
coast of Western Australia. 
Sites used for analysis and 
their location, their position 
and proximity to the material 
offloading facility (MOF), 
turning basin and tanker 
access channel and the reef 
structure of the area, all 
which were dredged. A 
satellite image of the 
sediment plume with 
locations of corresponding 
coral health monitoring sites.  

2.3.2 Photograph analyses 

The morphology of each colony was recorded as either encrusting, foliaceous, corymbose, 

branching, sub-massive and massive and the 2D surface area (size) of each colony was measured 

using Image J (Schneider et al. 2012), while the proportion of live coral substrate surrounding 

the colony was recorded on a categorical scale between 0 and 8.  
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Table 2.1 Model parameters, their units, mean value, range of values and method of calculation. 

Parameter Units Mean Range Calculation  

Bleaching 
presence 

Proportion 0.02 0–1 The proportion of live coral tissue that was 
white, due to thermal bleaching in the 
current field survey. 

Sediment 
presence 

Proportion 0.02 0–1 The proportion of live tissue was covered 
in sediment in the current field survey. 

Sediment stress N/A 0.06 0–0.5 Averaged presence of sediment on 
massive and sub-massive Poritidae 
colonies in the previous field survey 
averaged for each site. 

Coral size cm2 234.5 35.9–816.4 The outer edge of the colony was traced 
and the area determined in Image J 
(Schneider et al. 2012) before dredging 
commenced. 

Background 
substrate 

N/A 2.3 0–8 The proportion of coral substrate 
surrounding the colony was recorded as a 
proportion on a categorical scale from 0 to 
8 before dredging  

14-day mean 
NTU 

NTU 0.6 0.1–1.5 A running mean NTU values for the 14 d 
before each photograph, summarised for 
each site, calculated by:�̅�𝑇  (𝑡) =

 
1

𝑁𝑇
∑ 𝑥𝑖

𝑁𝑇
𝑖=1 (𝑡). Where NT is the number of 

samples in the T day mean. �̅�𝑇 is the mean 
calculated over the previous T days, 𝑥𝑖(𝑡) 
are the 𝑁𝑇 data points up to and including 
time t. 

14-day mean 
light stress 

mol m-2 
day-1 

0.7 0.3–0.9 A stress index (s) was created as one 
minus the square of the observed DLI (mol 
m-2 d1) relative to a fixed maximum (30 
mol m-2 d-1). This provide a relative index 
of available light where 1 indicates no light 
at a given site, and zero indicates a 
theoretical maximum of 30 mol m-2 d-1. 

𝑠 =  1 − √𝐷𝐿𝐼/30. Light stress was then 

summarized as a 14 d running mean 
(�̅�𝑇  (𝑡)) (see above) as described in Jones 
et al. (2015a) and Fisher et al. (2015). 

14-day mean 
temperature 

°C 25.4 21.6–31.4 A running mean (�̅�𝑇  (𝑡)) of temperature 
for the 14 days preceding the photograph, 
summarised for each site (calculated as 
for NTU and DLI above). 

Depth  m 6.3 3.8–11.1 Median water height. 
Distance from 
dredging  

NA 0.5 
 

-0.7–1.5 
 

The distance of each site to both the LNG 
and MOF were calculated and the closest 
of these was used as distance. The log 
(base 10) of these distances was used in 
analyses due to the apparent exponential 
decay of water quality impacts with 
distance from dredging (Fisher et al. 
2015). 

 

Each tagged colony photograph was scored according to the proportions of partial mortality, 

thermal bleaching and sediment cover, recorded on a categorical scale ranging from 1 to 7 
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where 1 = 0%, 2 = 15%, 3 = 635%, 4 = 3665%, 5 = 6695%, 6 = 9699, and 7 = 100% coverage. 

These categories were converted to their equivalent proportional cover midpoints and used as 

a continuous response variable in analyses. To explore the importance of potential causes of 

mortality, 10 environmental and coral parameters were derived and used in statistical analyses 

(Table 2.1). Of these, 4 were derived from coral health parameters collected as part of the image 

analysis, while the remaining 6 were environmental parameters (Table 2.1).  

Statistical analyses were carried out individually for all morphology/family groups for which 

there were 5 or more representatives at a site, which included massive Poritidae, branching 

Poritidae, corymbose Acroporidae, branching Pocilopodidae and massive Mussidae (otherwise 

referred to as brain coral). However, qualitative analyses and observations were made for 8 

additional groups, including foliaceous Agariciidae, massive Oculinidae, foliaceous 

Dendrophylliidae, encrusting Merulinidae, foliaceous and encrusting Pectiniidae, massive 

Siderastreidae, and free living Fungiidae. 

2.3.3 Forensic investigation of mortality patterns 

The number of observations of mortality, sediment cover, thermal bleaching and sediment 

bleaching were determined and summarised for each site. Sites of increasing distance from 

dredging were grouped into 3 types based on known spatial patterns in the severity of water 

quality conditions (Fisher et al. 2015), including: near dredging (<1.5 km), intermediate distances 

from dredging (315 km) and or far from dredging (2035 km). The number and percentage of 

colonies at each site with the 7 different mortality categories were also determined during the 

last coral health monitoring survey at the completion of dredging. To determine if coral mortality 

occurred suddenly (associated with specific events) or gradually over time the mortality 

trajectory of each tagged colony included in health monitoring was identified as either rapid, 

gradual or no change. 

2.3.4 Statistical analyses of mortality causes 

Data was analysed in R (version 3.2.3, R Core Team (2015)) using a complete-subsets modelling 

approach where a complete model set was constructed and fitted using the appropriate 

statistical methods and subsequently compared using Akaike Information Criterion (AICc), AICc 

weight values (ωi) and R2 (Burnham & Anderson 2002). To avoid issues associated with 

collinearity between predictors (Graham 2003), health predictors were only included in a single 

candidate model when their absolute Pearson correlation coefficient was less than 0.2. To 

ensure all the models were ecologically interpretable, only models with up to three predictors 
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were included in any one candidate model. Interactions between factor (bleaching and sediment 

presence) and continuous predictors were not investigated as interpretation would be limited 

due to the truncated range of values within each level.  

Models were fitted using the GAMM function in the gamm4 package (Wood & Scheipl 2013), 

with the presence of mortality modelled as a binomial distribution. We used GAMMs rather than 

linear mixed models to allow for potential non-linear relationships between the response 

variable and the various continuous environmental predictors. Smoothing terms were fit with a 

cubic spline (Wood 2006), with the “k” argument limited to 5 (to reduce over-fitting and ensure 

ecologically interpretable monotonic relationships). Site, colony identification number and 

quarter of the year were included as random factors, to account for non-independence of 

measurements on the same colonies through time. Assumptions were evaluated using residual 

plots and found to be adequately met. Following standard convention, the simplest model 

within 2 AICc values of the model with the lowest AICc was considered the optimal model 

(Burnham & Anderson 2002). A null model consisting of only an intercept and the random 

factors was also included in the model set, to test if any of the included factors were indeed 

useful predictors. The relative importance of each variable was determined by summing the ωi 

values for all models containing the variable, with higher summed values representing increased 

importance of that predictor to the response variable (Burnham & Anderson 2002). As the 

number of models containing each variable differed (variable weights are only meaningful if the 

number of fitted models are the same for each predictor), per model variable weights (average 

ωi) were calculated by dividing each weight by the total number of models containing each 

parameter. 

2.4 Results 

2.4.1 Mortality patterns 

Over the 530 d dredging project 28,900 coral colony observations were made. Of these 

observations, mortality events (≥ 5% mortality) were observed on 11,206 occasions, or 40% of 

all observations (Table 2.2). There are 3 clear sites grouping by differing distances from dredging, 

near sites (0-1.5 km), intermediate sites (3-15 km) and far sites (20-35 km) (Table 2.2). The 

depths of each site varied with distance from dredging and also within the 3 site groupings (Table 

2.2).  

With increasing distance from dredging there is also a decrease in the water quality pressures, 

with decreasing 14 d running mean values of turbidity (NTU), and increasing 14 d running mean 

light (DLI) (Table 2.2). The greatest number of sediment cover events were found at those sites 
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nearest to the dredging activity and this corresponds with those sites having the highest 14 d 

running mean NTUs and lowest 14 d running mean DLIs (Table 2.2). Thermal bleaching was most 

prevalent at the SBS site, although several sites across all three near, intermediate and far 

categories showed some evidence of bleaching (Table 2.2). The only sites near to dredging that 

bleached were those near the material offloading facility (MOF) and this was most apparent at 

MOFA (Table 2.2). The presence of sediment bleaching was relatively rare and only observed at 

sites near the dredging (Table 2.2). Mortality was also highest at those sites near to dredging 

and the only intermediate and far sites with elevated mortality were those heavily impacted by 

bleaching (Table 2.2). 

Table 2.2 Summary of site location grouping (near <2km, intermediate 3-15km and far 20-35km from 
dredging), detailed breakdown of each site, the number of colonies, distance from dredging, depth and 
water quality characteristics over the dredging period, and the coral health parameters that were 
recorded, including the percentage of sediment coverings, thermal bleaching and mortality observations. 
Colour highlighting indicates the highest values (red) through to lowest values (blue) for each column. 

 

Of the sites near to dredging 40 ± 8% of colonies showed no change in mortality, while 26 ± 4% 

of colonies had gradual increases in mortality and 28 ± 4% of colonies had rapid increases in 

mortality. At intermediate sites, 63 ± 7% of colonies had no change in mortality, while 17 ± 2% 

of colonies showed gradual increases in mortality and 13 ± 7% of colonies had rapid increases in 

mortality. At those sites far from dredging, 64% had no change in mortality, 17 ± 2% had a 
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gradual increase in mortality and 12 ± 6% of colonies had rapid increases in mortality (all mean 

± SE).  

Mean proportional mortality was greatest in branching and corymbose groups compared to the 

massive groups (Fig. 2.2). Mortality was lowest in the massive Faviidae colonies, and this was 

followed by massive Poritidae colonies (Fig. 2.2). In branching and corymbose corals mortality 

appeared to increase rapidly around 300 days into the dredging program (Fig. 2.2). Mortality 

was highest at those sites near to the dredging, lower at those sites furthest and lowest at the 

intermediate sites for corymbose Acroporidae (Fig. 2.2).  

Figure 2.2 Changes in morality for Poritidae massive, Acroporidae corymbose Pocilloporidae branching, 

Poritidae branching, and Faviidae massive corals over the 530 d dredging project for those sites near to 

the dredging (<1.5 km, red), at intermediate distances from the dredging (3-15 km, black) and far from 

the dredging (>20 km, blue). Grey line at 203 d indicates the start of the coral bleaching.  

Of the 891 tagged colonies examined, 227 experienced 535% partial mortality, 115 

experienced 3665%, 91 experienced 6695% and 28 experienced 9699% partial mortality, 72 

colonies completely died, while the remaining 538 experienced no mortality (Table 2.3). Of those 
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colonies that were completely dead at the end of the dredging campaign, the most were present 

at those sites near the dredging activity (22%), fewer were present at far sites (13%) and the 

least were observed at intermediate sites (Table 2.3). 

 

Table 2.3 Summary of mortality at the 
end of the coral monitoring following 
the cessation of dredging across all coral 
groups. Data shows the site code 
(Figure ), distance from dredging, the 
number of colonies at each site (n), and 
the percentage (%) of colonies with 
mortality ranging from 0 to 100% in 
each of the 7 scoring categories. Colour 
highlighting indicates the highest values 
(red) through to lowest values (blue) 
across all percentage mortality columns. 

 

2.4.2 Observations of mortality 

Partial mortality was observed across all family and morphology groups throughout the dredging 

campaign. Some colonies are repeatedly smothered in sediment throughout the dredging 

program, eventually leading to substantial partial mortality. This is shown in Fig. 2.3 (top row) 

where a massive Poritidae colony is healthy initially (27 May 2010), becomes smothered with 

sediment and develops a mucous sheet (3 Oct 2010), which is subsequently shed, with the 

colony being smothered again by sediment that then washes away revealing bleached tissue (01 

Feb 2011, Fig. 2.3). At the end of dredging the colony has suffered substantial partial mortality 

(15 Nov 2011, Fig. 2.3).  

For branching Poritidae colonies sediment only accumulates at the base of the colony, and this 

is only this portion of the colony that suffers mortality. An example is shown in Figure 2.3 (fourth 

row), where a branching Poritidae has a small area of dead tissue at the base of the branches at 

the start of dredging (27 Jun 2010) and remains constant for a portion of the dredging phase (9 

Nov 2010), before increasing substantially (5 Jun 2011) and by the end of the dredging, where 

approximately half the colony is dead, but only at the base (2 Dec 2011, Fig. 2.3).   
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Figure 2.3 Poritidae massive, Acroporidae corymbose, Pocilloporidae branching, Faviidae massive, and 

Poritidae branching colonies over the 530 d dredging project showing mortality increasing through time.  

 

Other colonies show no evidence of sediment smothering, yet still exhibit increases in partial 

mortality that eventually leads to whole colony mortality, or substantial partial mortality. This is 

shown for a corymbose Acroporidae (second row, Fig. 2.3) and a branching Pocilloporidae (third 

row, Fig. 2.3). The corymbose Acroporidae was initially healthy (30 April and 8 Nov 2010), 

subsequently experiences some partial mortality (27 Apr 2011), and dies completely by the end 

of dredging (3 Jul 2011, Fig. 2.3). The branching Pocilloporidae colony was healthy at the start 

(19 May 2010), but experiences gradual increases in the proportion of partial mortality 
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throughout the dredging period (25 Nov 2010 and 03 Feb 2011) having only a small portion of 

live tissue by the end of dredging (4 Nov 2011, Fig. 2.3).  

Some colonies showed evidence of an initial partial mortality event, but with no further loss of 

coral tissue over time. An example of this is shown for a massive brain coral colony (Fig. 2.3, last 

row), which only has small areas of dead tissue initially (28 Apr 2010), which increases by the 

second image (21 Jan 2011) and remains the same for the remainder of the dredging period (24 

Apr, 14 Oct 2011, Fig. 2.3). 

2.4.3 Mortality susceptibility 

Qualitative analysis of coral colony time series imagery revealed that the morphology of a coral 

plays a large role in determining its ability to survive sediment deposition. For massive and sub-

massive Porites colonies, the more conical it’s shape, the greater its ability to efficiently remove 

deposited sediment from its tissue (Fig. 2.4a). This is because settling sediment is efficiently 

shuffled by ciliary action and physical forcing down steep tissue surfaces, rather than being 

retained in hollows where it accumulates and subsequently smothers tissue for extended 

periods, eventually resulting in necrosis (Fig. 2.4a). This is evident as all locations experiencing 

sediment deposition were the hollows of Porites colonies (Fig. 2.4b). Whenever this sediment in 

hollows was removed by natural hydrodynamics the underlying tissue appeared either bleached 

or was dead (Fig. 2.4b). In many cases these dead areas appear to cause a feedback loop 

resulting in further sediment accumulation (Fig. 2.4b).  

Branching and corymbose colonies demonstrated very little evidence of sediment settling on 

their tissue (Fig. 2.4c), with their gross morphology ensuring that there was very little tissue 

available for sediment settlement. This was illustrated when these healthy branching and 

corymbose colonies were observed on top of massive colonies, which were smothered in 

sediment and where this has led to mortality of underlying tissue (Fig. 2.4c).  

Foliaceous colonies, such as Turbinaria spp., also rarely showed evidence of sediment 

accumulation, with many of these colonies displaying a growth form with large areas of near 

vertical tissue, or are bucket shaped (Fig. 2.4d). When exposed to high sediment deposition 

rates, sediment appears to be funnelled into the base of the colony, where it can accumulate to 

reasonably high levels with little impact in terms of percentage coverage of sediment over live 

tissue (Fig. 2.4d). In some cases, this base area breaks away and acts as a scupper effectively 

clearing sediment away from live tissue (Fig. 2.4d). Some Turbinaria spp. colonies also display 

growth forms with some more horizontal tissue (Fig. 2.4d). For such growth forms, sediment 

does collect, and generally the underlying tissue experiences subsequent mortality (Fig. 2.4d).  
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Figure 2.4 Representative colonies of four morphological groups examined as part of the analysis, 
including (a) cone shaped Porites spp., (b) undulating, massive Porites spp., (c) branching and corymbose 
Acropora spp., and (d) funnel-shaped foliaceous Turbinaria spp.  

2.4.4 Modelling mortality causes 

Across all family/morphology groups thermal bleaching showed the strongest relationships with 

the probability of observing a mortality event at Barrow Island (Fig. 2.5), based on the full 

subsets analysis examining a broad range of predictor variables. For both massive brain corals 

and branching Poritidae bleaching was the only important variable, suggesting that dredging 

related pressures such as light, turbidity and the presence of sediments were relatively 

unimportant (Fig. 2.5, Table 2.4). For massive Porites the presence of sediment on the colony 

was also a strong predictor of the probability of mortality occurring whereas for corymbose 

Acroporidae and branching Pocilloporidae light stress was strongly related to the probability of 

mortality (Fig. 2.5, Table 2.4).  
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Figure 2.5 Heatmap of per model variable importance of each environmental variable including bleaching 

presence, 14 day mean nephelometric turbidity units (NTU), sediment presence, 14 day mean 

temperature, distance from dredging, colony size, background substrate, sediment stress, depth, and 14 

day mean light stress driving the mortality of five coral family/morphology groups. Darker colours indicate 

increased importance of the variable, indicating the strongest relationships with mortality at Barrow 

Island.  

 

For massive Porites, as NTU increased there was a gradual linear increase in the probability of a 

mortality event (Fig. 2.6). The probability of a mortality event was also very low when there was 

no bleaching or sediment, higher with the presence of sediment (even in the absence of 

bleaching), higher still when there was no sediment but bleaching, and were highest overall in 

the presence of both sediment and bleaching (Fig. 2.6). For corymbose Acroporidae low light 

levels (14 day mean DLI) appear to result in increases in the probability of mortality events, along 

with bleaching presence (Table 2.4). This increase in the probability of a mortality event was 

observed below 2.7 mol photons m-2 d-1, with much lower probabilities at lower levels, while the 

probability of observing mortality was higher in bleached colonies (Fig. 2.6).  

For branching Pocilloporidae elevated light stress (14 day mean DLI) also appeared strongly 

related to the probability of observing a mortality event (Table 2.4), with this increasing 

relatively linearly through time (Fig. 2.6). Running 14 d mean temperature was also a strong 

predictor of the probability of mortality, with increased temperatures resulting in elevated 

probabilities (Fig. 2.6). For both branching Poritidae and massive brain corals the presence of 

bleaching increased the probability of observing mortality (Table 2.4, Fig. 2.6). 
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Table 2.4 Generalised additive mixed model (GAMM) fit statistics for the relationship between various 

environmental factors and the probability of observing a coral mortality event (>5%) at Barrow Island for 

each of the family/morphology groups. Shown are Akaike Information Criterion (AICc), δAIC, model 

weights and R2 relationships. The top 5 models ranked by AICc are shown. 

Family, 
Morphology 

Model AICc δ 
AICc 

AICc 
weight 

R2 

Poritidae, 
massive 

Sediment presence + bleaching presence + 
14-day mean NTU 

1411.30 0 0.51 0.02 

Sediment presence + bleaching presence + 
14-day mean light 

1413.39 2.09 0.18 0.02 

Sediment presence + bleaching presence + 
depth 

1414.0 2.70 0.13 0.03 

Sediment presence + bleaching presence + 
size 

1414.6 3.30 0.09 0.02 

Sediment presence + bleaching presence  1415.9 4.60 0.05 0.02 

Poritidae, 
branching 

Bleaching presence  466.81 0 0.16 0.07 

Sediment presence + bleaching presence 467.64 0.83 0.11 0.07 

Bleaching presence + depth 467.85 1.04 0.10 0.11 

Bleaching presence +14-day mean light stress 468.54 1.73 0.07 0.06 

Sediment presence + bleaching presence + 
depth 

468.78 1.97 0.06 0.11 

Faviidae & 
Mussidae, 
massive 

Bleaching presence  450.56 0 0.25 0.01 

Sediment presence + bleaching presence 452.17 1.61 0.11 0.01 

Bleaching presence + depth 452.54 1.98 0.09 0.01 

Bleaching presence + sediment stress 453.80 3.24 0.05 0.01 

Sediment presence + bleaching presence + 
depth 

453.81 3.25 0.05 0.01 

Acroporidae, 
corymbose 

Bleaching presence + 14-day mean light stress 1265.62 0 0.26 0.02 

Bleaching presence 1267.76 2.14 0.09 0.01 

Bleaching presence + 14-day mean light stress 
+ size 

1268.11 2.49 0.08 0.03 

Bleaching presence + 14-day mean light NTU 1268.12 2.50 0.08 0.01 

Bleaching presence + 14-day mean light stress 
+ background substrate 

1268.19 2.57 0.07 0.02 

Pociloporidae, 
branching 

Bleaching presence + depth 398.31 0 0.09 0.03 

14-day mean light stress + 14-day mean 
temperature 

398.73 0.42 0.11 0.03 

Bleaching presence +14-day mean sediment 
stress + depth 

399.19 0.88 0.07 0.03 

Bleaching presence + depth + background 
substrate 

399.33 1.02 0.07 0.04 

14-day mean temperature + depth 399.36 1.05 0.07 0.05 
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Figure 2.6 Partial plots of the best generalised additive mixed model (GAMM) logistic regression fits 

showing relationships against the included predictors of the probability of mortality, for each 

taxonomic/morphology group, including: Poritidae massive, Acroporidae corymbose, Pocilloporidae 

branching, Faviidae massive and Poritidae branching corals. Plotted Y values represent the fitted trends 

and 95% confidence intervals. Rug at the bottom of each continuous plot demonstrates the location of 

data points.  

2.5 Discussion 

2.5.1 General mortality patterns 

The water quality and coral health dataset collected at Barrow Island has provided insight into 

the impacts of not only dredging, but also a substantial heating event that resulted in coral 

bleaching. While bleaching related mortality was evident across a range of sites, there was also 

clear dredging related mortality of corals at sites very near (i.e. within 1.5 km) to the dredging 

activity. Water quality conditions at sites near dredging showed a 10, 5 and 3-fold increase in 
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the intensity, duration and frequency of SSCs respectively, when compared to baseline levels 

(Jones et al. 2015a), and these substantial changes in water quality conditions resulted in 

elevated coral mortality.  

While corals can gain nutritional benefit from feeding on suspended sediments (Anthony & 

Fabricius 2000), high SSCs can result in the contraction of polyps and the cessation of feeding 

during periods above 30 mg L-1 (Mills & Sebens 1997, Anthony 2000), potentially having a direct 

impact on coral health and subsequent survivorship. Such high SSCs at depths of 5 m can result 

in the attenuation of almost all light, exposing corals to periods of near complete darkness for 

days to weeks (Fisher et al. 2015). Periods of low light and darkness limit photosynthesis, which 

is considered detrimental as symbiont photosynthesis can provide corals with up to 90% of their 

daily energy requirements (Muscatine 1990, Riegl & Branch 1995). The reduction of energy 

generation from both heterotrophic and phototrophic sources suggests that these corals may 

have been relying on energy stores that would have gradually declined over time, resulting in 

mortality once sufficiently depleted (Anthony & Larcombe 2000). Water quality related 

pressures are further exacerbated by sediment settling out of suspension and onto coral tissue. 

While coral colonies employ a range of active and passive removal mechanisms to clear 

sediment (Stafford-Smith & Ormond 1992, Junjie et al. 2014), when deposition rates exceed 

these removal mechanisms, more rapid necrosis of tissue results (Philipp & Fabricius 2003, 

Weber et al. 2006), a phenomenon we observed here.  

While severe, the poorest water quality conditions experienced near dredging were still 

ephemeral in nature, with substantial variation in stressors through time (Jones et al. 2015a). 

This ephemerality is likely very important to the capacity of corals to withstand the poor water 

quality conditions generated during dredging. Periods of poor water quality were interspaced 

with better conditions, potentially allowing colonies time to recover energy stores before the 

next period of poor water quality, and it is anticipated that this is a key requirement for survival 

of corals in natural turbid environments (Anthony & Larcombe 2000).  

The dredging period coincided with elevated water temperatures that resulted in bleaching, and 

there were also two cyclones that impacted upon the area (Fisher et al. 2015, Jones et al. 2015a). 

Disentangling these compounding stressors is challenging, as the elevated mortality observed in 

the second half of the project is most likely a result of the combination of these natural 

environmental pressures, as well as the cumulation of continuous sediment related exposure 

causing increasing stress through time. Cumulation of both local (such as dredging) and global 

pressures (such as bleaching) are considered a significant threat to coral reefs (Wilkinson 1992, 

Hoegh-Guldberg 1999, Wilkinson 1999, Gardner et al. 2003, Hughes et al. 2003, Carpenter et al. 

2008, Knowlton & Jackson 2008, Côté et al. 2016). Statistical models exploring the relative 

importance of different potential drivers of mortality found that while bleaching appeared to be 
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the strongest predictor of the probability of observing coral mortality during the dredging 

campaign at Barrow Island, sediment related pressure metrics were also strong predictors for 

some taxa/morphology groups. This, in addition to higher overall observed mortality at sites 

near dredging, provides strong evidence of mortality associated with the dredging activity, in 

addition to the bleaching related mortality that was observed. Acknowledgement of such 

cumulative impacts and incorporation of strategies for accommodating these into management 

practices is becoming more common in order to minimise negative impacts on the health of 

surrounding ecosystems (Anthony et al. 2013), with the results here demonstrating the 

importance of such cumulative pressures.  

2.5.2 Susceptible and resilient coral groups to dredging related pressures 

While we did find evidence of dredging related mortality, strong relationships with indices of 

dredging related proximal stressors (the presence of sediment, light reduction and turbidity) 

only occurred for massive Poritidae, corymbose Acroporidae and branching Pocilloporidae, 

while the branching Poritidae, and massive Mussidae groups showed only weak relationships. 

This suggests that some corals are more resilient to elevated sediment related stressors than 

others. In addition, corals from different family/morphology groups appear to be impacted 

differently by dredge related stressors, having different mechanisms to overcome these 

pressures. Massive and sub-massive colonies appeared to be most affected by sediment 

deposition based metrics, while branching and corymbose colonies appeared to be more 

strongly influenced by reduced light levels. 

Massive and sub-massive colonies collect depositing sediment on flat surfaces and in hollows, 

and thus require active sediment removal mechanisms to prevent necrosis of smothered tissue 

(Stafford-Smith & Ormond 1992, Weber et al. 2012, Junjie et al. 2014). These morphologies are 

considered poor sediment removers, and this is particularity true for massive Porites, which 

have small polyps and limited capacity to move large quantities of deposited sediment even 

through active mechanisms (Stafford-Smith & Ormond 1992). When sediment is deposited on 

Porites surfaces it is slowly corralled by muco-cilliary transport into patches that are moved 

towards the perimeter of the colony and subsequently shed. Occasionally this sediment gets 

trapped in hollows and depressions on the surface. When the deposition rate overcomes this 

clearance process, or there are hollows and depressions with no clear path to aid passive 

removal, sediment builds up and necrosis of underlying tissue begins (see Fig. 2.4ab) (Philipp 

& Fabricius 2003, Weber et al. 2006, Weber et al. 2012). When massive colonies underwent 

periods with sediment smothering live tissue, and this sediment was subsequently removed, the 

underlying tissue was often bleached, and this was most apparent in Porites (see Fig. 2.4b). This 
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bleaching is most likely due to the reduced light levels reaching the coral tissue, preventing 

photosynthesis of algal symbionts and resulting in the dislocation of the symbiosis.  

Here we found that mortality in branching Acroporidae and Pocilloporidae was most strongly 

related to light based, rather than deposition based stress metrics. Branching and corymbose 

colonies tend not to collect large quantities of depositing sediment, and what little sediment 

does accumulate is generally near the edge of the colony and does not need to be moved far 

before it can be shed by gravitational pull or water movements. Evidence for light, rather than 

sediment deposition sensitivity, is supported by other field and experimental findings. For 

example, in Acropora cervicornis, growth rates vary significantly among locations, and it has 

been suggested that local water quality conditions, such as light, impact considerably on growth 

rates (Lewis et al. 1968). Studies have also shown that shading can result in reduced coral growth 

rates and eventually mortality after extended periods (Huston 1985, Rogers 1990, Marubini et 

al. 2001). A recent global analysis of 104 species from the genera Acropora and Isopora found 

their geographic distributions to be strongly limited by light availability across both depth and 

latitudinal gradients (Muir et al. 2015). When adapted to turbid conditions Acropora colonies 

have been found to have comparable growth rates to those growing in clear water 

environments, however growth is slowed during summer months when turbidity is highest, 

suggesting considerable light attenuation (Browne 2012), demonstrating extended exposure to 

extreme low light, as experienced during dredging activities, is detrimental to growth rates 

regardless of prior adaptation. These results suggest that branching corals are highly reliant on 

phototrophic energy production, resulting in high sensitivity to low light levels, as demonstrated 

here.  

Foliaceous colonies are commonly found in inshore, turbid coral reefs and are therefore 

considered to be well adapted to sediment related pressures. However, they are also found in 

clear water, offshore reef systems with limited sediment related pressures. When comparing 

fine scale morphologies of these groups inshore colonies are often observed with large, upright 

sections of tissue that do not collect depositing sediment, while those in offshore environments 

often have large horizontal sections of tissue that capture light (van Woesik 1992, van Woesik & 

Done 1997). The majority of folicaceous colonies observed during the dredging project were 

small Turbinaria spp. and these colonies suffered from substantial mortality on their horizontal 

surfaces throughout the dredging campaign, while vertical surfaces generally survived (see Fig. 

2.4d). Many of these colonies form funnel shapes, with sediment collecting in the base of the 

funnel where the tissue invariably dies. This basal area becomes ‘sacrificial’ with sediments 

continuing to accumulate, but with little additional loss of live tissue on the remaining colony. 

For some colonies, this basal area erodes and eventually falls out, depositing accumulated 

sediment and creating a funnel for any future sediment deposition to pass straight down onto 
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the underlying substrate. These funnel shaped colonies are able to generate unstable vortices 

under high water movement that prevents sediments from settling on their remaining live tissue 

(Riegl et al. 1996). This suggests the ability of foliaceous colonies to survive elevated 

sedimentation stressors will depend on their proportion of vertical to horizontal tissue and their 

ability to create sacrificial areas to more effectively remove settled sediment from tissue.  

Substantial variation in sensitivities to various cause effect pathways among coral taxonomic 

and morphological groups highlights the importance of assessing the local coral community 

composition for a given impact, as this will allow accurate prediction of potential impacts of 

dredging related stressors. Some taxa are more susceptible to light reduction and will likely 

suffer substantially if dredge plume intersect deeper reefs, while others are more susceptible to 

sediment deposition. In addition, even subtle variation in morphologies (e.g. undulating surface 

on massive Porites colonies compared to conical shapes), and ambiguity in morphology 

assignment may change the ability of corals to shed deposited sediment, and the likelihood that 

mortality will occur. Further to this, the life history characteristics of a coral, i.e. competitive 

(corymbose Acroporidae), weedy (branching Pocilloporidae), generalist, or stress tolerant 

(massive Poritidae and brain coral) groups will determine their ability to tolerate dredging 

related pressures (Darling et al. 2012). It is hypothesised that competitive species will be the 

most affected by dredging related stressors and, therefore, dredging may result in a shift to 

more weedy, generalist, and stress tolerant species (Darling et al. 2012). It is, however, 

important to further investigate the traits that allow stress tolerant species to survive such 

increased pressures and further traits could be developed to characterise colonies into groups 

with different susceptibilities to dredging related pressures. Such traits could include the surface 

rugosity of colonies, ability to switch between autotrophy and heterotrophy, along with the size 

of energy reserves.  

2.5.3 Conclusions 

The ability of corals to survive long periods of unfavourable water quality conditions along with 

a moderate coral bleaching event and two cyclones is remarkable with only 72 colonies (of 891; 

less than 10%) showing whole colony mortality at Barrow Island, and less than 30% suffering 

from < 35% partial mortality. Both whole colony and partial colony mortality were clearly highest 

near dredging, but there was little evidence of dredging related impacts at sites beyond 1.5 km 

from dredging. Pooled across all sites, 356 corals showed less than 5% partial mortality (<40%), 

and even at sites very near dredging 30% of corals showed little, or no partial mortality. Barrow 

Island is located in remote north western Australia which is a region with generally low historical 

cumulative human impacts compared to Australia’s east coast and other coastal coral reef 
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regions in the world (Halpern et al. 2008b). It is possible that the survival of corals at Barrow 

Island may be higher than otherwise expected in locations exposed to a suite of additional 

chronic stressors, such as terrestrial runoff and crown of thorns outbreaks (Hunter & Evans 1995, 

McCook 1999, Brodie et al. 2012, De’ath et al. 2012). This suggests that extrapolation of findings 

from this Barrow Island dataset to other environments, potentially suffering from elevated 

anthropogenic stressors must be done with caution, as reefs at such locations may have reduced 

resilience (Nyström et al. 2000). 

This study has provided unique insight into the impacts of a large-scale dredging campaign (~7.6 

Mm3 of sediment removal and disposal) on corals, demonstrating that cause-effect pathways 

between dredging related pressures and coral mortality varies substantially among different 

coral groups. Taxonomy, broad and fine scale morphometric features, and localised adaptation 

all serve to modify expected responses of individual corals to dredging related pressures, 

rendering prediction of impacts at a community level highly complex. Changes in sediment type 

and local hydrodynamic forces will also be key elements for predicting potential impacts.   
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Chapter 3. Mucous sheet production in Porites: an effective bioindicator 

of sediment related pressures 

Pia Bessell-Browne, Rebecca Fisher, Alan Duckworth, Ross Jones 

Published in Ecological Indicators (2017) 77: 276-285 

3.1 Abstract 

Some coral species of the genus Porites can produce thick mucous sheets that partially or 

completely envelope the colony’s surface. This phenomenon has been reported many times, but 

the cause and ecological significance remains unclear. In this study, sheet production was 

examined in response to elevated suspended sediment concentrations associated with a large-

scale, extended dredging project on a coral reef. Approximately 400 corals at 16 locations 

situated from 0.233 km from the excavation area were examined at fortnightly intervals over 

the 1.5 year dredging campaign. Mucous sheets were observed on 447 occasions (from 10,600 

observations), with average mucous prevalence ranging from 010%. Overall 74 ± 5% of the 

colonies <1.5 km from the dredging produced one or more sheets. High levels of mucous 

coverage (95% of the colony surface) was observed on 68 occasions, and 82% of these occurred 

at sites close to the dredging. Approximately 50% of colonies produced 3 sheets over the 

monitoring period, and 90% of these were located close to the dredging. In contrast, at distantly 

located reference sites (>20 km away), mean mucous sheet prevalence was very low (0.2% ± 

0.1), no colonies produced more than 1 sheet, and only 1 colony was observed with high mucous 

coverage. In a laboratory-based experiment, fragments of Porites spp. exposed to fine silt also 

produced mucous sheets (105 sheets recorded in 1,100 observations), with nearly 30% of the 

fragments exposed to repeated sediment deposition events of 10 and 20 mg cm-2 d-1 producing 

2 new sheets over the 28 day exposure period. These multiple lines of evidence suggest a close 

association between mucous sheet formation and sediment load, and that sheet formation and 

sloughing are an additional mechanism used by massive Porites spp. to clear their surfaces when 

sediment loads become too high. These results suggest that mucous sheet formation is an 

effective bioindicator of sediment exposure.  

3.2 Introduction 

Hard corals continually synthesise and secrete mucus, maintaining a near continuous mucosal 

barrier of several hundred-micron thickness over their surfaces (Lewis 1973, Brown & Bythell 

2005, Jatkar et al. 2010, Bythell & Wild 2011). The majority of this secreted mucus dissolves in 

the water column and is generally not noticeable (Wild et al. 2004), although some mucus forms 
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visible filaments and strings that eventually detach from corals producing mucous flocs in the 

water column (see images in Wild et al. (2004), Huettel et al. (2006) and Bythell and Wild (2011)). 

A more conspicuous form of mucus production occurs in corals from the genus Porites, resulting 

in complete covering of a thick mucosal layer (see Veron (2000), page 278). This phenomenon 

has been reported many times, but the cause and ecological significance remains unclear.  

The production of a thick mucous layer in Porites was first described by Duerden (1906), who 

referred to it as a mucous felt, and since then many other terms have been used, including: 

sheet (Johannes 1967), envelope (Lewis 1973), web (Ducklow & Mitchell 1979), sheath 

(Thompson 1980), layer and covering (Marcus & Thorhaug 1981), coat (Duerden 1906), tunic 

(Edmunds & Davies 1986), film (Coffroth 1988), and mat (Stafford-Smith & Ormond 1992). The 

term sheet is used hereafter.  

These sheets initially appear as clear mucous films, tightly covering the coral surface (Lewis 

1973), but once formed the mucus undergoes a physicochemical transformation from a fluid-

like (Ducklow & Mitchell 1979), to gel-like consistency (Duerden 1906, Coffroth 1985, 1988, 

Stafford-Smith & Ormond 1992). SEM imaging of sheets from Porites compressa indicate that 

they are made of multiple layers, which acts as a physical barrier over the epidermis, but still 

allows the diffusion of dissolved material (Johnston & Rohwer 2007). The biochemical 

composition of Porites mucous sheets has been described by Lewis (1973), and Coffroth (1990); 

and is likely to be composed of mucins, i.e. large glycoproteins that possess different properties 

of elasticity and viscosity (Jatkar et al. 2010). The term mucus is used hereafter, and in a broad 

sense (see Bythell and Wild (2011)), as the sheets are likely to contain mucins along with a 

variety of dissolved and/or particulate organic matter excreted by the coral.  

Once formed, mucous sheets can become fouled with algae, protozoa, zooplankton (Mayer & 

Wild 2010), bacteria, ciliates, nauplii, crustacea (Coffroth 1990), fecal pellets, other 

unidentifiable debris and sediment (Lewis 1973, Hartnoll 1974, Krupp 1984, Johnston & Rohwer 

2007, Mayer & Wild 2010). The transformation of viscous mucus to a sheet like formation has 

been linked to fouling by sediment (Ducklow & Mitchell 1979). Sheets usually remain covering 

colonies from days to months, but eventually are shed (commonly referred to as ‘sloughed’) by 

water currents, leaving the colony free of fouling material (Duerden 1906, Lewis 1973).  

Mucous sheets have been reported in Porites astreoides, P. divaricata, P. furcata, and P. porites 

in Florida and the Caribbean (Lewis 1973, Bak & Elgershuizen 1976, Ducklow & Mitchell 1979, 

Marcus & Thorhaug 1981, Coffroth 1985, Edmunds & Davies 1986, Glasl et al. 2016), Porites 

cylindrica from Japan (Kato 1987), Porites compressa from Hawaii (Marcus & Thorhaug 1981, 

Krupp 1984), along with P. lutea and P. lobata, P. australiensis and P. murrayensis on the Great 

Barrier Reef of Australia (Coffroth 1988, Coffroth 1990, Stafford-Smith & Ormond 1992). Similar 

sheet like structures have also been reported in the corals Diploastrea heliopora, Pachyseris 



36 
 

speciosa, Mycedium elephantotus, Pectinia lactuca, P. paeonia, Turbinaria peltata and T. 

mesenterina (Stafford-Smith & Ormond 1992, Sofonia & Anthony 2008), Heliopora coerulea 

(Lewis 1973), and in other groups such as gorgonians, alcyonaceans and zoanthids (Rublee et al. 

1980, Coffroth 1988). 

Fluid mucus production by corals aids feeding and self-cleaning by muco-ciliary transport 

processes (Duerden 1906, Hubbard & Pocock 1972, Lewis & Price 1975, Stafford-Smith & 

Ormond 1992, Stafford-Smith 1993). A host of other functions for fluid mucus production have 

also been suggested, including defence against pathogens and resistance to desiccation, ultra 

violet radiation, pollutants and physical damage (see reviews by Brown and Bythell (2005) and 

Bythell and Wild (2011)). Whilst fluidic mucus production plays many important roles in corals, 

it is not clear why Porites spp. produce the gel-like sheets. Some studies with P. compressa, P. 

porites and P. cylindrica have observed a relationship between temperature, salinity and mucous 

sheet production (Marcus & Thorhaug 1981, Kato 1987). Xenobiotics such as copper and crude 

oil can increase fluid mucus production in corals (Mitchell & Chet 1975), and sheets have been 

observed in Porites lichen exposed to cyanide (Jones & Steven 1997). 

A number of studies have explored the relationship between mucous sheet formation and 

sediment, but with contradictory results. Bak and Elgershuizen (1976) noted that mucous sheets 

can be induced in the laboratory in P. astreoides on contact with fine sediment. While Coffroth 

(1985), also found a relationship between mucous sheet formation and sediment deposition in 

laboratory-based studies with P. astreoides and P. furcata. However, sheet formation also 

occurred following a reduction of water movement, and was only observed in response to 

sediment in experiments when combined with reduced water flow (Coffroth 1985). Coffroth 

(1991), and Kato (1987) could not find any relationship between mucous sheet formation and 

sedimentation in field studies. In the most comprehensive study of the response of corals to 

sediments, Stafford-Smith and Ormond (1992) could not induce mucous sheet formation by fine 

sediment in both laboratory and in situ manipulations, concluding that sheet formation had no 

apparent relationship to sediment flux.  

Regular mucous sheet formation has been observed in Caribbean Porites spp. (Lewis 1973), and 

cyclical mucous sheet formation linked to lunar cycles has been recorded in P. cylindrica from 

Japan (Kato 1987), and P. furcata and P. astreoides from Panama (Coffroth 1991). In Porites from 

Panama, the sheet formation appeared to be preceded by periods of polyp retraction (Coffroth 

1991). This observation, coupled with the response of Porites to sediments in laboratory 

experiments described previously, led Coffroth (1988) to suggest sheet formation is an 

epiphenomenon of some other coral activity pattern, and possibly the expansion, contraction 

behaviour of the polyps related to suspended sediment concentrations (SSCs). 
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While evidence is currently equivocal, a potential link between sediment related stresses and 

mucous sheet production suggests that the presence of these sheets on Porites colonies may 

provide a potential environmental indicator of sub-lethal stress on corals. In this study, we use 

information from observations during a large-scale, capital dredging project to examine the 

relationship between mucous sheet formation in massive/sub-massive Porites spp., and dredge 

related sediment pressures. Specifically, we test whether temporal patterns and spatial 

distributions of mucus sheet formation can be explained by timing and proximity to dredging, 

and whether sheet formation is influenced or driven by other environmental factors such as 

lunar periodicity and temperature. Subsequently, we test whether mucous sheet formation can 

be induced in Porites spp. in a controlled, laboratory-based manipulative study, involving 

exposure to a range of high SSCs and sediment deposition rates. 

3.3 Materials and Methods 

3.3.1 Field study 

The field study was conducted before and during a large-scale capital dredging project on the 

reefs of Barrow Island, located ~50 km offshore of the Pilbara coast of north-west Western 

Australia (Fig. 3.1). Dredging primarily occurred at 2 locations, for a turning basin near a future 

material offloading facility (MOF), and for an entrance channel associated with a liquefied 

natural gas (LNG) jetty (Fig. 3.1). Dredging was undertaken with a combination of trailing suction 

hopper, cutter suction and back hoe dredges, and typically occurred on a 24 h basis. The material 

dredged was predominantly unconsolidated, undisturbed carbonate sediments, which ranged 

from rubble to gravelly sand mixed with fine silts and clays. For further detailed description of 

the project see Fisher et al. (2015), and Jones et al. (2015a).  

As part of the state and federal regulatory approval conditions associated with the dredging, 

water quality and coral health monitoring was conducted at numerous sites, at different 

distances north and south of the primary dredging area (Fig. 3.1). Water quality monitoring 

included measurements of turbidity, light, temperature and water depth at ~10 min intervals, 

and included an extended pre-dredging baseline period. For further detailed description of the 

water quality monitoring plan see Fisher et al. (2015), and Jones et al. (2015a). Coral health 

monitoring involved regular photographing of individually marked (tagged) corals at each of the 

water quality monitoring sites. The sites, which ranged in depth from 411 m, were installed 

from June 2009 onwards in a pre-dredging (baseline period), and before dredging began on the 

20 May 2010. Surveys were undertaken typically every 14 d for the duration of dredging (until 

11 November 2011) (Table 3.1). For most sites, 2740 surveys were undertaken over the 
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dredging period, but for the sites closest to the dredging (LNG0 and LNGA) only 17 and 23 

surveys were conducted respectively (Table 3.1). 

 
Figure 3.1 (a) Location of the study area near Barrow Island off the Pilbara coast of Western Australia. (b) 

Sites used for analysis and their location (c) The impact sites used for analysis, their position, proximity to 

the material offloading facility (MOF), turning basin and tanker access channel and the reef structure of 

the area, all which were dredged.  

 

During the dredging there was a near continuous unidirectional, southerly movement of the 

sediment plumes through the 1.5 y study (Evans et al. 2012, Fisher et al. 2015). Analysis of 

mucous sheet formation and water quality was therefore restricted to sites south of the MOF 

and LNG excavation areas, ranging in distance from 0.233.8 km from dredging activity (Fig. 3.1) 

Two reference sites (AHC and REFN), located >28 km to the north of the dredging were also 

examined (Fig. 3.1).  

Photographs of tagged colonies of massive and sub-massive Porites spp. colonies were examined 

for the presence of mucus. Massive Porites spp. colonies can grow to more than several meters 

in diameter, are common throughout the Indo-Pacific, and are found from offshore clear water 

reefs to coastal, turbid regions. As Porites spp. are difficult to identify underwater due to their 

small and variable corallites (Veron 2000), the species most likely included a mix of P. lobata and 

P. lutea, which are the most common massive Porites spp. in the region (Jones 2016). Porites 

spp. colonies were assigned to one of seven categories based on mucus coverage where 1 = 0%, 

2 = 15%, 3 = 535%, 4 = 3665%, 5 = 6695%, 6 = 9699, and 7 =100% coverage. These ranges 
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were chosen as high and low level mucous sheet coverage were of particular interest. The 

number of mucous sheets produced per colony over the dredging phase was also determined 

where a mucous sheet event was defined as any colony classified as category 3 or greater (> 

535% mucus coverage), and where no mucous sheet was observed in the previous survey. 

Water quality data were examined using the methods described in Fisher et al. (2015). Turbidity 

data were averaged on a daily basis (30 min). Photosynthetically active radiation (400–750 nm, 

PAR) data was used to calculate a daily light integrals (DLI) as mol photons m-2 d-1 and the 14 d 

average running mean of these variables was subsequently calculated. 

3.3.2 Laboratory study 

All laboratory testing was conducted at the Australian Institute of Marine Science (AIMS) Sea 

Simulator (SeaSim) at Cape Cleveland (Queensland, Australia), using 50 mm diameter cores of 

massive Porites spp. colonies. Cores were collected from eight parent colonies, representing 

different genotypes, located at 310 m depth at Davies Reef, a clear-water, mid-shelf reef in the 

central Great Barrier Reef region. The species collected included P. lobata and P. lutea which 

were the two most dominant species at Davies Reef, and match those present at Barrow Island 

(Veron 2000, Jones 2016). Cores were extracted using a pneumatic drill, glued onto numbered 

aragonite coral plugs, and left for a 6 week recovery-period in 200 L flow-through holding tanks 

at the SeaSim before experimentation. Sediment used in the study was predominantly biogenic, 

calcium carbonate, collected from the Davies Reef lagoon. The sediment was dried and ground 

using a rod mill grinder until the mean grain size was ~30 µm (range: 0.5140 µm), as measured 

using laser diffraction techniques (Mastersizer 2000, Malvern instruments Ltd, UK). Total organic 

content of the sediment was 0.25%. All coral and sediment were collected under GBRMPA 

permit G13/35758.1. 

Mucous sheet formation in response to sediment-exposure was examined in 10 fibreglass tanks, 

each holding 1,000 L of water. The tanks received a continuous flow of 0.4 µm filtered seawater 

(27°C seawater, 33 PSU), at a rate of 400 mL min-1, resulting in 0.6 turnovers of water each day. 

The control system for the experiment (PLC, custom control logic on Siemens S7-1500 PLC) 

provided the integrated management of sediment delivery, light intensity, turbidity and 

deposition rates (Fig. 3.2). Sediment was delivered to individual tanks according to scheduled 

simulated plumes, controlled by real time feedback from turbidity sensors (Turbimax CUS31, 

Endress and Hauser) (Fig. 3.2). Stock sediments were mixed in 500L tanks and kept in suspension 

by an air diaphragm pump (SandPiper S1F), while being delivered to tanks by a high velocity loop 

(3 m s-1), and pivoting solenoid valves (Burket, 0331) controlled by the PLC (Fig. 3.2). Sediment 

was kept in suspension by a centrifuge pump (Iwaki MX400) providing upwelling flow, and a 
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water-movement pump (Hydrowizard ECM63, Panta Rhei), generating trains of static waves (Fig. 

3.2). Sediment deposition events of 0, 2, 5, 10 and 20 mg cm-2 d-1 were created by generating 

elevated SSCs before turning off water movement pumps to allow the sediment to fall out of 

suspension according to sediment specific particle settlement velocities. Sediment deposition 

was measured in real time with a sediment deposition sensor (Ridd et al. 2001, Whinney et al. 

2017), and using sediment pods (SedPods) (Field et al. 2012). Every few days the SedPods were 

capped and any trapped or accumulated sediment was determined gravimetrically. Sediment 

samples were filtered through pre-weighed 0.4 µm, 47 mm diameter polycarbonate filters, 

incubated at 60°C for ≥24 h, and weighed to determine sediment mass. Lighting was provided 

by a custom designed multichip LED (SeaSim) controlled by the PLC, on the feedback provided 

by the PAR quantum sensor (Skye Instruments, Wales, UK). The control system processed the 

turbidity along with the time of day and virtual experiment depth (5 m), to provide light 

exposures similar to those experienced during a dredging project (Jones et al. 2015a). Corals 

were exposed to a 12 h Light:Dark period which included a 3 h period of gradually increasing 

light levels in the morning (from 06:0009:00 h), and a 3 h period of gradually decreasing light 

levels in the afternoon (from 15:0018:00 h). The maximum light intensity in the control 

(sediment-free) tanks was 400 µmol quanta m-2 s-1. At 12:00 each day for 28 d the Porites spp. 

cores were photographed and inspected for the presence of mucous sheets. 

 

Figure 3.2 Stylised representation of tank 

design and sediment delivery system used for 

experimental investigations. The system 

consisted of 10 experimental tanks which were 

supported by 2 sediment stock tanks and 

sediment delivery loops. Live feedbacks 

between turbidity sensor and sediment dosing 

valve, PAR sensor and custom LED lighting; and 

Deposition sensor, water movement and 

circulation pumps were controlled by a 

programmable logical control (PLC) system. 

 

 

3.3.3 Data Analysis 

Both in situ and experimental data was analysed using R (version 3.2.3, R Core Team (2015)) 

using a complete-subsets modelling approach where all sensible model combinations were 

fitted using the appropriate statistical methods and subsequently compared using Akaike 

Information Criterion (AICc), AICc weight values (ωi) and R2 (Burnham & Anderson 2002).  



41 
 

For the field study, models were fitted using generalised additive mixed models (GAMM) using 

the gamm4 package, and each mucus event was modelled with a binomial distribution (Wood 

& Scheipl 2013). We used GAMM rather than linear mixed models to allow for potential non-

linear relationships between the response variable and the various continuous environmental 

predictors. Smoothing terms were fit with a cubic spline (Wood 2006), with ‘k’ argument limited 

to 5 (to reduce over-fitting and ensure monotonic relationships that would be ecologically 

interpretable). A suite of fixed factors was examined to explain mucous sheet presence 

(Appendix B, Table B1). Site, colony ID and quarter of the year were included as random factors. 

Two models sets were fitted, firstly an observational level model investigated the parameters 

influencing mucous sheet production through time and secondly site wide metrics were 

assessed to identify broad scale drivers of mucus. Assumptions were evaluated using residual 

plots and found to be adequately met. Following standard convention, the simplest model 

within 2 AICc values of the model with the lowest AICc was considered to be the “best” or 

optimal model. A null model including only an intercept and the random factors was also 

included to test if any of the included factors were indeed useful predictors. 

For the laboratory study, a similar full subsets approach was used to determine the most 

influential parameters affecting mucous sheet production in the experimental setting. Due to 

the limited number of unique values for the continuous predictors (only 5 levels of 

sedimentation were used), GAMM was deemed inappropriate. Instead, models were fitted with 

generalised linear mixed effect models (GLMM), where time (week number since the start of 

the experiment) and deposition levels were included as fixed factors. Both colony ID and tank 

were included as random factors. For the full-subsets comparison (based on AIC) models were 

fit using the glmer function from the lme4 library (Bates et al. 2015).  

3.4 Results 

3.4.1 Field Study 

In the field study, one of the most conspicuous responses of the corals over the monitoring 

period was the formation of mucous sheets, occurring exclusively in massive and sub-massive 

Porites spp. colonies (Fig. 3.3bd). The sheets initially appeared as translucent coatings covering 

up to 100% the colony surface. Once the mucous sheets had formed they became fouled with 

sediments making them progressively opaque and easier to observe (Fig. 3.3bd). Often the 

sheets were observed peeling off the surface, revealing relatively clean, sediment-free coral 

tissue (Fig. 3.3bd). 

In the pre-dredging baseline phase only 4 mucous sheets were observed in 1,198 observations 

of individual colonies (i.e. 0.33%). These 4 mucous sheets were produced at 4 different sites at 
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varying distances from the dredging. During the dredging phase, 441 mucous sheets were 

observed in 10,600 observations (Table 3.1, Fig. 3.4). Of the events during the dredging phase, 

371 (or ~85%) were unique events, i.e. new incidences, with no sheet visible in the previous 

survey (Table 3.1, Fig. 3.4). 

 

Figure 3.3 (a) Satellite imagery of the sediment plume on August 29, 2010 with coral health monitoring 

sites. (b) Mucous sheet production in a Porites spp. colony in the field showing a heavily sediment-laden, 

opaque mucous sheet, that is peeling away from the tissue surface (see arrow). (c) A colony with an 

opaque sediment-laden mucous sheet that is beginning to slough off the surface by water movement (see 

arrow). (d) A colony with a semi-transparent sediment-laden mucous sheet that is beginning to slough off 

the surface. (e, f) 50 mm (diameter) fragments of Porites spp. in the laboratory, (e) that has begun to shed 

a sediment laden sheet by peeling of the mucous sheet and (f) by disintegration of the mucous sheet. 

Note the extended coral polyps in image (e), as opposed to the retracted state in image (f). (gk) A colony 

0.3 km from the dredging activity displaying repeat mucous sheet formation and sloughing. Satellite 

imagery from the Japan Aerospace Exploration Agency (JAXA) Advanced Land Observing Satellite (ALOS) 

Advanced Visible and Near Infrared Radiometer type 2 (AVNIR-2). 
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Table 3.1 Summary statistics of site location, distance from dredging, depth and water quality 

characteristics over the dredging period, the number of colonies examined, the number of observations 

made and summary statistics for mucous sheet formation of Category 3 events or higher (i.e. >535% 

mucus covering) including the total number of events, and the number of new mucous sheet events. 

A Site name (see Figure 1) 

B Distance (km) from the closest location of dredging 

C Median water depth (m) 

D 95th percentile (P95) of all 14 d running mean averages (NTU) 

E 5th percentile (P5) of all 14 d daily light integral averages (DLI, mol photons m2 d-1) 

F Number of surveys conducted in the dredging phase 

G Number of colonies at each site 

H Σ individual observations of a single colony (i.e. colonies  surveys x baseline and dredging period) 

I Σ individual observations of a single colony (i.e. colonies  surveys x dredging period) 

J 
Σ number of times a colony was observed with ≥ 5% mucus cover (category 3) over the dredging 
period 

K Total number of ‘new’ mucus events (≥ 5% mucus cover, category 3) over dredging period a 

L 
% of colonies at each site observed with ≥ 5% mucus cover (category 3) at any stage over the 
dredging period 

M 
Mean ± SE (Column N) incidence of mucous sheet formation (≥ 5% mucus cover, category 3) over 
the dredging period 

 

A B C D E F G H I J K L M N 

Site km m NTUb DLIc n n n n n n % % % 

MOFA 0.4 5 26.5 0.9 39 23 879 811 48 43 73.9 6.1 1.2 

MOFB 1.0 8 7.8 0.3 40 22 843 778 76 59 95.5 9.6 1.6 

MOF1 0.8 6 14.6 0.4 40 19 660 604 58 30 84.2 
10.
0 

1.8 

LNG0 0.2 9 19.6 0.1 17 32 428 359 37 29 56.3 8.7 2.1 

LNGA 0.3 11 18.8 0.2 23 31 446 384 38 33 54.8 9.7 2.8 

LNG1 0.5 9 15.0 0.1 34 31 788 687 45 41 71.0 6.9 1.4 

LNG2 1.0 7 8.4 0.4 36 27 922 837 41 41 81.5 4.9 1.4 

LNGC 1.4 11 12.2 0.3 35 21 516 455 29 29 71.4 6.9 1.7 

LNG3 4 6 9.5 1.1 36 25 898 823 33 33 64.0 4.0 0.9 

TR 5 5 10.7 0.4 39 14 512 454 14 12 57.1 2.9 1.1 

DUG 9 9 9.6 1.3 35 27 997 913 16 16 40.7 1.8 0.6 

BAT 15 4 3.7 1.6 32 28 858 744 5 5 17.9 0.6 0.4 

SBS 24 5 3.2 2.1 32 25 763 690 2 2 8.0 0.3 0.3 

REFS 28 5 3.2 0.9 30 30 793 704 2 2 6.7 0.2 0.2 

AHC 30 7 2.7 1.3 30 23 662 591 3 3 13.0 0.5 0.3 

REFN 33 7 3.7 2.2 27 34 833 766 0 0 0.0 0.0 0.0 

Mean             24 50   

min 0.2 4 2.7 0.1 17 14 428 359 0 0 0 0.0  

max 33 11 26.5 2.2 40 34 997 913 76 59 95 
10.
0 

 

SUM     525 412 
11,79

8 
10,600 447 378 796   

a A new mucous sheet was classified as one where there was no mucous sheet visible in the previous 
survey and therefore had to have formed between surveys 
b Nephelometric Turbidity Units 
c Daily Light Integral (DLI, mol photons m2 day-1) 
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Average mucous sheet prevalence (mean percentage of all individuals with a mucous sheet at 

any particular time), ranged from 0 to 10% over the dredging phase, with prevalence much 

higher in corals close to the primary excavation area, and decreasing with increasing distance 

from dredging (Table 3.1, Fig. 3.4). The highest prevalence at any one time was 48% (10 out of 

21 colonies) during December 2010 at the site MOFB, located 0.37 km from the dredging (Table 

3.1). Over the dredging period, 74 ± 5% (mean ± SE, n=7 sites, range 5596%) of the Porites spp. 

colonies <1.5 km from the dredging were observed with a mucous sheet (Table 3.1, Fig. 3.4).  

Of the 378 incidences of new mucous sheet formation (i.e. colonies that did not have a mucous 

sheet in the previous survey), 43% were scored as category 3 (i.e. covering 530% of the colony 

surface). Near complete and complete coverage of the colony (i.e. category 6 or 7, or >95% of 

the colony) was observed on 68 occasions, and of these events 82% (n = 56) occurred in the sites 

<1.5 km from the dredging area (Table 3.1, Fig. 3.4). 

Figure 3.4 The relationship between distance from dredging and (a) the surface area of Porites spp. 

covered in mucus, and (b) the number of new mucous sheets produced, numbers above bars indicate the 

total number of sheets produced. 

Repeated mucous sheet formation during the dredging phase was also commonly observed, 

with ~50% of the colonies producing 3 or more mucous sheets, and ~25% producing 4 or more 

(Fig. 3.4). Of the colonies producing 3 or more sheets, 90% were located within <1.5 km from 

the dredging activity (Table 3.1, Fig. 3.4). The maximum number of distinct mucus events for an 

individual colony was 9 from a colony at MOFA (located 0.4 km from the dredging). At the four 

reference sites, located >20 km either north or south of the main dredging area, mean mucous 

sheet prevalence was 0.2 ± 0.1% (mean ± SE, n= 4 sites) (Fig. 3.4; Appendix B, Table B2). Only 1 

colony was observed with mucous coverage >95% of the colony surface area (i.e. category 6), 

and no colonies produced more than 1 mucous sheet (Fig. 3.4; Appendix B, Table B2). At one 
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site, REFN, no mucous sheet production was ever observed in the 34 separate surveys of the 27 

corals conducted over the pre-dredging and dredging phases (totalling 766 observations). 

The observational level analysis revealed the strongest predictor of mucus was the presence of 

sediment on a colony, which had the lowest δAIC value, a model weight of 1, and a R2 value of 

0.38 (Table 3.2a). The relationship between sediment cover and the probability of mucus 

occurring followed an upward trend, with very low occurrence when sediment cover is low, and 

high probability of mucus when sediment covers over 50% of the colony surface (Appendix B, 

Fig. B1a). There is a trend towards higher sediment cover, and therefore high mucus cover, at 

those sites closest to the dredging activity (Fig. 3.5). The remaining environmental variables 

provided poor fits to the probability of mucus event occurrence during dredging (Table 3.2a).  

These results are confirmed by the site level analysis, which revealed the strongest predictor of 

mucus cover was the maximum 14-day running mean turbidity (NTU), with this parameter 

having the lowest δAIC value, a weight of 0.53 and an R2 value of 0.91 (Table 3.2b). This 

relationship demonstrated an upward trend in the probability of mucus with increasing NTU 

values (Appendix B, Figure B1b). There were other variables that also had elevated R2 values and 

model weights, with the next 2 best parameters including the presence of sediment in the 

previous survey and the present of sediment on the colony currently (Table 3.2b).  

Table 3.2 Model fit statistics for the relationship between various environmental factors and the presence 

of mucus on massive Porites spp. colonies, at both an (a) observational level through time and (b) site 

level. Summaries are presented, with δAkaike information criterion (AIC) scores, model weights and R2 

relationships. The most influential parameter for each model set is bold.  

Parameter 
(a) Observational level analysis (b) Site level analysis 

δAIC δAIC weight R2 δAIC δAIC weight R2 

Sediment presence 0.00 1 0.38 3.95 0.07 0.87 

Distance from dredging 1176.2 0 0.02 4.45 0.06 0.86 

14-day mean 
temperature 

1204.6 0 0.00 35.41 0.00 0.26 

Sediment lag 1208.8 0 0.00 2.51 0.15 0.89 

14-day mean light stress 1211.6 0 0.01 7.19 0.01 0.86 

14-day mean NTU 1211.6 0 0.00 0.00 0.53 0.91 

Days since dredging 1212.9 0 0.00 34.38 0.00 0.08 

Depth 1214.7 0 0.01 32.15 0.00 0.19 

Maximum NTU 1215.6 0 0.00 2.62 0.14 0.89 

Moon phase 1215.9 0 0.00 N/A N/A N/A 

Bleaching lag 1217.5 0 0.00 32.91 0.00 0.15 

Maximum deposition 1217.5 0 0.00 11.39 0.00 0.80 

Mean deposition 1217.5 0 0.00 15.35 0.00 0.74 

Mean maximum NTU 1218.1 0 0.00 6.48 0.02 0.87 

Null model 5247.5 0 0.00 30.35 0.00 0.00 
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When examining site averaged relationships between mucus prevalence and distance from 

dredging, a logarithmic trend is observed with increased prevalence at those sites closest to the 

dredging activity (Fig. 3.5). It is apparent that the highest mucus prevalence is located within 

1km of the dredging activity (Fig. 3.5). The same pattern is observed with 14-day mean turbidity 

(NTU), with the same logarithmic pattern of decrease apparent (Fig. 3.5). When comparing mean 

turbidity with mucus prevalence it is clear that they are correlated (Fig. 3.5).  

 

Figure 3.5 The relationship between mucous sheet formation in Porites spp. (red) and the 14 day running 

mean NTU value (black) with distance from dredging activity. Data presented is mean ± SE with n= 1740 

surveys.  

3.4.2 Laboratory Study 

Over the 28 d laboratory exposure study, 1,100 observations were made of individual Porites 

spp. fragments (fragment  treatment  time), and mucous sheets were recorded on 105 

occasions (9.2%). Mucous sheets were only observed in those tanks with elevated sediment 

treatments. Sheets became quickly fouled with sediments becoming opaque, and eventually 

disintegrating and sloughing off the colony surface, revealing clean sediment-free tissue 

underneath (Fig. 3.3e and f). In some instances, the polyps underlying the mucous sheets 

appeared fully extended (Fig. 3.3e). Of the 105 observations of mucous sheets, 42% (n = 44) 

were unique events, i.e. new incidences, with no sheet visible on the previous day. Sheet 

production was initially high, with 9 of 60 fragments producing a sheet in the first 24 h, 

decreasing to only 1 new sheet observed between days 48 (Fig. 3.6). New sheet production 

increased again in the second half of the study and there was a tendency towards the sheets 

remaining on the fragments for more than 1 d, increasing their prevalence (Fig. 3.6). Typically, 

sheets lasted for 24 h before being sloughed, and ~72% lasted 3 days or less. One colony kept a 
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mucous sheet for 13 d. Full-subsets modelling of the experimental data suggested the best 

model included an additive effect of deposition and time, having an AICc of 530.3 (2.6 AICc units 

higher than the next best model), and weight of 0.68 (Appendix B, Table B3). 

Figure 3.6 Probability of mucus occurrence with increasing sediment deposition during week 1, 2, 3 and 

4 of the experimental exposure. Lines represent fitted values with shaded areas indicating ± 95% 

confidence limits. Points represent fragment level mucous sheet production.  

3.5 Discussion 

Since Duerden’s (1906) description of mucous sheet formation in Porites there have been many 

studies that have investigated the cause and ecological significance of the phenomenon. Several 

studies have examined the association between mucous sheet formation and sediments, and 

have produced conflicting results. In this study, there are multiple lines of convincing evidence 

from both field observations during a large-scale dredging project, and controlled laboratory-

based studies, to suggest a close association between sediment loads and mucous sheet 

presence in massive Porites colonies. Mucous sheets appear to be formed in response to 

elevated sediment loads and subsequently trap sediment, causing them to build up on the 

colony’s surface. The debris laden sheet is episodically sloughed, aided by currents and possibly 

by polyp expansion patterns, leaving the colony surface comparatively sediment free. Stafford-

Smith and Ormond (1992) noted that despite having quite poor sediment-rejection capability by 

muco-ciliary transport and a morphology prone to sediment accumulation, massive Porites are 

often found in turbid inshore waters. They suggested that Porites must have an alternative 

strategy for tolerating occasional high sediment loads, with mucous sheet production potentially 

such a strategy.  

Mucus sheet prevalence in Porites spp. was examined before and during a large-scale, extended 

(1.5 y) dredging program which resulted in a 10, 5 and 3-fold increase in the intensity duration 
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and frequency of turbidity events respectively compared to baseline levels (Jones et al. 2015a). 

Water quality showed a strong power-decay relationship with distance from dredging, with 

effects observed predominantly up to 3 km from dredging (Fisher et al. 2015). Close to the 

dredging, mucous sheet prevalence reached as high as 50%, and over the duration of the 

dredging ~75% of colonies were observed with a mucous sheet at some stage. In contrast, at the 

distantly located reference sites (>20 km away), mucous sheet prevalence was negligible 

(~0.2%). In addition to mucous sheet presence, there were also clear spatial patterns in the 

percentage of a coral’s surface covered by mucus. High levels of coverage by mucus (i.e. 95% 

of the colony surface) was observed on 68 occasions, and 82% of these occurred at sites close 

to the dredging. Furthermore, the production of multiple mucous sheets also appeared 

correlated with proximity to dredging. For example, over 50% of the colonies produced 3 

sheets over the monitoring period and of these 90% were located close to the dredging. In 

contrast, at distantly located reference sites, no colonies produced more than 1 sheet, and only 

1 colony was observed with a high level of mucus coverage. Overall, the strong association 

between mucous sheet coverage and prevalence suggests this is a sub-lethal indicator of 

sediment exposure for corals. 

Mucous sheet formation and cyclical sheet formation linked to lunar cycles have been reported 

previously in Porites cylindrica from Japan (Kato 1987), and P. furcata and P. astreoides from 

Panama (Coffroth 1991). We found no evidence that mucous sheet production in the massive, 

hemispherical Porites spp. investigated (which included P.s lobata and P. lutea) was linked to 

lunar cycle or phase of the moon. No relationship between temperature and mucous sheet 

production was observed, which has also previously been described in some Porites spp. (Kato 

1987, Coffroth 1991), despite the occurrence of a marine heat wave  (Feng et al. 2013) during 

the dredging project. The strongest driver of mucous sheet production in our data appears to 

be sediment related. 

The laboratory based studies paralleled the field observations, and in response to elevated SSCs 

and deposition of fine silt Porites spp. fragments quickly developed mucous sheets which 

became progressively fouled with sediments. As with field observations, sloughing of mucous 

sheets resulted in a sediment-free surface. As also observed in the field studies, the fragments 

were capable of producing more than 1 mucous sheets, with nearly 30% of the fragments in the 

higher two sediment treatments producing two new mucous sheets over the 28 d exposure 

period.  

These results differ from those presented by (Stafford-Smith & Ormond 1992), who did not 

observe mucous sheet production in either the laboratory or field, even when exposing colonies 

to a rain of fine, silt sized particles. The results presented here suggest that mucous sheet 

production is an emergency response to overwhelming sediment concentrations, and therefore, 
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the concentrations (≤1000 mg cm-2) used by Stafford-Smith and Ormond (1992) may not have 

been sufficient to result in sheet production in corals from locations with high background 

sediment concentrations. Our results also differ from those presented by Coffroth (1985), who 

found no significant increase in mucous sheet production in Porites astreoides, related to 

increased sedimentation, although P. furcata was found to significantly increase mucous sheet 

production. These results suggest that the production of mucous sheets in response to elevated 

sediment exposure may be species and sediment history dependent. 

Massive and sub-massive Porites spp. typically use a combination of active and passive processes 

to remove sediments, as has been reported in numerous coral species (Stafford-Smith 1993). 

Active processes include fluidic mucus production and ciliary movement (i.e. muco-ciliary 

transport), and Porites spp. colonies are likely to be continuously employing this mechanism to 

prevent the build-up of sediment (i.e. smothering) on their surfaces. Nevertheless, Porites spp. 

are known to be poor sediment rejecters compared to other species, having small calices, 

producing weak ciliary currents, and having little capacity for tissue expansion to actively shed 

sediments (Stafford-Smith & Ormond 1992). Furthermore, they have a morphology that is 

naturally prone to sediment accumulation (in surface hollows), as opposed to finely branching 

species which can easily manipulate sediments to the colony edges and use passive, 

gravitational forces to self-clean. Considering this, Stafford-Smith and Ormond (1992) 

questioned why massive Porites spp. can inhabit turbid inshore waters, given their low capacity 

for sediment removal. We suggest the capacity for repeated mucous sheet production and 

sloughing is an additional mechanism for Porites spp. to self-clean under particularly heavy 

sediment loads. 

The cue for mucous sheet formation appears to be the presence of elevated SSCs, and sediment 

contact with the colony surface. This is followed or accompanied by a gradual build up and 

incorporation of sediments into a mucous layer which becomes progressively opaque with time 

(Ducklow & Mitchell 1979). Occasionally colonies were observed with transparent sheets, 

(suggesting sheet formation occurs before sediment deposition), although these incidents were 

comparatively rare. It has been suggested that polyp retraction is the ultimate cause of mucous 

sheet production (Coffroth 1988), and it may also be related to a cessation in the secretion of 

mucus, with this hypothesis supported by the results of the laboratory investigation. In the 

laboratory based experiments the polyps were usually in a highly contracted state under the 

mucous sheet, but expansion of the polyps appeared to play a role in the peeling of the mucous 

sheet from the surface, suggesting an element of control by the corals in the mucus sloughing 

process. 

Overall, the strong association between mucus sheet coverage and prevalence suggests this may 

be a strong sub-lethal indicator of dredging related sediment exposure for corals during future 
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dredging programs. The massive, hemispherical Porites spp. investigated here are common in 

turbid inshore and clear-water offshore environments, are prominent components of reef 

assemblages, and significant frame-work builders in the Indo-Pacific region (Veron 2000). Sheet 

formation is a sub-lethal, organism-level response and exposure bio-indicator that could provide 

an early warning signals of biological effects (Dodge et al. 1974, Lam & Gray 2003). Sheet 

formation is rapidly identifiable by scuba divers, or by using diver-less technologies such as 

remotely operated vehicles (ROVS), and can provide near real time information without the 

need for sampling and subsequent laboratory-based analyses. False positives (Type I errors) are 

a significant issue for biomarkers, but mucous sheet formation in clear-water environments such 

as Barrow Island is typically low (<0.5% prevalence) and can increase 10-fold in response to 

elevated sediment loads.  

Further research is required to determine the spatial extent of this mucous sheet production, 

and whether it is also produced in response to runoff related sediment exposure and natural 

turbidity events. Further investigation is also required to determine which other species of 

Porites produce mucous sheets in response to sediment and whether different sediment 

composition, particle size, and colour impacts upon the production of these sheets. Mucous 

sheet formation and sloughing are likely to be an additional mechanism used episodically by 

massive Porites spp. to compliment known active and passive sediment rejection mechanisms, 

and serves to clear the colony surface when sediment loads become too high. As a protective 

reflex response, it is functionally analogous to a human sternutation. In summary, mucous sheet 

prevalence appears to be a useful sub-lethal indicator of sediment related exposure for coral 

communities and should be considered as a monitoring tool during future dredging projects and 

periods of naturally occurring elevated turbidity.  
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Chapter 4. Impacts of turbidity on corals: The relative importance of light 

limitation and suspended sediments 

Pia Bessell-Browne, Andrew P. Negri, Rebecca Fisher, Peta L. Clode, Alan Duckworth, Ross 

Jones 

Published in Marine Pollution Bulletin (2017) 117: 161-170 

4.1 Abstract 

As part of an investigation of the effects of water quality from dredging/natural resuspension 

on reefs, the effects of suspended sediment concentrations (SSCs) (0, 30, 100 mg L-1) and light 

(~0, 1.1, 8.6 mol photons m-2 d-1) were examined alone and in combination, on the corals 

Acropora millepora, Montipora capricornis and Porites spp. over an extended (28 d) period. No 

effects were observed at any sediment concentrations when applied alone. All corals in the 

lowest light treatments lost chlorophyll a and discoloured (bleached) after a week. Coral 

mortality only occurred in the two lowest light treatments and was higher when simultaneously 

exposed to elevated SSCs. Compared to water quality data collected during large dredging 

programs and natural resuspension events (and in the absence of sediment deposition as a 

cause-effect pathway) these data suggest the light reduction associated with turbidity poses a 

proportionally greater risk to coral health than effects of elevated SSCs alone. 

4.2 Introduction 

Dredging is an essential activity for port operations and its necessity is projected to increase in 

the future associated with the current trend towards larger ships with deeper draft 

requirements (Ports Australia 2014). Dredging releases sediment into the water column, 

creating turbid plumes which can migrate away from the initial activity and onto nearby sensitive 

habitats (Foster et al. 2010). The suspended sediments can reduce light, clog filtering and 

feeding apparatus, and settle onto benthic organisms, and therefore pose an environmental 

hazard (Dodge & Vaisnys 1977, Bak 1978, Brown et al. 1990, Rogers 1990, Foster et al. 2010, 

Erftemeijer et al. 2012). To effectively manage this hazard, it is critical to identify and understand 

the specific cause-effect pathways for dredging-relating pressures on key biota, especially for 

ecologically important, habitat forming groups such as corals. Partitioning the various impacts 

of dredging, such as light attenuation, shifts in light wavelength, increased suspended sediment 

concentrations (SSCs), and sediment deposition is important to enable more targeted and 

effective generation of concentration-response relationships (reviewed in Appendix A). Water 

quality thresholds developed following this process will have increased environmental 
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relevance, and once established will improve the ability of dredging proponents to predict the 

impact of dredging (at the environmental impact assessment stage) and to minimise the impact 

of dredging using adaptive management (Holling 1978).  

Most shallow water tropical corals are sessile colonies of filter-feeding polyps that live in a 

mutualistic symbiosis with dinoflagellates of the genus Symbiodinium (Trench 1979, Stat et al. 

2008). They can obtain energy heterotrophically, and capture up to meso/macro sized 

zooplankton by nematocyst discharges and tentacle grabbing (reviewed by Houlbrèque and 

Ferrier-Pagès (2009)). Corals can also ingest and assimilate particles in suspension (Goreau et al. 

1971, Anthony 1999b, Anthony & Fabricius 2000), or that have settled on their surfaces (Mills & 

Sebens 1997, Mills et al. 2004). Corals can also obtain energy autotrophically, and the 

endosymbiotic algae provide the coral host with photosynthate that can represent up to 90% of 

its daily energy requirements (Muscatine et al. 1981, Falkowski et al. 1984, Muscatine 1990). 

Some corals have flexibility in their feeding strategies and can maintain a positive energy balance 

by shifting from photoautrophy to heterotrophy with increasing depth (Palardy et al. 2006), 

following bleaching (Grottoli et al. 2006, Bessell-Browne et al. 2014), and in turbid environments 

(Anthony & Fabricius 2000). Despite this plasticity, the dual nutritional mode leaves corals 

vulnerable to pressures, such as dredging, that can affect both the heterotrophic and 

autotrophic modes of nutrition.  

One of the key proximal stressors associated with dredging is an increase in SSCs (reviewed by 

Rogers (1990) and Appendix A). Suspended sediments typically have small particle sizes (silt and 

clay sized) and remain in suspension for extended periods with limited water turbulence 

(Masselink et al. 2014). Several studies have shown that corals may benefit from ingestion of 

organic matter associated with sediments at low concentrations (Mills & Sebens 1997, Mills et 

al. 2004, Anthony 2006, Anthony et al. 2007); however, higher SSCs can cause coral polyps to 

contract and feeding to cease (Mills & Sebens 1997, Anthony 2000).  

Another key proximal stressor associated with dredging is decreased light availability from 

increased turbidity (reviewed in Appendix A). The amount of light attenuation that occurs in a 

plume depends on depth, as well as the sediment concentration and its scattering and 

absorption properties including colour, composition, and particle size (Storlazzi et al. 2015). 

Recent modelling studies of benthic light availability experienced during dredging plumes, 

showed that incident down-welling irradiance of ~725 µmol photons m-2 s-1 at 5 m depth in 1 mg 

L-1 SSC is reduced to <5 μmol photons m−2 s−1 in a 30 mg L-1 SSC plume (Appendix A). Most 

hermatypic scleractinian corals have high photosynthetically active radiation (PAR, 400700 nm) 

requirements due to their association with symbiotic dinoflagellates (Falkowski et al. 1984, 
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Achituv & Dubinsky 1990, Gattuso et al. 2006, Muir et al. 2015). Prolonged light attenuation will 

lead to decreased photosynthesis, a negative energy balance and reduced growth (Falkowski et 

al. 1990, Richmond 1993). In extreme cases it can even result in dissociation of the coral-algal 

symbiosis (bleaching) (Yonge & Nicholls 1931, Kevin & Hudson 1979, Glynn 1996, Brown 1997, 

DeSalvo et al. 2012).  

The close association between suspended particles and light attenuation creates difficulties for 

assigning a coral’s response to one or both of these pressures following turbidity events such as 

plumes from dredging, river discharge, or natural resuspension. Water quality monitoring 

programs associated with dredging projects have typically focused on measuring turbidity using 

nephelometric turbidity units (NTUs) as a proxy measure of pressure fields (Foster et al. 2010, 

Sofonia & Unsworth 2010, Hanley 2011). This approach has recently been questioned by Sofonia 

and Unsworth (2010), who suggested a re-focus on PAR rather than NTU, as it is more relevant 

biologically and inclusive of other site conditions. In this study, we examined the potential 

impacts of sediments on corals by experimentally exposing three common morphologies to 

elevated SSCs and light reduction alone, and in combination (3 light  3 SSC regimes). Sediments 

were kept in suspension in these studies, reducing or eliminating a suite of other cause-effect 

pathways associated with sediment smothering such as anoxia. The purpose of the study was to 

provide insights into the cause-effect pathways of turbidity for each of these species, determine 

viable indicators of stress, and guide the development of future experiments to determine 

appropriate concentration-response relationships for management purposes.  

4.3 Materials and Methods 

The study was conducted with Acropora millepora (Ehrenberg 1834), Porites spp. and Montipora 

capricornis (Veron 1985), representing branching, massive, and foliaceous morphologies 

respectively. All these species are common throughout the Indo-Pacific, including the east and 

west coasts of tropical Australia. For A. millepora and M. capricornis, 8 colonies were collected 

by hand, while 8 colonies of Porites spp. were cored with a pneumatic drill. All coral species were 

collected between 310 m from the lagoon of Davies Reef, a mid-shelf reef centrally located in 

the Great Barrier Reef (GBRMPA permits G12/35236.1 and G13/35758.1). Due to difficulty 

identifying Porites spp. colonies to species in the field as they have small and variable corallites 

(Veron 2000) a mixture of species (P. lutea and P. lobata) were used for the experiment. Colonies 

that were free of biofouling and diseases were fragmented (~15 cm2) into replicates. Fragments 

were then glued onto aragonite coral plugs and held in 200 L flow-through holding tanks in the 

National Sea Simulator (SeaSim) at the Australian Institute of Marine Science (AIMS), in 

Townsville, Australia for 6 weeks to recover from the collection and preparation procedures. 
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During the holding period, corals were exposed to a 12-h light:dark (L:D) cycle made up of a 2 h 

period of gradually increasing light in the morning (06:008:00 h), 8 h of constant illumination 

at 200 µmol photons m-2 s-1, and then a 2 h period of gradually decreasing light in the afternoon 

(16:0018:00 h). Over the course of the day the corals experienced a daily light integral (DLI) of 

7.2 mol photons m-2. 

Experiments were conducted in clear PVC tanks (115 L capacity) with an inverted pyramid at the 

base to reduce sediment deposition on any horizontal surfaces. Water was circulated by a 

magnetic drive, centrifugal pump that collected water from the top of the tank and forced flow 

up from the centre point of the inverted pyramid at the base, also reducing sediment deposition 

(see Fig. 4.1A for a schematic representation of the experimental system). A second pump 

VorTech™ MP10 (EcoTech Marine, PA, US) was placed in the tank at the same height as the 

corals to aid in circulation. Experiments were conducted with 100 L of ultra-filtered (to 0.4 μm) 

seawater pumped into each tank at a rate of 400 mL min-1 to ensure 6 complete turnovers of 

water each day. Water temperature and salinity was maintained at 27  0.5°C and 33‰ 

respectively. Turbidity within each experimental tank was monitored using nephelometers 

(Turbimax CUS31, Endress and Hauser) and nephelometric turbidity units (NTUs) were 

converted to mg L-1 by applying sediment specific algorithms (see below). To replace sediment 

lost from the tanks during water exchanges, new sediment was periodically introduced from a 

concentrated stock suspension housed in a separate 500 L tank. The dosing of the tanks was 

controlled using a programmable logic controller (custom control logic on Siemens S7-1500 PLC) 

that opened and closed pivoting solenoid valves connected to the stock suspension tank via a 

high velocity loop powered by an air diaphragm pump. Light was provided by two AI Hydra 

FiftyTwo™ HD LED lights (Aquaria Illumination, IA, US) suspended above each tank, which 

generated even illumination with an equal mix of white, blue, and red light. To ensure there was 

no sediment deposition on coral tissue, A. millepora fragments consisted of a single, upright, 

straight branch, while Porites spp. and M. capricornis fragments were positioned vertically. Light 

intensity was measured at the depth of the corals using an underwater spherical quantum 

sensor (Li-COR LI-193).  

All sediment used in the study was biogenic calcium carbonate sediment collected from Davies 

Reef (Great Barrier Reef Marine Park Authority permit: G13/35758.1). Sediment was first 

screened to 2 mm and then ground with a rod mill grinder until the mean grain size was ~30 µm 

(range: 0.5140 µm), measured using laser diffraction techniques (Mastersizer 2000, Malvern 

instruments Ltd, UK). Total organic content of the sediment was 0.25%. 

Experiments were conducted using 9 treatments, made up of 3 SSCs levels (0, 30, 100 mg L-1) 

and 3 light levels (darkness, 1.1, 8.6 mol photons m-2 d-1). For the darkness treatments, the tanks 

were wrapped in black plastic (to reduce light contamination), but the corals nevertheless 
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experienced very low level light exposure (albeit for a few minutes), during weekly 

photographing (see below); thus, the treatment is referred to as a DLI of ~0 mol photons m-2. 

For the remaining two light treatments the corals were exposed to a 12-h L:D cycle composed 

of a 6 h period of gradually increasing light in the morning (06:0012:00 h), reaching 50 or 400 

µmol photons m-2 s-1 at local noon, and then a 6 h period of gradually decreasing light in the 

afternoon (12:0018:00 h). Over the course of the day the corals experienced a daily light 

integral (DLI) of 1.1 or 8.6 mol photons m-2 respectively. A total of 8 coral fragments from each 

of the 3 species were placed in each of 2 replicate tanks for each of the nine SSC  light 

combinations. 

SSCs in each tank were determined gravimetrically from 500 mL water samples filtered through 

pre-weighed 47 mm diameter polycarbonate filters (0.4 µm nominal pore size), dried at 60°C for 

≥24 h, and weighed to 0.0001 g. SSCs were examined at weekly intervals to check the NTU to 

SSC conversion factors used by the PLC to dose the system, and NTUs were logged at 10 s 

intervals via the PLC.  

Coral fragments were photographed each week using a high resolution digital camera. The 

camera settings and the surrounding light environment were kept the same during the 

photographing over the duration of the experiment. Changes in the colour of coral tissue was 

assessed weekly from photographs as a non-destructive indicator of bleaching throughout the 

experiment. The photographs were analysed for colour with the image processing software 

program ImageJ (Schneider et al. 2012), using the histogram function on a selection of 

representative live tissue, taking the arithmetic mean of pixel values (range 0255) on a black 

and white scale. At the end of the experiment, these were standardised to the maximum and 

minimum values for each species, and converted to a range between 0 and 1. During the 

photographing process, any partial mortality of the corals was noted and quantified from the 

photographs using ImageJ. 

Chlorophyll fluorescence of the endosymbiotic dinoflagellate algae within tissue of each coral 

fragment was measured using a mini-PAM fluorometer (Walz, Germany). Measurements were 

obtained using a 6 mm fibre-optic probe positioned perpendicular to the coral fragment and 3 

mm away (controlled by a rubber spacer). Initial fluorescence (F0) was determined by applying 

a weak pulse-modulated red light (650 nm, ~0.15 μmol photons m-2s-1). Maximum fluorescence 

(Fm) was then measured following a saturating pulse of white light. Maximum quantum yield 

(Fv/Fm) is the proportion of light used for photosynthesis by chlorophyll when all reaction centres 

are open (Genty et al. 1989) and is determined by the following equation: 

𝐹𝑣

𝐹𝑚

= (𝐹𝑚 − 𝐹0)/𝐹𝑚  
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Coral fragments were dark-adapted for 2 h prior to measuring the yield. Fluorescence data was 

collected before the experiment began, and after 7, 14, 21 and 28 d. Measurements were only 

taken over live tissue, and 14 measurements were taken and averaged per fragment, 

depending on live tissue available.  

At the end of the experiment, each fragment was snap frozen in liquid nitrogen and then stored 

at -80°C. For tissue biomass and pigment analysis, fragments were crushed and then subsampled 

and material for tissue biomass freeze-dried. Chlorophyll a (hereafter Chl a) concentrations were 

extracted twice from coral fragments using 95% ethanol and quantified spectroscopically using 

the equations of Ritchie (2008) and Lichtenthaler (1987). Endolithic algae were not visible in the 

samples and assumed not to contribute any significant amount of Chl a to the samples. Ash free 

dry weights of tissue biomass were determined by weighing each sample before and after 

combustion at 400C for 24 h. 

Chlorophyll concentrations were standardised to ash-free dry weight of the organic fraction of 

the coral fragment (host tissue and algal symbionts). This normalisation is often preferred as the 

polyp structure and penetration of tissue into the skeleton differs between species, making 

tissue biomass a more robust normalisation than surface area (Edmunds & Gates 2002). 

4.3.1 Data analysis  

All data were analysed with R software (version 3.2.3, R Core Team (2015)). The relative 

influences of environmental factors on coral health parameters were assessed using a full 

subsets model selection approach (Burnham & Anderson 2002), where models were compared 

with Deviance Information Criterion (DIC) and R2. The models with the lowest DIC were chosen 

as the best fit and if another model was within 2 DIC, that with fewer parameters was selected. 

For health parameters assessed through time (partial mortality, Fv/Fm and colour index) a logit 

function was used with generalised linear mixed models to determine the impacts of health 

parameters for each species. Each health dataset was explored using the protocol described by 

Zuur et al. (2010). For modelling of relationships, tank and coral fragment identity were included 

as random factors. A Gaussian generalised linear mixed model was used, with time included as 

a 3rd order polynomial with variance modelled as a function of the included factor variables to 

account for heterogeneity of variance among treatments. Models were fitted in JAGS via the 

R2jags package (Plummer 2003). Variable importance was calculated based on the difference in 

R2 values between models with different fixed factors (SSC, DLI, time and species). 

The same models as above were used to explore the health parameters measured at the end of 

the experiment (partial mortality, colour index, chlorophyll fluorescence and Chl a). Mortality, 

colour index and Fv/Fm fits were based on a logit transformation, while Chl a was fitted following 
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a cube root transformation. The correlation between colour index and Chl a concentrations for 

the end time point (28 d) was assessed using a basic linear regression to determine whether the 

colour index parameter was representative of fragment pigmentation.  

4.4 Results  

Water quality conditions remained stable throughout the duration of the experiment for each 

of the 3 SSC treatment levels (Fig. 4.1B). There was a period when SSC readings from the probes 

began to drift due to slight changes in sediment particle size and a conversion factor was added 

to algorithms to account for this on the 17th of November (Fig. 4.1Bi). Throughout each day there 

was inevitable fine scale variation in concentrations, with the dosing of sediment creating a saw 

tooth pattern of delivery (Fig. 4.1Bii). 

 

Figure 4.1 (A) Schematic representation of the experimental dosing system showing one of the 18 holding 

tanks, the sediment delivery (stock) tanks, and the position of the recirculation pump, water movement 

pump and in-line turbidity sensor. Delivery of sediment from the stock tanks was controlled by the PLC 

system from input from the turbidity sensor. (B) Suspended sediment concentration (SSC) conditions in 

each tank showing (i) averaged daily SSC for the 28 d exposure period (lines) and gravimetric analyses 

(points, mean ± SE). Note probe values were adjusted from the 17th of November due to sensor drift; (ii) 

raw data from the first 12 h of a representative day (8th of November) showing a saw tooth pattern of 

sediment delivery. 

 

Light level (DLI), species, sediment (SSC), and time were all driving factors for mortality, with all 

four being included in the best model according to DIC (Table 4.1; Appendix C, Table C1). For 

both quantum yield (Fv/Fm) and colour index, the model with the best fit included light (DLI), 

time and species, with little to no effect of sediment (SSC) (Table 4; Appendix C, Table C2 and 

C3). The relative explanatory value of each of the factors included in the experiment (DLI, SSC, 

species and time) varied for each health parameter (Fig. 4.2). Maximum quantum yield (Fv/Fm) 

was most influenced by DLI, followed by time, species and then SSCs (Fig. 4.2). Colour index was 

similar to quantum yield with the most influential factors being DLI and time, followed by species 
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and SSCs, which had limited influence (Fig. 4.2). Partial mortality had different drivers, with time 

having the largest influence, followed equally by DLI, species and SSCs (Fig. 4.2). 

 

 

Figure 4.2 Explanatory value of 

each of the 4 fixed factors included 

in the models, including DLI (mol 

photon m-2 d-1), Time (d), Species 

and SSC (mg L-1), with darker 

colours indicating increased 

importance of that variable. 

Explanatory value was calculated 

simply as the additional R2 

obtained when a variable was 

included in a complete interaction 

model, compared to a model 

excluding just that variable. 

 

Table 4.1 Top model fits for each health parameter measured through time (partial mortality, colour index 

and Fv /Fm), including the model, number of parameters (n), deviance information criterion (DIC), δ DIC, 

model weights and R2 values. 

Parameter Model n DIC δ DIC DIC weight R2 

Mortality DLI  Species  SSC + Time 59 -6459.06 0 0.97 0.11 

DLI  Species  SSC 56 -6450.93 8.1 0.02 0.11 

DLI  Time  Species  SSC 137 -6450.56 8.5 0.01 0.39 

Colour 
Index 

DLI  Time  Species 47 1037.63 0 0.83 0.87 

DLI  Time  Species + SSC 51 1040.81 3.2 0.17 0.87 

DLI + Time  Species  SSC 137 1063.98 26.4 0 0.89 

Fv /Fm DLI  Time  Species 47 -503.28 0 0.70 0.74 

DLI  Time  Species + SSC 51 -501.55 1.7 0.30 0.74 

DLI  Time  Species  SSC 137 -434.22 69.1 0 0.77 

 

No full colony mortality was observed as part of this experiment; however, up to 65% partial 

mortality (11  4%, n=24, mean  SE) was observed in the zero light treatment (DLI of ~0 mol 

photons m-2) for individual fragments of A. millepora, 39% (9  2%, n = 24, mean  SE) for M. 

capricornis, and 44% (2  1%, n=24, mean  SE) for Porites spp. (Fig. 4.3). In the 1.1 mol photons 

m-2 d-1 DLI treatment, the maximum partial mortality in individual fragments was 69 % (6  3%, 

n=24, mean  SE) for A. millepora, 29% (5  2% n=24, mean  SE) for M. capricornis, and 78% (7 

 4%, mean  SE, n=24) for Porites spp. (Fig. 4.3). Mortality was variable across the SSCs for both 

low light treatments (Fig. 4.3). A. millepora and M. capricornis only exhibited mortality in the 

highest SSC treatment at low light (1.1 mol photons m-2 d-1), and increasing mortality with higher 

sediment concentrations in the dark treatment (~0 mol photons m-2 d-1). There was no partial 
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mortality for any of the species in the 8.6 mol photons m-2 d-1 treatment, regardless of SSC (Fig. 

4.3). 

Figure 4.3 Partial mortality (%) of each coral fragment of A. millepora, M. capricornis and Porites spp. 

across 3 light levels (~0, 1.1, 8.6 mol photons m-2 d-1) and 3 sediment treatments (0, 30,100 mg L-1). Raw 

data are presented with modelled relationship and 95% credible intervals. 

 

The colour of coral tissue changed throughout the duration of the experiment with all three 

species initially darkening over the first week of the exposure (Fig. 4.4). Lightening of the tissues 

(bleaching) was observed in the dark (~0 DLI) treatment, with fragments from all species 

bleaching extensively by 28 d (Fig. 4.4). In A. millepora exposed to 1.1 DLI there was no difference 

in colour from the 8.6 DLI treatment (Fig. 4.4). M. capricornis fragments in the 1.1 DLI treatment 

had reduced colour compared to those fragments in the 8.6 DLI treatment, with both decreasing 

over time from 14 days, with those in the 1.1 DLI treatment pale by the end of the experiment 

(Fig. 4.4). Porites spp. showed similar differentiation between DLI treatments as M. capricornis, 

with gradual reduction in colour through time after 7 days of exposure to the 0 and 1.1 DLI 

treatments (Fig. 4.4). Those Porites spp. fragments in the 1.1 DLI treatment were pale at the end 

of the experiment, while those in the ~0 DLI treatment were bone white (Fig. 4.4).  

The colour index score in the ~0 DLI treatment was 0.07  0.01 for A. millepora, 0.19  0.02 for 

M. capricornis, and 0.13  0.01 for Porites spp. (Fig. 4.4). Colour index was higher in the low light 



60 
 

treatment (1.1 DLI) with a colour index score 0.68  0.01 for A. millepora, 0.47  0.01 for M. 

capricornis, and 0.35  0.03 for Porites spp., and higher again in the control 8.6 DLI light 

treatment, with 0.71  0.01 for A. millepora, 0.63  0.01 for M. capricornis, and 0.65  0.02 for 

Porites spp. observed (all mean  SE, n=24) (Fig. 4.4). There was no influence of SSC treatment 

on colour index across any of the light treatments (Table 4.1, Fig. 4.4). The ~0 mol photons m-2 

d-1 treatment caused a decline in maximum quantum yields over time, with a Fv/Fm of 0.14  

0.04 recorded for A. millepora, 0.5  0.0 for M. capricornis, and 0.5  0.0 for Porites spp. (all 

mean  SE, n=24) (Figure 4.4). Fv/Fm in the corals in the 1.1 and 8.6 mol photons m-2 d-1 did not 

change through the experiment (Fig. 4.4).  

  

Figure 4.4 Colour index and maximum quantum yield (Fv/Fm) of for A. millepora, M. capricornis, and Porites 

spp., for 3 light levels (~0, 1.1, and 8.6 mol photons m-2 d-1) across all sediment concentrations. Raw data 

is presented with modelled relationship and 95% credible intervals. 

 

After the 28 d chronic exposure period, partial mortality was driven by an interaction between 

all three parameters (DLI  Species  SSC) (Table 4.2; Appendix C, Table C4), with mortality higher 

in A. millepora and M. capricornis, compared to Porites spp., and only in the lower light 

treatments (~0 and 1.1 DLI) and with elevated sediment levels (30 and 100 mg L-1) (Fig. 4.5). 

Colour index, maximum quantum yields (Fv/Fm) and Chl a were all best described by the model 

including species and light treatment (DLI  Species) (Table 4.2; Appendix C, Tables C5, C6 and 

C7).  
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Table 4.2 Top model fits for each health parameter, including partial mortality, colour index, maximum 

quantum yield (Fv/Fm) and Chl a, after 28 days of exposure to treatment conditions, including the model, 

number of parameters (n), deviance information criterion (DIC), δ DIC, model weights and R2 values. 

Parameter Model n DIC δ DIC DIC 
weight 

R2 

Mortality DLI  Species  SSC 29 526.3 0 0.99 0.40 

DLI + SSC  Species 13 536.5 10.27 0.01 0.25 

Species + DLI  SSC 13 549.7 23.45 0.00 0.18 

Colour Index DLI  Species 11 362.5 0 0.55 0.85 

DLI  Species + SSC 13 363.1 0.59 0.41 0.86 

DLI  Species  SSC 29 367.4 4.92 0.05 0.88 

Fv/Fm DLI  Species 11 138.0 0 0.60 0.78 

DLI  Species + SSC 13 139.0 1.01 0.36 0.78 

DLI  Species  SSC 29 143.8 5.86 0.03 0.81 

Chl a DLI  Species* 11 249.2 0 0.41 0.86 

DLI  Species + SSC 13 248.5 -0.71 0.58 0.86 

DLI  Species  SSC 29 256.3 7.14 0.01 0.88 

* if models were within 2 DIC of each other, that with fewer parameters was chosen as the best model. 

 

For all three species, colour index was lowest in the ~0 DLI treatment, before increasing in the 

1.1 and 8.6 DLI treatments (Fig. 4.5). Colour index in the 1.1 DLI treatment varied between 

species, with A. millepora having a similar colour to the 8.6 DLI treatment, while M. capricornis 

had reduced colour compared to A. millepora, and Porites spp. had a lower colour index again 

(Fig. 4.5). Maximum quantum yields (Fv/Fm) were considerably lower in the ~0 DLI treatment 

than the 1.1 and 8.6 DLI treatments for A. millepora, while smaller differences were observed 

between the other two species (Fig. 4.5). Maximum quantum yields were similar between the 

8.6 and 1.1 DLI treatments with A. millepora having higher yields than M. capricornis, which had 

higher yields than Porites spp. (Fig. 4.5). Chl a was highest in the 8.6 DLI treatment for all species, 

followed by the 1.1 and ~0 DLI treatments (Fig. 4.5). Again, A. millepora had a large difference 

between the 0 and 1.1 and 8.6 DLI treatments for Chl a, similar to the patterns observed with 

colour index and maximum quantum yields, while smaller differences were observed between 

M. capricornis and Porites spp. (Fig. 4.5).  

Comparing Chl a concentrations with colour index data after 28 d of exposure to treatment 

conditions revealed links between these two parameters (Fig. 4.6). They suggest that colour 

index is a suitable proxy representative of Chl a concentrations for A. millepora and M. 

capricornis, while Porites spp. showed increased changes in colour index with minimal changes 

in Chl a, demonstrating that although colour index is not an exact representation of 

pigmentation for this genera it is representative of changes in pigmentation, with this potentially 

due to standardisation to dry weight rather than surface area.  
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Figure 4.5 Changes in partial mortality, colour index, maximum quantum yield (Fv/Fm) and Chl a of coral 

tissue of A millepora, M. capricornis and Porites spp. after 28 d of exposure across the 3 light levels (0, 1.1, 

8.6 mol photons m-2 d-1) and 3 sediment treatments (0, 30,100 mg L-1). Modelled data is presented with 

95% credible intervals. 

 

Figure 4.6 Relationship between Chl a concentrations (µg gdw-1) and colour changes, depicted as colour 

index, measured from photographs for A. millepora, M.capricornis, and Porites spp. 

4.5 Discussion 

In this study, several species of corals with varying morphologies were exposed to different SSCs 

(0, 30, 100 mg L-1) and light levels (~0, 1.1, 8.6 mol photons m-2 d-1) alone, and in combination, 

over an extended (28 d) period. Harris et al. (2014) emphasise the critical importance of defining 

and testing realistic and environmentally relevant exposure scenarios, and to comprehensively 

justify those exposure conditions. The SSC and light combinations selected were based on water 

quality information collected during three recent large-scale capital dredging projects on the 

reefs of northern Western Australia (Fisher et al. 2015, Jones et al. 2015a). In particular, 

monitoring data from the Barrow Island project (~7.6 Mm3, capital dredging project in a clear-

water, offshore environment) was used, as this project had the most comprehensive record of 
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spatial and temporal changes in water quality. Interpretations of the response of the corals to 

the treatments outlined below need to be mindful of the fact that there was no deposition of 

sediment on the corals that led to smothering during experimental manipulations, which can 

introduce another suite of impacts on coral health, including anoxia and tissue necrosis (Weber 

et al. 2006, Weber et al. 2012). 

All corals survived the high SSCs (100 mg L-1) over the 28 d period, when light levels remained 

sufficient (in this case 8.6 mol photons m-2 d-1, see further below). For contextual purposes, the 

95th percentile of SSCs over an equivalent (30 d) running mean period during the Barrow Island 

dredging project was 21 mg L-1 (range: 1129 mg L-1) for 7 sites located <1 km from the dredging 

(using an NTU:SSC conversion factor of 1.45), with this data attained through concentration, 

duration, frequency analysis (Jones et al. 2015a). The 100 mg L-1 experimental SSC treatment 

was, therefore, ~5 fold higher than observed during the dredging operations, and >30 fold higher 

than during the pre-dredging (baseline) period of 2.9 mg L-1. SSCs exceeding 100 mg L-1 are 

possible during dredging programs, but over much shorter periods i.e. hours (Fisher et al. 2015), 

and much less than the 28 d exposure period used in this study.  

The 100 mg L-1 treatment (for 28 d) also exceeds any likely natural scenario corals may 

experience, even in highly turbid systems. For example, in the turbid reef zone of the central 

Great Barrier Reef (GBR), SSCs near reefs can often exceed 50 mg L-1 during natural wind-wave 

events (Larcombe et al. 1995, Larcombe et al. 2001, Cooper et al. 2008), but only occasionally 

exceed >100 mg L-1, and only then for short periods of time i.e. hours  (Orpin et al. 2004, Browne 

et al. 2013). Long term series of both turbidity and light data are not common, but in the 18 

month time series at Magnetic Island (also in the turbid central inshore GBR), Cooper et al. 

(2008) recorded a mean turbidity of 13 NTU (2030 mg L-1) and average DLI of 0.7 ± 0.5 mol 

photons m-2 d-1 over a 10 d of very high winds associated with a storm (Orpin & Ridd 2012). Peak 

NTU values during the period of sustained winds was 65 NTU (or 100 mg L-1) but this only lasted 

for a few hours (Orpin & Ridd 2012).  

These comparisons highlight the importance of the exposure duration as well as intensity 

(concentration) when comparing experimental and field-based exposures (Jones et al. 2015a). 

Maintaining constant experimental SSCs represents the simplest scenario to explore the effect 

pathways and physiological responses of corals, and was therefore the approach taken here. 

Further work is required to determine the impacts of more natural, fluctuating patterns in SSCs 

and if possible guideline development should consider a wider range of exposure scenarios. 

Under such high SSCs (100 mg L-1) corals would be continually encountering and clearing the fine 

silt and clay-sized sediment particles that become entangled in the surface mucus (Stafford-

Smith & Ormond 1992, Riegl & Branch 1995). The epidermal muco-ciliary system used by corals 

to manipulate and ingest or reject sediment (see Stafford-Smith and Ormond (1992)) bears a 
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metabolic cost, although recent evidence suggests cilia movement itself constitutes a negligible 

fraction (<0.1%) of the coral’s energy budget (Shapiro et al. 2014). SSCs above 30 mg L-1 can 

cause corals (Pocillopora damicornis and A. millepora) to contract their polyps (Anthony 2000, 

Anthony & Fabricius 2000). The expansion and contraction patterns of polyps can affect the 

intensity of light that the symbiotic dinoflagellates are exposed to in hard corals (Crossland & 

Barnes 1977) and soft corals (Fabricius & Klumpp 1995). Contraction of polys also reduces solute 

exchange with the surrounding water (Levy et al. 2006). No contraction of polyps was observed 

in any of the species used in this study in response to 100 mg L-1 treatment. A previous study 

exposed vertical A. millepora branches to similar sediment types at 100 mg L-1 for 3 months 

without substantial light limitation (2 mol photons m-2 d-1) reported no mortality associated with 

exposure to suspended sediments (Flores et al. 2012), supporting the results of this study. Based 

on the experimental data described here, partial mortality of corals caused by exposure to 

elevated SSCs alone (i.e. in the absence of associated light attenuation) seems unlikely. 

Exposure of the corals to extended periods of darkness (~0 mol photons m-2) resulted in a 

decrease in maximum quantum yield (dark-adapted Fv/Fm) and all 3 species began discolouring 

(paling) after 7 d. The discolouration continued until the end of the experiment, leaving some of 

the species fully bleached (i.e. bone-white). Bleaching of corals held in darkness was first 

reported by Yonge and Nicholls (1931) who noted discolouration and extrusion of symbiotic 

algae of a range of reef flat corals over 18 d (Fungia scrutaria), 22 d (Psammocora gonagra) and 

19 d (Galaxea fascicualris). Darkness-induced bleaching of corals has been reported to occur in 

the temperate (low-light adapted) coral Pleasiastrea versipora after 45 d (Kevin & Hudson 1979). 

In this study the bleaching occurred over a much shorter time period, and the results are more 

consistent with the recent studies with Acropora palmata and Montastraea faveloata, where 

bleaching was observed after 4 and 5 d respectively when held in complete darkness (DeSalvo 

et al. 2012). 

Complete loss of all light has been recorded during natural turbidity events  (Anthony et al. 2004, 

Cooper et al. 2008, Jones 2008) and also during dredging projects associated with elevated SSCs 

(Fisher et al. 2015). For example, during the Barrow Island dredging project, 1 of the 7 water 

quality monitoring sites located close (<1 km) to the dredging experienced 2 consecutive days 

of darkness (defined as a DLI of <0.04 mol photons m-2) during the pre-dredging, baseline phase. 

During the dredging phase, each of the 7 impact sites experienced between 16 consecutive 

days in darkness caused by turbid sediment plumes.  Based on the experimental data described 

here, bleaching, dissociation of the coral-symbiosis and mortality from exposure to extended 

periods of darkness alone, seems possible. 

Although complete days in darkness was common at sites close to dredging, a much more 

common occurrence was portions of the day (i.e. several hours) in darkness, and generally 
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extended periods of low light (Jones et al. 2015a). For the 7 water quality monitoring sites 

located close (<1 km) to the dredging, the P5 of DLIs over a 30 d running mean period was 1.9 

mol photons m-2 (range: 1.22.8 mol photons m-2) during the pre-dredging periods, as compared 

to 0.6 mol photons m-2 (0.41.2 mol photons m-2) during the dredging phase. The corals exposed 

to the 1.1 mol photons m-2 d-1 treatment for 30 d began to discolour after 14 d, although the 

colour loss was not as extreme as in the ~0 mol photons m-2 d-1 treatment. Based on the 

experimental data described here, sub-lethal bleaching or tissue discolouration of corals caused 

by extended low light periods from dredge plumes also seems possible.  

The colour changes observed in these studies, including bleaching to near bone-whiteness, were 

caused by a loss of chlorophyll a as opposed to reversible tissue retraction (Brown et al. 1994). 

The areal concentration of symbiotic dinoflagellates was not quantified, in favour of the use of 

non-destructive colour indexing techniques for assessing colour changes with time throughout 

the experiment (see for example (Edmunds et al. 2003, Siebeck et al. 2006, Anthony et al. 2008)). 

The colour changes were largely preceded by a decrease in the maximum quantum yield of the 

symbionts in hospite during the experiments. Decreases in quantum yield preceding dissociation 

of the symbiosis have regularly been observed in corals in response to heat stress (Jones et al. 

1998), high-light (Jones & Hoegh-Guldberg 2001), and exposure to chemicals such as cyanide 

(Jones & Hoegh-Guldberg 1999), and herbicides (Jones & Kerswell 2003). Given how pale (i.e. 

bone-white) some of the corals were, it seems likely that the colour changes observed were as 

a result of dissociation of the coral-algal symbiosis as opposed to degradation of algal pigments 

in hospite (Douglas 2003). 

One interesting observation was the initial darkening of all the corals in the first week of the 

experiment which occurred across all treatments. During the pre-experimental holding period, 

the corals were held under a DLI of 7.2 mol photons m-2 d-1 as opposed to 1.1 or 8.6 mol photons 

m-2 d-1 in the 28 d experimental treatments. In the lower light treatment, and the darkness 

treatment, the darkening of the colour could be a photo-adaptation and associated with changes 

in photosynthetic and accessory pigment concentrations (Falkowski & Dubinsky 1981, Falkowski 

et al. 1984, Anthony & Hoegh-Guldberg 2003). This time-frame is consistent with the 510 d 

time-course of photoadaptation of corals during a high light to low light transition described by 

Anthony and Hoegh-Guldberg (2003). Darkening of corals in the SSC treatments could also have 

been due to slight reductions in light caused by clay/silt sediments sticking to the corals’ mucus 

layer reducing light availability to the underlying endosymbionts. However, the corals exposed 

to the 8.6 mol photons m-2 d-1 treatment in 0 mg L-1 SSC also initially darkened. The same types 

of LED lights were used in both the holding tanks before the experiment and the experimental 

tanks, but the light profile was slightly different (see Material and Methods). Another possible 
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explanation is that reflection of light from the container wall and floor was slightly different 

between the holding tanks and experimental tanks. 

In this study, very high (up to 100 mg L-1) SSCs had no direct effect of the quantum yield of the 

algal symbionts in hospite. In contrast, several other studies have described pronounced 

changes in quantum yield following sediment exposure and the results discussed in terms of 

‘photo-physiological’ stress (Philipp & Fabricius 2003, Weber et al. 2006, Piniak 2007, Weber et 

al. 2012). The main difference is that these earlier studies have  measured quantum yields in 

areas of corals where sediments have previously smothered the surfaces to depths of >3 mm 

thickness (Philipp & Fabricius 2003, Weber et al. 2006, Piniak 2007, Weber et al. 2012). Weber 

et al. (2012) describe the rapid sequence of events whereby sediment smothering causes tissue 

mortality, involving reduced O2 and pH, resulting in anoxia and host tissue degradation, followed 

by hydrogen sulphide formation and bacterial decomposition of the dead tissue. Inferences of 

‘photo-physiological’ stress and direct effects of sediment on photochemical efficiency of 

photosystem II is perhaps inappropriate if the measurements are made of algal symbionts 

trapped in a situation of decaying coral tissue. 

An interaction between reduced light levels and elevated SSCs was evident with partial mortality 

of coral fragments of each species. This interaction saw increased partial mortality in those 

fragments in the ~0 and 1.1 mol photons m-2 d-1 treatments when also exposed to elevated SSCs 

(30 and 100 mg L-1). These results suggest SSCs alone do not result in mortality, but when 

combined with periods of reduced light (<1 mol photons m-2 d-1), pressures on coral health are 

increased. Therefore, during dredging projects periods of reduced light and increased SSCs, 

which are generally interlinked, should be monitored to ensure excessive stress to corals does 

not result.  

For environmental impact assessments associated with dredging operations, combining 

thresholds with water quality predictions (models) are critical for forecasting the possible spatial 

extent of any damage to habitats (see EPA (2016)). Thresholds are equally important for 

adaptive operational monitoring during dredging as triggers of response actions (such as 

stopping dredging or moving the dredge(s) to a different location). The analyses described here 

are perhaps too coarse to develop minimum light requirements, and these need to be examined 

over a range of low light levels, including DLIs between 1–2 mol photons m-2 and for a range of 

coral species. Coral bleaching and the associated colour changes are useful sub-lethal bio-

indicators of a light limitation response. The results presented here indicate that when light 

levels are experimentally manipulated (to avoid limitation), corals are highly resilient to a 

combination of intensity (100 mg L-1) and duration (28 d) that is many times higher than would 

occur even very close (<1 km) to large scale (capital) dredging projects or during natural 

resuspension events (based on recent water quality analyses (Fisher et al. 2015, Jones et al. 
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2015a)). However, corals held in darkness, or in extended low light (twilight) conditions showed 

various degrees of bleaching and/or partial mortality at combinations (of light reduction and 

duration) that are quite plausible close (<1 km) to dredging operations. Combining light 

reduction and elevated SSCs resulted in interactive effects and increased mortality in low-light 

exposed corals. 

We caveat these conclusions with the observation that the levels of light reduction needed to 

induce these responses in corals only occur in close proximity to dredging operations, at 

distances where sediment deposition and smothering are also likely to be a key-cause effect 

pathway. Future work should focus on identifying which of these pressures is most influential to 

different coral taxa to develop realistic thresholds that can be applied to managing dredging 

activities in the vicinity of coral reefs. Measurements of benthic light availability are essential for 

water quality monitoring during dredging projects. The challenge is to derive light thresholds 

that take into account the level of light reduction and the duration, as well as the period 

(frequency) between low light events where corals may be able to replenish energy reserves.  
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Chapter 5. Impacts of light limitation on corals and crustose coralline 

algae  

Pia Bessell-Browne, Andrew P. Negri, Rebecca Fisher, Peta L. Clode, Ross Jones 

Published in Scientific Reports (2017) 7: 11553 

5.1 Abstract 

Turbidity associated with elevated suspended sediment concentrations can significantly reduce 

underwater light availability. Understanding the consequence for sensitive organisms such as 

corals and crustose coralline algae (CCA), requires an understanding of tolerance levels and the 

time course of effects. Adult colonies of Acropora millepora and Pocillopora acuta, juvenile P. 

acuta, and the CCA Porolithon onkodes were exposed to six light treatments of ~0, 0.02, 0.1, 0.4, 

1.1 and 4.3 mol photons m-2 d–1, and their physiological responses were monitored over 30 d. 

Exposure to very low light (<0.1 mol photons m-2 d-1) caused tissue discoloration (bleaching) in 

the corals, and discolouration (and partial mortality) of the CCA, yielding 30 d EI10 thresholds 

(irradiance which results in a 10% change in colour) of 1.21.9 mol photons m-2 d–1. Recent 

monitoring studies during dredging campaigns on a shallow tropical reef, have shown that 

underwater light levels very close (~500 m away) from a working dredge routinely fall below this 

value over 30 d periods, but rarely during the pre-dredging baseline phase. Light reduction 

alone, therefore, constitutes a clear risk to coral reefs from dredging, although at such close 

proximity other cause-effect pathways, such as sediment deposition and smothering, are likely 

to also co-occur. 

5.2 Introduction 

A key to the ecological and evolutionary success of scleractinian corals is the formation of a 

mutualistic symbiosis with endosymbiotic dinoflagellate microalgae (Symbiodinium spp.) (Veron 

1995, Lesser 2004). Carbohydrates produced by oxygenic photosynthesis of the algal symbionts 

and translocated to the coral host provide much of the energy required for maintenance, growth 

and reproduction (Pearse & Muscatine 1971, Trench 1979, Muscatine 1990). This exchange has 

enabled the symbiosis to survive and coral reefs to proliferate in oligotrophic environments, 

however, this light dependency has also placed constraints on phototropic corals, limiting their 

distribution to comparatively low latitudes (~32° north and south of the equator), and shallow 

depths (~10% of surface light or 50 m) (Achituv & Dubinsky 1990, Kleypas et al. 1999, Veron 

1995, Grigg 2006, Muir et al. 2015). 
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Benthic light availability is largely determined by surface irradiance (insolation), and primarily 

influenced by cloud cover, water depth, and transmittance through the water, i.e. water 

cloudiness or turbidity (Anthony et al. 2004). Turbidity is mainly affected by suspended 

sediments (Kirk 1985), and light attenuation is affected by sediment concentration as well as 

sediment particle size, shape and colour (Storlazzi et al. 2015). Sediments can enter the water 

column from terrestrial runoff, river plumes, flood water (Bainbridge et al. 2012, Brodie et al. 

2012, Fabricius et al. 2016), and by natural re-suspension events from currents and wind-driven 

waves (Larcombe et al. 1995, Storlazzi et al. 2004). On a more local scale, sediments can also be 

released into the water column by dredging and dredging related activities (such as spoil 

disposal) (PIANC 2010). 

The effects of turbidity on benthic light availability have been quantified for natural 

resuspension events (Anthony et al. 2004), flood plumes (Cooper et al. 2008, Orpin & Ridd 2012), 

and most recently dredging projects (Jones et al. 2016). For dredging, shallow (510 m depth) 

habitats close to dredging activities were found to routinely experience complete darkness, 

sometimes for up to several days in a row (Fisher et al. 2015, Jones et al. 2016). However, a more 

common feature was extended periods of extreme low light levels (i.e. caliginous or twilight 

periods) (Fisher et al. 2015, Jones et al. 2015a). For example, the daily photosynthetically active 

radiation (PAR) close to a large dredging operation averaged <10 µmol photons m-2 s-1 over a 30 

d period, which equated to a daily light integral (DLI) of ~1 mol photons m-2 d–1 (Fisher et al. 

2015, Jones et al. 2015a). This is far below the light requirements for many shallow-water, 

tropical coral species (Achituv & Dubinsky 1990), thus light reduction, in addition to other 

possible effects of suspended sediments and sediment deposition, constitutes a hazard to 

shallow benthic communities such as corals (Bak 1978, Rogers 1990, Erftemeijer et al. 2012, 

Jones et al. 2016). 

Some corals can nevertheless thrive in highly turbid regions where irradiance is frequently 

attenuated by elevated suspended sediment concentrations (SSCs); however, these corals have 

adapted over extended (ecological) time frames to low-light conditions and are generally limited 

to shallow depths (<4 m) (Birkeland 1987, Hopley et al. 1993, Larcombe et al. 1995, Anthony & 

Larcombe 2000, Yentsch et al. 2002). Coral communities living in turbid, nearshore areas may 

also comprise different species compared to offshore, clear-water reefs, and their tolerance may 

be due to both community composition and physiological adaptation (Done 1982, Acevedo 

1989). On shorter time scales of days to weeks, corals can tolerate episodic periods of low light 

through a range of behavioural and physiological responses. These include photoadaptation of 

the symbionts and changes in the sub-saturation point for photosynthesis (Anthony & Hoegh-

Guldberg 2003), and in some species switching from phototrophic to heterotrophic feeding 
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(Anthony 1999a, Anthony & Fabricius 2000). Corals can also temporarily rely on energy reserves 

(Chalker et al. 1983), rapidly replenishing reserves when conditions become more favourable 

(Anthony 2000).  

Only a few studies have examined the effects of exposure to very low light on corals, and these 

have mostly been associated with investigating the role of the symbiotic dinoflagellates in the 

symbiosis. For example, Yonge et al. (1931) showed that extrusion of Symbiodinium, and 

subsequent discolouration (bleaching), occurred in response to low light for a variety of tropical 

reef flat corals over 18 d (Lobactis scutaria), 22 d (Psammocora contigua) and 19 d (Galaxea 

fascicularis). Franzisket (1970) exposed four species of hermatypic corals (Pocillopora elegans, 

Porites compressa, Montipora verrucosa and Fungia scularia) to darkness for 60 d. All colonies 

bleached within 1020 d and there was no growth observed over the exposure period 

(Franzisket 1970). Pocillopora elegans died after 30 d while the remaining species survived over 

the exposure period (Franzisket 1970). Kevin and Hudson (1979) showed the temperate coral, 

Plesiastrea urvillei, lost algal symbionts after ~40 d in darkness. Hoegh-Guldberg and Smith 

(1989) observed bleaching of Stylophora pistillata in the dark after 10 d, while Titlyanov et al. 

(2001) observed bleaching of S. pistillata after 4 d. In a study investigating the mechanism of 

bleaching, DeSalvo et al. (2012) reported colonies of Acropora palmata and Montastraea 

faveolata becoming pale and eventually bleaching after 35 d in darkness. 

A temporary reduction in benthic light is a well-known hazard of dredging-related activities (Bak 

1978). We recently demonstrated that light attenuation represents a greater threat to coral 

heath than any physical effects of suspended sediment particles (Chapter 4). The study 

investigated the impacts of three light levels (~0, 1.1 and 8.3 mol photons m-2 d-1), and three 

suspended sediment concentrations (0, 30 and 100 mg L-1), on three common coral species, 

including Acropora millepora, Porites spp. and Montipora capricornis; and found bleaching of 

corals in low light treatments and no mortality associated with 100 mg L-1 of suspended 

sediments when light levels remained high. This result demonstrated the importance of light 

reduction on coral health and the need to identify low light thresholds to improve the 

management of future sediment generating activities undertaken in the vicinity of coral reefs 

(Chapter 4). The risk to nearby coral reef communities could be better predicted and managed 

if there was a clearer understanding of the associated physiological effects, along with the time-

frame of any effects, and tolerance limits of key benthic organisms.  

To that end, we investigated here the thresholds for light reduction on adult colonies of A. 

millepora and Pocillopora acuta, juvenile (7 month old) colonies of P. acuta, and on the crustose 

coralline alga (CCA) Porolithon onkodes. Like corals, CCA are essential structural components of 

coral reef ecosystems (Steneck 1986, Maudsley 1990, Littler & Littler 1997), and provide 

http://www.marinespecies.org/aphia.php?p=taxdetails&id=207267
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chemical cues for settlement of many benthic invertebrate larvae, including corals (Johnson & 

Sutton 1994, Morse et al. 1996, Heyward & Negri 1999). However, their response to extended 

periods of low light has not been investigated. The aim of the study is to understand the 

response thresholds, and time-course of the response, of high light adapted adult and juvenile 

corals, and CCA, to extended periods of low light relevant to conditions generated by offshore 

dredging (Fisher et al. 2015, Jones et al. 2015a). To contextualise the results of the laboratory 

based study, results are discussed with respect to temporal and spatial changes in benthic light 

availability recently described for a large scale capital dredging project (Fisher et al. 2015, Jones 

et al. 2015a). 

5.3 Methods 

Experiments were conducted using adults of two hard coral species Acropora millepora 

(Ehrenberg 1834) and Pocillopora acuta (Lamarck 1816), juvenile (7 month old) P. acuta colonies 

and the crustose coralline algae (CCA) Porolithon onkodes (Penrose & Woelkerling 1992). Eight 

colonies and subsequent genotypes of A millepora, P acuta and P. onkodes that were free of 

biofouling and disease were collected from 310 m in lagoonal area of Davies Reef and 

Broadhurst Reef (both mid-shelf reefs centrally located in the Great Barrier Reef (GBRMPA 

permits G12/35236.1 and G13/35758.1), and transferred to the Australian Institute of Marine 

Science (AIMS) National Sea Simulator (SeaSim) at Cape Cleveland near Townsville Queensland. 

Corals and CCA were fragmented into replicates with a surface area of ~10 cm2 A. millepora and 

P. acuta and ~3 cm2 P. onkodes, and fragments were glued onto aragonite coral plugs. The 

fragments were then held in 200 L flow-through holding tanks in the SeaSim for 6 weeks to 

recover from the collection and preparation procedures. During the holding period, corals and 

CCA were exposed to a 12-h light:dark (L:D) cycle comprising of a 2 h period of gradually 

increasing light in the morning (06:008:00 h), 8 h of constant illumination at 200 µmol photons 

m-2 s-1, and a 2 h period of gradually decreasing light in the afternoon (16:0018:00 h). Our 

previous study indicated no effect of irradiance on the bleaching of A. millepora between 1 and 

8 mol photons m-2 d-1 daily light integral (DLI, or total summed PAR) over 28 h (Chapter 4) and 

corals and CCA in the present system experienced an intermediate DLI of 7.2 mol photons m-2 d-

1, consistent with the typical range at the site of collection (4 – 8 mol photons m-2 d-1).  

P. acuta juveniles were reared from parent colonies collected at Davies Reef. Colonies that were 

free of biofouling and diseases were kept in the SeaSim and larvae were collected monthly over 

the summer. These larvae were left to settle on small aragonite plugs using chips of CCA to 

induce settlement (Heyward & Negri 1999). Recruits were then left to develop over 7 months 
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before being transferred to the same holding tanks as adult fragments for the 6 week healing 

and light acclimatisation period.  

All experiments were conducted over a 30 d period in clear PVC tanks holding 49 L of filtered 

seawater. In this experiment we did not feed the corals in order to mimic the impacts of an 

offshore dredging scenario where heterotrophic feeding is less important, and where the 

carbonate sediments from dredging contain very low levels of organic carbon (Appendix A) and 

are not a useful source of energy.  Our previous study exposing corals to both low light and 

carbonate sediments demonstrated that only low light affected coral health (Chapter 4). In tank 

circulation was maintained with a TUNZ pump (EcoTech Marine, PA, US). Seawater was fed into 

each tank at 800 mL min-1 (resulting in ~6 complete water turnovers d–1). Water temperature 

was maintained at 26 ± 0.5°C, and salinity at 33 ± 0.5‰ throughout the experiment. Above each 

tank two Sol White LED lights (Aquaria Illumination, IA, US) were suspended to ensure even 

illumination throughout the tank.  

For the dark treatments, the tanks were covered in black corrugated plastic sheets (to reduce 

light contamination) and for the remaining five light treatments the corals were exposed to a 

12-h L:D cycle composed of a 6 h period of gradually increasing light in the morning (06:0012:00 

h), and a 6 h period of gradually decreasing light in the afternoon (12:0018:00 h). Light levels 

were measured at the depth of the corals using an underwater spherical quantum sensor (Li-

COR LI-193). Over the course of the day the corals experienced DLIs of 0, 0.02, 0.1, 0.4, 1.1 or 

4.3 mol photons m-2. For the 5 light treatments, their maximum intensity was 1, 5, 20, 50 and 

200 µmol photons m-2 s-1 respectively. Corals held in darkness did experience very low level light 

exposure (albeit for a few minutes), during weekly photographing (see below), and thus the 

treatment is hereafter referred to as a DLI of ~0 mol photons m-2. Three tank replicates were 

used for each treatment and three replicates of each species per tank were used for general 

health assessments, with different genotypes randomly allocated amongst tanks. Light levels 

throughout the exposure period were measured as 0.00 ± 0.00, 3.68 ± 0.83, 7.25 ± 0.67, 12.11 ± 

0.66, 45.44 ± 0.60 and 167.50 ± 1.35 µmol photons m-2 s-1 (all mean ± standard error) in the 0, 

0.02, 0.1, 0.4, 1.1 and 4.3 mol photons m-2 d-1 treatments respectively (Appendix D, Fig. D1). 

These light regimes were selected based on analyses of benthic light levels measured during a 

large-scale, capital dredging project on the coral reefs surrounding Barrow Island (north-west 

Australia) where ~7.6 Mm3 of sediment was removed over a 530 d period (for further details see 

Jones et al. (2015a) and Fisher et al. (2015)).  

All species were photographed every 10 d using a high resolution digital camera and the camera 

settings and the surrounding light environment kept the same during the photographing process 

over the duration of the experiment. Changes in colour were assessed weekly from the 
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photographs. Images were analysed with the image processing software program ImageJ 

(Schneider et al. 2012), using the histogram function on a selection of representative live tissue, 

taking the arithmetic mean of pixel values (range 0255) on a black and white scale. At the end 

of the experiment, these were standardised to the maximum and minimum values for each 

species, and converted to a range between 0 and 1. During the photographing process, any 

partial mortality of the corals was noted and quantified from the photographs using ImageJ. We 

previously demonstrate a good correlation between colour index and Chl a concentration 

(Chapter 4).  

Chlorophyll fluorescence of the endosymbiotic dinoflagellate algae within tissue of each coral 

fragment was measured using a mini-PAM fluorometer (Walz, Germany). Measurements were 

obtained using a 6 mm fibre-optic probe positioned perpendicular to the coral fragment and 3 

mm away (controlled by a rubber spacer). Initial fluorescence (F0) was determined by applying 

a weak pulse-modulated red light (650 nm, ~0.15 μmol photons m-2 s-1). Maximum fluorescence 

(Fm) was then measured following a saturating pulse of light. Maximum quantum yield (Fv/Fm) is 

the proportion of light used for photosynthesis by chlorophyll when all reaction centres are open 

(Genty et al. 1989) and is determined by the following equation: 

𝐹v

𝐹m
= (𝐹m − 𝐹0)/𝐹m 

Coral fragments were dark-adapted for 30 min prior to measuring the yield. Fluorescence data 

were collected before the experiment began, and after 10, 20 and 30 d. Measurements were 

only taken over live tissue, and 14 measurements were taken and averaged per fragment, 

depending on live tissue available.  

Oxygen respirometry was conducted using a system of 8 sealed, clear, Perspex chambers with a 

magnetic stir bar that were submerged in a jacket of running water to buffer temperature 

fluctuations (maintained between 25.5 and 26.5 °C). Of the 8 chambers, 6 contained coral 

fragments, while the other two were seawater blanks (to correct for seawater 

production/respiration). Each chamber was fitted with an oxygen spot (OXSP5, Pyroscience, 

Germany) and connected to a fibre-optic oxygen meter (Firesting O2, Pyroscience, Germany), 

which had been calibrated to 100 and 0% O2. Above the chambers two Sol White LED lights 

(Aquaria Illumination, IA, US) were suspended to ensure even illumination. The chambers were 

exposed to 8 discrete light intensities (0, 10, 30, 75, 150, 300, 480 µmol photons m-2 s-1) for 

between 15 and 30 minutes each. Surface area and volume of each coral skeleton were 

determined using wax dipping and volume displacement for standardisation.  

All data were analysed with R software (version 3.2.3, R Core Team (2015)). The relative 

influences of environmental factors on coral health parameters were assessed using a full 

subsets model selection approach (Burnham & Anderson 2002), where models were compared 
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with Akaike Information Criterion with corrections for sample size (AICc) and R2. The models 

with the lowest AICc (within 2) and the fewest parameters was chosen as the ‘best’ model. For 

modelling of relationships, tank and coral fragment identity were included as random factors. 

For health parameters assessed through time (partial mortality, Fv/Fm and colour index) a logit 

transformation was used with generalised linear mixed models to determine the impacts of 

health parameters for each species. Each health dataset was explored using the protocol 

described by Zuur et al. (2010). For modelling of relationships, species, time and DLI were 

included as fixed factors. Gaussian generalised linear mixed models were fit with the package 

lme4 (Bates et al. 2015). Full subsets comparison was completed using dredge in the MuMIn 

package (Bartoń 2013). The final model was re-fit using MCMC to allow calculation of error terms 

using the R2jags package (Su & Yajima 2009). Chl a concentrations were modelled with a 

Tweedie distribution using the cplm package (Zhang 2013).  

Pressure-response relationships were examined after 10, 20 and 30 d across the six light levels 

for each species and health parameter. These relationships were not modelled for partial 

mortality as effect irradiance calculations (i.e. EI10, EI50) would be meaningless without reaching 

full fragment mortality, instead we modelled the probability of observing any mortality using a 

binomial distribution. The remaining health parameter (colour index, maximum quantum yield 

and Chl a) relationships were fitted with drc package (Ritz et al. 2015). Models were fitted as 4-

parameter logistic regressions where the data showed a clear trend in responses across light 

treatments, with 10 and 50% impact levels subsequently determined. 10 and 50% impact levels 

were calculated in comparison to the controls (4.3 mol photons m-1 d-1 exposure at day 0)  

Hyperbolic tangent functions were fitted to incubation gross production data for both A. 

millepora and adult P. acuta fragments.  

5.4 Results 

5.4.1 Health parameters assessed through time 

Coral colonies in the lower light treatments gradually lost colour though time, with paling 

observed after 10 d in all groups when exposed to <0.1 mol photons m-2 d-1. By 20 d corals 

exposed to <0.1 mol photons m-2 d-1 were bone white, while those exposed to 0.4 mol photons 

m-2 d-1 were very pale. This colour loss was uniform across each fragment. At the end of the 

exposure period there was a clear gradation in colour from fully pigmented in the 4.3 mol 

photons m-2 d-1 treatment, to bone white in the 0 mol photons m-2 d-1 treatment (Fig. 5.1). CCA 

were dark red at the start of the exposure period and through time this colour intensified in 

fragments exposed to 0.4 and 1.1 mol photons m-2 d-1. Those fragments exposed to ≤0.1 mol 



75 
 

photons m-2 d-1 discoloured rapidly and had sections of pale tissue and sections of bone white 

skeleton where cells had been lost.  

Light treatment (DLI), time of exposure (Time) and species (Species) all strongly influenced the 

measured coral health parameters (partial mortally, colour index (a proxy for bleaching), and 

maximum quantum yield (Fv/Fm)(Table 5.1). There was strong evidence (AICc weights all near 1, 

Table 5.1) that a full three way interaction between these predictors was the best model to 

describe the changes observed. 

Table 5.1 Top generalised linear mixed effect model fits for each health parameter measured through 

time (partial mortality, colour index and Fv/Fm), including number of parameters (n), Akaike information 

criterion (AICc), δ AICc, model weights and R2 values. See Appendix D, Tables D1-D3 for the complete full 

subsets output. 

Parameter Model n AICc δ AICc AICc weight R2 

Partial mortality DLI  Time  Species 51 1965.7 0 1 0.34 

Colour index DLI  Time  Species 51 1973.8 0 0.97 0.56 

Fv/Fm DLI  Time  Species 51  2087.7   0 1 0.72 

 

Figure 5.1 Photographs of representative A. millepora and P. acuta fragments after 30 d of exposure to 

the six irradiance treatments of daily light integrals (DLIs) of ~0, 0.02, 0.1, 0.4, 1.1 and 4.3 mol photons m-

2 d-1. 

Partial mortality was observed in juvenile and adult P. acuta as well as in P. onkodes during the 

light limitation exposures, while A. millepora showed no signs of tissue loss regardless of light 

intensity, even after 30 d of exposure (Fig. 5.2). P. acuta adults suffered from more partial 

mortality than juveniles, and tissue loss was apparent in the ~0 and 0.1 DLI treatments after 10 

d (). The mortality observed in juvenile P. acuta was inconsistent across treatments, with highest 

morality occurring for the second highest treatment (1.1 DLI), suggesting this mortality may not 

be associated with low light conditions of the experimental treatments (Fig. 5.2). P. onkodes 
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exhibited the highest level of partial mortality, with the majority apparent after 25 d in the ~0—

0.4 DLI treatments, while no mortality was observed at 4.3 DLI (Fig. 5.2). 

The tissue colour index of corals declined in the light treatments ≤0.4 mol photons m-2 d-1 and 

this response became more pronounced over time, especially in the darkness treatment (~0 mol 

photons m-2 d-1) (Fig. 5.2). There was also a subtle increase in pigmentation in the two highest 

light treatments (1.1 mol photons m-2 d-1) (Fig. 5.2). The colour index of P. onkodes varied 

throughout the experiment, with pigmentation lowest after 30 d in the dark treatment (~0 DLI) 

(Fig. 5.2).  

Figure 5.2 Partial mortality, colour index and maximum quantum yield (Fv/Fm) of corals A. millepora, P. 

acuta adults, P. acuta juveniles and the crustose coralline algae P. onkodes, for the 6 light treatments of 

~0, 0.02, 0.1, 0.4, 1.1 and 4.3 DLI (mol photons m-2 d-1), as indicated by the colours. Raw data are presented 

(triangles), along with curves showing best-model fitted relationships (lines) and corresponding 95% 

credible intervals (ribbons).  

A gradual decline in Fv/Fm was observed for A. millepora colonies in each of the light treatments 

from the first 10 d, with the most pronounced decreases observed in the light treatments ≤0.1 

mol photons m-2 d-1 (Fig. 5.2). Fv/Fm also declined in adult P. acuta colonies exposed to 0.4 mol 

photons m-2 d-1. The Fv/Fm of those corals in the darkest exposures ≤0.2 mol photons m-2 d-1 were 
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0, as few Symbiodinium spp. remained in these treatments after 20 d. The Fv/Fm of P. acuta 

juveniles also declined over the 30 d in the ≤0.1 mol photons m-2 d-1 treatments (Fig. 5.2). P. 

onkodes had reduced Fv/Fm after five d of exposure to treatment conditions, while Fv/Fm were 

lowest in the ~0 DLI treatment and remained stable in all other treatments (Fig. 5.2). 

5.4.2 Photosynthetic Incubations 

Photosynthetic incubations at the end of the exposure period at saturating irradiance of 419 µE 

m-2 s-1 (determined from photosynthesis irradiance curves), revealed limited to no 

photosynthetic capacity in adult coral colonies exposed to a DLI of ≤0.4 mol photons m-2 d-1 (Fig. 

5.3; Appendix D, Fig. D2). Fragments that were exposed to <1.1 mol photons m-2 d-1 for the 

duration of the experiment displayed no increase in oxygen production or photosynthetic 

capacity (Fig. 5.3).  

 

Figure 5.3 Gross photosynthesis 

(negative values indicate respiration) 

at saturating irradiance (419 µE m-2 s-

1), determined from photosynthesis 

irradiance (P—I) curves for both A. 

millepora (black) and adult P. acuta 

(grey) colonies across the 6 light 

treatments (~0, 0.02, 0.1, 0.4, 1.1 and 

4.3 mol photons m-2 d–1). Data 

presented in mean ± SE, n = 3. 

5.4.3 Irradiance response relationships 

Patterns of mortality were not observed in A. millepora or P. acuta juveniles, however, increased 

mortality with decreased light exposure after 30 d were apparent in P. acuta and P. onkodes 

(Appendix D; Fig. D3). Patterns of decreasing colour index with reduced light exposure were 

clear, and were similar across all species, with A. millepora and P. acuta juveniles exhibiting the 

lowest colour index values (Figure 5.4). Similar trends were observed for Fv/Fm in A. millepora 

(Figure 5.4). The patterns observed after 20 d, particularly for Fv/Fm were more well defined than 

after 30 d, and relationships after 10 d showed less clear patterns again (Appendix D, Fig. D4). 

Trends in Chl a content increased with increasing light exposures, reaching a maximum around 

1.1 mol photons m-2 d-1 (Figure 5.4), and correlations were observed between colour index and 

Chl a for all coral species at 30 d (Appendix D, Fig. D4). No clear trends in any of the sub-lethal 

health parameters were detected for the CCA P. onkodes. 



78 
 

Figure 5.4 Irradiance-response relationships for colour index and maximum quantum yield (Fv/Fm), and 

Chl a concentrations of corals A. millepora, P. acuta adults, P. acuta juveniles and the crustose coralline 

algae P. onkodes, after 30 d of exposure to 6 light treatments of 0, 0.02, 0.1, 0.4, 1.1 and 4.3 mol photons 

m-2 d-1 (note inverse DLI values on x-axis). Raw data is presented (points), with modelled relationships 

(lines) and 95% confidence intervals (ribbons). See Appendix D Figures D4 and D5 for relationships after 

10 and 20 d. 

The effect threshold for irradiance EI10 was defined as irradiance which elicited 10% effect on 

mortality, colour, Fv/Fm or Chl a content. A higher EI10 (or EI50) indicates a more sensitive 

response (the effect was reached with less light attenuation). After 10 d exposure, the sub-lethal 

impacts associated with even the lowest light treatment represented less than a 10% change, 

meaning that an EI10 threshold could not be calculated (i.e. even complete loss of light did not 

cause a 10% decline in colour index or Fv/Fm). After 20 d, the threshold irradiances for colour 

index in the corals (also a proxy for 10% bleaching) ranged from EI10 0.39–1.4 mol photons m-2 

d-1 (Table 5.4). After 30 d, the EI10s for colour index increased to 1.2–1.9 mol photons m-2 d-1 

indicating the bleaching thresholds had been reached with less attenuation. The EI50 values (a 

proxy for 50% coral bleaching) occurred under conditions of greater light attenuation and 

ranged from 0.16–0.23 mol photons m-2 d-1 after 30 d (Table 5.2).  
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Table 5.2 Nonlinear regression (four-parameter logistic function) results of colour index, maximum 

quantum yield (Fv/Fm) and Chl a for A. millepora, P. acuta adults and P. acuta juveniles after 10, 20 and 30 

days of exposure to treatment conditions. No effects were observed at day 10. Both the 10% and 50% 

effect irradiances (EI10 and EI50) are presented as mol photons m-2 d-1 with 95% confidence intervals. NE 

indicates no effect.  

Health 
variable 

Species Day 20 Day 30 

EI10 EI50 EI10 EI50 

Proportional 
mortality 

A. millepora NE NE NE NE 
P. acuta NE NE 1.50(0.69,2.63) NE 
P. acuta juv NE NE NE NE 
P. onkodes NE NE 8.99(2.56,19.33) 1.44(0.23,3.65) 

Colour Index A. millepora 0.86(0.35,1.6) 0.04(0.00,0.17) 1.4 (1.0, 1.9) 0.23 (0.17,0.30) 
P. acuta 1.4(0.69,2.3) NE 1.9 (1.1, 2.8) 0.16 (0.09,0.24) 
P. acuta juv 0.39(0.25,0.56) 0.02(0.01,0.04) 1.2 (0.83, 1.6) 0.22 (0.16,0.28) 

Fv/Fm A. millepora NE NE 1.4 (0.77,2.30) 0.36 (0.22,0.53) 
P. acuta 1.2 (0.44,2.30) 0.26 (0.13,0.44) NE NE 
P. acuta juv NE NE NE NE 

      

5.4.4 Thresholds of low light relative to dredge related water quality conditions 

During the 336 d pre-dredging baseline phase at Barrow Island, mean daily turbidity levels at a 

site 0.8 km from the excavation activities was typically very low (010 NTU), and the DLI ranged 

between 1 and 8 mol photons m-2 d-1 (Fig. 5.5). The 30 d running mean DLI only dropped below 

the average EI10 bleaching threshold for all species (Fig. 5.5) for a short period in June of 2008 

(see arrow Fig. 5.5). During the 530 d dredging phase turbidity was much higher (050 NTU), 

and daily irradiance correspondingly lower, associated with plumes of resuspended sediment 

moving over the monitoring site (Fig. 5.5). Days with very low light levels (i.e. <0.1 mol photons 

m-2 d-1) were more common, and the 30 d running mean DLI was very low towards the end of 

the dredging period, when elevated NTUs combined with low winter insolation level (Fig. 5.5). 

Cyclones during the baseline and dredging phases had noticeable short term effect on light 

availability, but did not result in light reduction below the EI10 threshold value on a 30 d running 

mean scale (Fig. 5.5). 

Quantiles of the 30 d running mean periods indicate that during the pre-dredging phase, the EI10 

threshold is exceeded approximately 10% of the time for P. acuta adults (~34 d) and 

approximately 2% of the time in A. millepora and P. acuta juveniles (~8 d) (Fig. 5.5). During the 

dredging, these quantile values are higher, with P. acuta adults exceeding the EI10 approximately 

50% of the time (~265 d), while for A. millepora and P. acuta juveniles this threshold is exceeded 

approximately 25% of the time (~132 d) (Fig. 5.5). Light levels over 30 d were not low enough to 

reach the EI50 values for these species (Table 5.2, Fig. 5.5). 
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Figure 5.5 Water quality conditions before and during a large-scale, capital dredging project on the coral 

reefs surrounding Barrow Island (north-west Australia) where ~7.6 Mm3 of sediment was removed over a 

530 d period (for further details see Jones et al. (2015a), and Fisher et al. (2015)). Turbidity (NTU) and 

benthic PAR levels (DLI, mol photons m-2 d-1) are shown for the extended pre-dredging baseline and 

dredging phase at one site, located 0.8 km from the primary excavation site dredging at 6.2 m depth. 

Horizontal coloured ribbons on the right hand quantile plot show calculated DLI thresholds for each of the 

3 species/life stages (see Table 5.2) investigated, including A. millepora, P. acuta and P. acuta juveniles 

for both 10 and 50% impacts on colour index (EI10 = orange and EI50 = red). Data presented are the daily 

mean NTU and DLI (black), with 30 d running means (blue solid line). Periods when the 30 d running mean 

DLI drops below the experimentally calculated threshold values (Table 5.2) are indicated by the 

appropriate threshold colour. Quantiles of 30 d running mean DLI are also presented across the pre-

dredge (grey) and dredging (black) phases. 

5.5 Discussion 

Exposure to extended periods of low irradiance and darkness had considerable impacts on the 

health of high light adapted coral and CCA. Corals (both adult and juvenile) became bleached, 

losing colour and Chl a content. At the end of the exposure period corals in the very low light 

treatments were heavily bleached (bone-white) signifying loss of algal symbionts. Tissue loss 

(partial mortality) was observed in adult P. acuta after prolonged periods of near darkness. The 

CCA, P. onkodes, was also sensitive to light-limitation showing discoloration and partial 

mortality. The 30 d EI10 thresholds for bleaching in the corals (mean irradiance which results in a 

10% change in colour) was 1.21.9 mol photons m-2 d–1. Underwater light levels measured during 

a dredging project on a shallow (~6 m), tropical, clear water reef (see Fisher et al. (2015) and 

Jones et al. (2015a)), were found to routinely fall below this value in close proximity (~800 m 

away) from a working dredge. Light levels rarely fell below the threshold during the pre-dredging 

baseline phase. This study demonstrates that light reduction alone constitutes a clear risk to 

clear-water coral reefs from dredging, although at such close proximity other cause-effect 

pathways, such as sediment deposition and smothering, are likely to also occur. 
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The gradual loss of colour and eventual bleaching of corals exposed to low light are consistent 

with studies which exposed corals to complete darkness. In this study corals began noticeably 

paling after 45 days and were heavily bleached after 10 days, similar to the observations of 

impacts caused by complete darkness reported by Hoegh-Guldberg and Smith (1989), Franzisket 

(1970), Yonge and Nicholls (1931) and Titlyanov et al. (2001), for a range of reef flat species, but 

slower than observed by DeSalvo et al. (2012), who observed heavy bleaching of Acropora 

palmata and Montastraea faveolata after 3 and 5 d in darkness respectively. While these studies 

provide important thresholds determining the time required to bleach in complete darkness, 

our study provides critical light thresholds for bleaching that can be applied to manage dredging 

that causes near-darkness for weeks (Fisher et al. 2015, Jones et al. 2015a). 

Low light thresholds for adult and juvenile corals varied. Juvenile P. acuta were slightly more 

resilient than the adults, however, as the difference was small (30 d EI10 for colour loss of 1.2 

versus 1.9 mol photons m-2 d-1 respectively), the thresholds developed for adult corals would be 

applicable to 7 month old recruits. P. acuta colonies were far more sensitive to low light 

conditions in terms of partial colony mortality than A. millepora, where no mortality occurred. 

The relative sensitivity contradicts what might be expected when considering the life history 

traits of these two species, with A. millepora considered a competitive species, while P. acuta is 

an early colonising, weedy species and, therefore, anticipated to be more resilient to stressors 

(Darling et al. 2012).  

Several microsensor studies have shown that when placed in darkness, coral tissue rapidly 

(within minutes) enters an hypoxic and then near anaerobic state (Shashar et al. 1993, Kühl et 

al. 1995, Gardella & Edmunds 1999, Jones & Hoegh-Guldberg 2001). This is due to high metabolic 

activity of the symbiotic dinoflagellates and polyp tissue, limiting the diffusive supply of O2 from 

the surrounding water through the diffusion boundary layer. Although corals routinely enter 

hypoxia at night time, tissue oxygen concentrations also rapidly increase on exposure to light in 

the early morning (Jones & Hoegh-Guldberg 2001). How corals tolerate hypoxia is unknown 

although symbiotic anemones have been found to survive through fermentation processes 

involving glycolysis (Ellington 1977, Ellington 1980, 1982). Such fermentation processes have 

been observed in corals when exposed to hypoxia from sediment smothering (Weber et al. 

2012). These processes produce ATP at approximately 6-fold lower yields than aerobic 

respiration (Shick 1991), offering a short term, temporary energy source, but not over extended 

periods in very low light. 

A characteristic of the patterns of low-light induced bleaching was the uniform, even, tissue 

discolouration (Fig. 5.1), as opposed to the often variegated and sunlight orientated patterns of 

discolouration that can occur during warm-water bleaching events (Glynn 1996). This suggests 
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a different mechanism of bleaching, but the cue that initiates the dissociation is not clear. In A. 

millepora, and P. actua adults and juveniles, the quantum efficiency Fv/Fm of the Symbiodinium 

spp. decreased following long periods in darkness and the very low-light treatments. This could 

be due to unstacking and structural changes of the thylakoid membrane, leading to reduced 

electron transport (Choudhury & Biswal 1979, DeSalvo et al. 2012). A reduction in the 

translocation of photosynthate from the algal symbionts to the host has been suggested as a 

potential cue for warm bleaching (Lesser & Shick 1989, Lesser et al. 1990). Alternatively, if the 

hypoxia of the coral tissues in very low light, is related to the metabolic activity of the symbionts 

in the coral tissues, then elimination of the source of the problem, the algal symbionts (i.e. 

bleaching), seems a relatively simple explanation and survival strategy. Irrespective of the 

underlying mechanism, towards the end of the exposure period the loss of algal symbionts at 

daily light integrals lower than <1.1 mol photons m-2 d-1 resulted in photosynthesis:respiration 

ratios of less than one, demonstrating little photosynthetic capacity. As the colonies were not 

fed during the exposure period, they were most likely drawing on energy reserves to meet their 

metabolic requirements (Muscatine 1990, Grottoli et al. 2006). 

It is possible to contextualise the results from these laboratory-based studies using information 

from a recent detailed analyses of spatial and temporal patterns of benthic light availability 

measured before and during a large scale, capital dredging project on a clear-water reef (at 

Barrow Island, ~50 km offshore of the Pilbara coast of north-west Western Australia (Fisher et 

al. 2015, Jones et al. 2015a)). Extended periods of low light naturally occurred during the pre-

dredging period in the (austral) winter time, associated with shorter days, lower solar 

declination and probably increased cloud cover, but the E10 thresholds for discolouration were 

rarely reached. However, during the dredging phase, there were marked reductions in benthic 

light availability, and a site 800 m from the dredging routinely experienced periods of daytime 

darkness, darkness over the whole day (defined as <0.04 mol photons m-2 d-1), and darkness for 

1 to 6 consecutive days (Fisher et al. 2015). These periods, again, occurred during the winter 

time when turbid plumes combined with seasonal light minima. Although the hazard associated 

with dredging turbidity and light reduction have been known since the 1970s (Bak 1978), these 

results better describe the risk and the spatial context associated with the elevated turbidity. 

Under prolonged periods of light reduction, some corals could survive by switching from 

phototrophic to heterotrophic feeding to maintain a positive energy balance (Muscatine 1990, 

Anthony 1999a, Anthony & Fabricius 2000, Grottoli et al. 2006), or temporarily draw on energy 

reserves (Chalker et al. 1983), replenishing them when light conditions become more favourable 

(Anthony 2000). 

CCA was more sensitive to the impacts of low irradiance than both adult and juvenile corals, and 

suffered from higher levels of partial mortality. However, patterns of colour loss and decreases 
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in maximum quantum yields (Fv/Fm) with light limitation were not as clearly defined as those in 

corals, with reductions apparent almost immediately followed by stability over time. While some 

CCA species are well adapted to low light levels in the mesophotic zone (Littler et al. 1985), the 

results presented here suggest that high light adapted species, such as P. onkodes, are not able 

to readily adapt to periodic low light exposure. Loss of CCA has implications for reef health, as it 

is one of the most important and widespread reef-builders in the marine photic zone worldwide 

and provides important cues for the settlement of coral larvae (Steneck 1986, Johnson & Sutton 

1994, Morse et al. 1996, Heyward & Negri 1999). Changes in CCA abundance can therefore 

influence the structure and function of coral reef ecosystems (Steneck 1986). Reduced 

prevalence of CCA associated with low light conditions during dredging may result in declines in 

coral recruitment, potentially exacerbating issues associated with increased deposited 

sediments interfering with coral settlement (Ricardo et al. 2017). Clearly more work is needed 

to understand the potential changes associated with dredging for key non-coral biota, such as 

CCA, and the persistence and recovery time associated with CCA decline resulting from exposure 

to low light conditions.  

The thresholds for effects of light limitation on corals and CCA identified here are likely to be 

conservative as they did not take into account potential shifts in available spectra that may occur 

under dredging plumes. Light attenuation through a plume of suspended sediments will be 

characterised by a shift in spectra towards yellow and green wavelengths, that are less useful 

for photosynthesis (Jones et al. 2016). It is possible that the impacts on coral and CCA health by 

light attenuation caused by sediment plumes would be more severe than reported in the current 

study, where shifts in spectra to less useful wavelengths were not applied. Furthermore, light 

attenuation is only one of several potential stressor pathways related to sediment plumes 

caused by dredging (Rogers 1990, Erftemeijer et al. 2012, Jones et al. 2016). Although suspended 

particles are not likely to significantly exacerbate the impacts of shading in turbid waters 

(Bessell-Browne et al. 2017), elevated SSCs needed to significantly attenuate light in shallow 

water (<10 m) tropical reef environment will most likely also result in appreciable levels of 

sediment deposition, which in turn can smother corals resulting in tissue necrosis (Philipp & 

Fabricius 2003, Flores et al. 2012, Weber et al. 2012, Jones et al. 2016). In addition, periods of 

high light attenuation from dredging are likely to be dispersed with periods of less attenuation 

(Jones et al. 2015a), which may alleviate some of the negative impacts of long exposures to poor 

water quality and/or long dredging campaigns. The compounding effects of decreased light 

quality and quantity, elevated SSCs, and deposited sediment as well as the periodic nature of 

these stressors clearly require further investigation.  

In summary, these results provide light limitation thresholds for high light adapted, shallow 

water corals and CCA; as well as insights into both direct and indirect pathways associated with 
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the effects of dredging on the physiology of corals and the ecology of coral reefs. Exposure to a 

DLI of ~1.5 mol photons m-2 d-1 for a period of 30 d caused a 10% decline in the health of corals 

and partial mortality in some species (i.e. P. acuta), and exposure to less than ~0.2 mol photons 

m-2 d-1 resulted in a 50% decline. The principle physiological response was dissociation of the 

coral-algal symbiosis, a well-known sub-lethal stress response of corals (Brown 1997). Indirect 

ecological effects include reducing the health of CCA which provide important cues for the 

settlement of coral larvae. Water quality programs designed to reduce impacts on reefs during 

dredging campaigns should recognise the potential for the effects of elevated turbidity to 

combine with annual light minima to reduce light levels below identified required minima for 

corals and CCA. The effects of other dredging related water quality pressures, such as sediment 

deposition also need to be considered. The light attenuation scenarios presented here (high light 

adapted corals and CCA exposed to low light) represents one of several scenarios, and more 

work is needed to clarify the sensitivity of a wider range of reef-building corals and CCA to low 

light periods experienced during dredging and natural re-suspension events so turbidity-

generating activities, such as dredging, can be managed to effectively protect these ecologically 

important taxa.  
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Chapter 6. Cumulative impacts: thermally bleached corals have reduced 

capacity to clear deposited sediment 

Pia Bessell-Browne, Andrew P. Negri, Rebecca Fisher, Peta L. Clode, Ross Jones 

Published in Scientific Reports (2017) 7: 2716 

6.1 Abstract  

The interaction between local, anthropogenic stressors, and larger scale regional/global 

stressors, is often used to explain the current poor condition of many corals reefs. This form of 

cumulative pressure is clearly manifested by situations where dredging projects happen to 

coincide with marine heatwaves that cause coral bleaching. A key pressure associated with 

dredging is elevated sedimentation. In this study, 3 coral genera (Acropora millepora, Porites 

spp. and Turbinaria reniformis), representing three common morphologies (branching, massive 

and foliose respectively), were experimentally induced to bleach by exposure to a temperature 

of 31°C for 21 d. The corals were then subjected to a range of sedimentation rates (0, 11, 22 and 

40 mg cm-2 d-1), and their sediment-rejection ability quantified after 1 and 7 successive sediment 

deposition events. Bleached corals were less capable of removing sediments from their surfaces, 

and sediment accumulated 3 to 4-fold more than on normally-pigmented corals. Repeated 

deposition resulted in a ~3-fold increase in the amount of sediment remaining on the corals, 

regardless of bleaching status. These results suggest that adaptive management practices could 

be developed to reduce the impacts of future dredging projects that follow or coincide with 

elevated sea surface temperatures and coral bleaching events. 

6.2 Introduction 

A well cited model for the current poor condition of many corals reefs is the interaction between 

local anthropogenic factors (e.g. coastal development, poor water shed management, pollution 

and overfishing), and larger scale regional and global factors (e.g. rising seawater temperatures 

and ocean acidification) (Wilkinson 1992, Hoegh-Guldberg 1999, Wilkinson 1999, Gardner et al. 

2003, Hughes et al. 2003, Carpenter et al. 2008, Knowlton & Jackson 2008). This combination 

(and possible interaction) of local and global stressors represents one of the largest uncertainties 

for predicting environmental change(Knowlton & Jackson 2008, Darling et al. 2010). Conserving 

reefs in the face of predicted increases in seawater temperatures associated with climate 

change (Hoegh-Guldberg 1999, Donner et al. 2005, Hoegh-Guldberg et al. 2007, Anthony 2016), 

and the pernicious threat of coral bleaching (Halpern et al. 2008a, Halpern et al. 2008c), is a 

significant challenge faced by regulatory agencies. Cumulative impacts and interactions of local 
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and global stressors or drivers (see Côté et al. (2016)), can manifest themselves in many ways, 

and are epitomised by situations where dredging projects coincide with ‘natural’ warm-water 

coral bleaching events (Marshall & Schuttenburg 2006). 

Coral bleaching, or the dissociation of the coral-algal symbiosis, is a well-known stress response 

of corals (Brown & Howard 1985, Brown 1997, Jones 1997), and is frequently observed in 

response to periods of elevated water temperatures (Glynn 1996, Brown 1997, Hoegh-Guldberg 

1999, Douglas 2003). Bleaching events can occur at multiple scales from local events (e.g. Jones 

(1997) and Jones (2008)), to regional (mass bleaching) events (Berkelmans et al. 2004, Eakin et 

al. 2016), and even global bleaching events (Hoegh-Guldberg 1999, Goreau et al. 2000, Heron et 

al. 2016).  Bleaching events can occur rapidly (within days) from only short term acute periods 

of temporarily elevated water temperatures(Jones 2008), as well as in response to more chronic 

periods of warm water (Fitt et al. 2000).  The loss of the symbionts is often associated with high 

levels of partial and whole colony mortality, and at the ecological level recovery of reefs 

impacted by severe bleaching occurs over decadal time frames (Gilmour et al. 2013). Bleaching 

events differ considerably in severity and duration, and the sub-lethal response along with inter 

and intraspecific variability in bleaching of corals is commonly observed (Edmunds 1994, 

Marshall & Baird 2000). While bleaching can lead to whole colony mortality, under some 

conditions heavily bleached (bone-white) colonies can regain their algal symbionts, and return 

to a normal pigmentation with no associated mortality (Jones 2008).  

At a physiological level, recovery of algal symbionts can take many months to upwards of a year 

(Jokiel & Coles 1990, Fitt et al. 1993, Jones & Yellowlees 1997, Fitt et al. 2000, Edmunds et al. 

2003, Grottoli et al. 2004, Cunning et al. 2016). This time frame is much longer than predicted 

from models based on the number of dividing Symbiodinium and duration of the division phase 

(Jones & Yellowlees 1997). The extended time period needed to re-establish the symbiosis may 

be related to sorting processes within the tissues, i.e. the movement of newly divided algal cells 

into empty gastro-dermal cells (Jones & Yellowlees 1997); however, it may also be due to tissue 

damage incurred during the bleaching process itself. In addition, heterotrophic food sources 

facilitate tissue repair following bleaching along with energy reserves, and limitations in either 

of these will also slow recovery (Grottoli et al. 2006, Rodrigues & Grottoli 2007, Anthony et al. 

2009, Grottoli et al. 2014, Schoepf et al. 2015). Histopathological examinations of bleached 

corals sometimes show loss of architecture, various degrees of atrophy and necrosis, and 

disruption of the gastro-dermal layer (Lasker et al. 1984, Glynn et al. 1985, Hayes & Bush 1990). 

Bleached corals have also been found to possess significantly depleted numbers of epidermal 

mucous secreting cells (mucocytes), compared to normally-pigmented corals (Fitt et al. 2009, 

Piggot et al. 2009). Corals exposed to elevated water temperatures also exhibit a six-fold higher 
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release rate of undischarged cnidae, indicative of host cell necrosis or detachment(Gates et al. 

1992) during the bleaching process (Bhagooli & Hidaka 2004).  

Irrespective of the mechanism of recovery, bleached corals are in a compromised state, with 

decreased tissue thickness (Szmant & Gassman 1990, Fitt et al. 2001, Mendes & Woodley 2002), 

and in some cases low energy reserves(Porter et al. 1989, Fitt et al. 2000). The reduced ability 

to acquire energy phototrophically can in some species be compensated for by increased 

heterotrophic feeding (Grottoli et al. 2006, Bessell-Browne et al. 2014). However, most studies 

agree that bleached corals are in a weakened state and susceptible to range of different 

stressors, such as algal colonisation (Diaz-Pulido & McCook 2002), disease (Bruno & Selig 2007), 

and periods of poor water quality (Marshall & Schuttenburg 2006). 

Concepts of multiple stressors acting synergistically, and of interactions between local 

anthropogenic factors and larger global factors, were highlighted recently with the Miami 

Harbor Phase III Federal Channel Expansion Project, which was conducted during a regional mass 

coral bleaching event (Manzello 2015, Miller et al. 2016). Similar situations have occurred in the 

inshore, central Great Barrier Reef (Chin & Marshall 2003, Jones 2008), and a series of dredging 

projects off the west coast of Australia in recent years (Hanley 2011). The projects in Western 

Australia were large scale, capital dredging projects, which involved the removal of ~50 Mm3 of 

sediments from coral reef environments. These projects included the 20102011 Barrow Island 

project (EPA 2006), the 20072010 Pluto project (EPA 2007), and the 2013-2015 Wheatstone 

project (EPA 2011). These dredging campaigns each happened to coincide with a series of local 

and mass coral bleaching events (Moore et al. 2012, Depczynski et al. 2013, Feng et al. 2013, 

Lafratta et al. 2016). 

Dredging and dredging-related activities release sediments into the water column either from 

mechanical disturbance of the seabed, controlled overflow from hopper barges, or sediment 

disposal at offshore placement sites (VBKO 2003, Foster et al. 2010). There are many different 

causal effect pathways where sediment plumes from dredging activities can affect corals 

(recently reviewed by Jones et al. (2016)). Of these one of the most significant is elevated 

sedimentation, as resuspended sediments deposit onto the sea floor, often leading to 

smothering of corals (see images in Foster et al. (2010) and Jones et al. (2016)). In this study, we 

examine the consequences of coral bleaching on the tolerance of corals to sediment deposition 

resulting from poor water quality associated with dredging. 

6.3 Materials and Methods 

Experiments were conducted with 3 hard coral species, Acropora millepora (Ehrenberg 1834), 

Porites spp. and Turbinaria reniformis (Bernard 1896), representing branching, massive and 
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foliose morphologies respectively. Due to difficulty identifying Porites spp. underwater (they 

have small and variable corallites (Veron 2000)) a mixture of two species (P. lutea and P. lobata) 

were included. All corals were collected between 310 m from the Rib, Trunk and Davies Reef 

lagoons (mid-shelf reefs centrally located in the central Great Barrier Reef, GBRMPA permits 

G12/35236.1 and G13/35758.1). For A. millepora, 8 colonies were collected by hand, 14 Porites 

spp. colonies were cored with a pneumatic drill, and T. reniformis were collected from an 

extensive thicket ~5 by 10 m where individual colonies were unable to be identified. 10 

fragments were collected from each A. millepora and T. reniformis colony, while 6 were collected 

from each Porites spp. colony. Colonies that were free of biofouling and diseases were 

fragmented into replicates of ~7 cm2. Fragments were then glued onto aragonite coral plugs, 

with genotypes randomly allocated between 6, 200 L flow-through (receiving new water at a 

rate of 31 L h–1 = 3 water turnovers d–1) holding tanks in the National Sea Simulator (SeaSim) at 

the Australian Institute of Marine Science (AIMS, Townsville, Australia), for 6 weeks to recover 

from the collection and preparation procedures (Fig. 6.1a). Light above each tank was provided 

by four AI Hydra FiftyTwo™ HD LED lights (Aquaria Illumination, IA, US), which generated even 

illumination with an equal mix of white, blue, and red light. During the holding period, corals 

were exposed to a 12 h light:dark (L:D) cycle comprised of a 6 h period of gradually increasing 

light in the morning (06:0012:00 h), to a maximum midday instantaneous light level of 400 

µmol photons m–2 s–1 followed by 6 h of gradually decreasing light in the afternoon (12:0018:00 

h). Over the course of the day the corals experienced a daily light integral (DLI, total summed 

Photosynthetically Active Radiation [PAR, 400700 nm]) of 8.6 mol photons m–2. Light intensity 

was measured within tanks at the same depth as the coral fragments using an Underwater 

Spherical Quantum Sensor (Licor LI-193). 

Prior to the start of the sediment clearance experiments, half the coral replicates were induced 

to bleach by exposing them to elevated water temperatures (Fig. 6.1b). To induce bleaching 

water temperatures in four of the six holding tanks was incrementally raised from 27°C to 31°C 

at a rate of 0.5°C per day for 8 d. Corals were then maintained at 31°C (or 27°C) for 3 weeks. 

Light exposure remained the same as during the holding period. Coral bleaching was observed 

by the 3rd week of exposure, and was examined throughout the bleaching period by visual 

assessment, and the use of a colour index (see below). The maximum quantum yield (Fv/Fm) of 

symbiotic dinoflagellate algae within the live tissue of each coral fragment was also measured 

using a mini-PAM fluorometer (Walz, Germany) (see below). 

Once the corals had been bleached, their ability to clear upward facing surfaces of sediment was 

compared with normally-pigmented corals, by exposure to a series of sedimentation events of 

different intensities (Fig. 6.1c). All experiments were conducted in clear PVC tanks filled with 100 
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L of 0.4 µm filtered seawater (as not to introduce additional uncontrolled sediment sources) 

pumped into each tank at 400 mL min-1 to ensure 5.8 complete water changes per day, see 

Bessell-Browne et al. (2017) for details of the experimental system. Three replicate tanks were 

used to enable potential tank-effects to be assessed. Water temperature was maintained at 27 

 0.5°C and salinity was 33  0.5‰. Light above each tank was provided by two AI Hydra 

FiftyTwo™ HD LED lights (Aquaria Illumination, IA, US). Corals were exposed to a daily light 

integral (DLI) of 8.6 mol photons m–2 using the same light regime as the bleaching experiment 

described previously. Coral genotypes were randomly allocated between the experimental tanks 

with 4 bleached and 4 normally pigmented corals assigned to each tank.  

 

Figure 6.1 Conceptual diagram of the 

steps involved in the experiment, 

including (a) the initial healing 

process, (b) bleaching of corals, (c) 

subsequent sediment deposition 

exposures and health parameters 

that were assessed at different 

stages of the experiment. 

 

Corals were placed in the tanks on a fibre reinforced plastic grating (false bottom floor), 25 cm 

below the water surface. The sediment used for deposition events had a mean grain size of 30 

µm, and this was used as it has been found to be the most common grain size suspended and 

subsequently deposited during dredging campaigns (Jones et al. 2016). Deposition events were 

created in each tank by raising the SSCs to 100, 300 and 650 mg L-1 (nephelometrically derived 

SSCs), and then turning the pumps off and allowing the suspended sediment to settle out of 

suspension overnight past the grating holding the corals. At the end of the day (4.00 pm), the 

pumps were turned on again resuspending all sediment that had settled on the bottom of the 

tank, grating and the corals. Repeated deposition events were generated over 7 successive days 
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by resuspending the sediments at 4.00 pm each day. Deposition events were thus scheduled to 

occur at night to avoid attenuation of light by suspended sediments, which is a key dredging 

related pressure impacting upon coral health (Bessell-Browne et al. 2017), and therefore 

deposition at night reducing the confounding nature of extra causal pathways impacting on 

health that were not investigated here. 

Sediment was delivered to individual tanks by an air diaphragm pump (SandPiper S1F), via a high 

velocity loop (3 m s–1), from a concentrated (g L-1) stock solution. The desired SSC in each tank 

was controlled by a programmable logic controller (PLC) coupled to pivoting solenoid valves 

connected to the stock solution, and based on real time feedback from turbidity sensors 

(Turbimax CUS31, Endress and Hauser) contained in each of the 12 tanks.  

Sediment deposition was measured within each tank using sediment pods (SedPods), which are 

concrete filled PVC cylinders (Field et al. 2012) placed on the grating beside the corals. Each 

morning SedPods were capped and any accumulated sediment filtered through pre-weighed 0.4 

µm, 47 mm diameter polycarbonate filters, incubated at 60°C for ≥24 h, and weighed to 

determine sediment mass.  

All sediment used was biogenic calcium carbonate collected from Davies Reef (GBRMPA permit: 

G13/35758.1). Sediment was first screened to 2 mm and then ground with a rod mill grinder 

until the mean grain size was ~30 µm (range: 0.5140 µm), measured using laser diffraction 

techniques (Mastersizer 2000, Malvern instruments Ltd, UK). Total organic content of the 

sediment was 0.25% (w/w). 

For each sediment treatment, there were 3 replicate tanks with 4 normally-pigmented and 4 

bleached corals per tanks. Corals were exposed to 7 individual deposition events (one per day). 

Coral fragments were photographed immediately before the first deposition event and 

immediately after the last. Changes in the colour of coral tissue was used as a non-destructive 

indicator of bleaching. The photographs were analysed with Image J (Schneider et al. 2012) using 

the histogram function on a selection of representative live tissue, taking the arithmetic mean 

of pixel values (range 0–255) on a black and white scale. These were then standardised by 

converting to a range between 0 and 1 for each species. During the photographing process, any 

partial mortality of the corals was noted and then quantified from the photographs using image 

processing software (Image J, Schneider et al. 2012). 

Chlorophyll fluorescence of the endosymbiotic dinoflagellate microalgae within tissue of each 

coral fragment was measured using a mini-PAM fluorometer (Walz, Germany). Measurements 

were obtained using a 6 mm fibre-optic probe positioned perpendicular to the coral fragment 

and 3 mm away (controlled by a rubber spacer). Coral fragments were dark-adapted for 30 min 

prior to measuring initial fluorescence (F0), which was determined by applying a weak pulse-
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modulated red light (650 nm, ~0.15 μmol photons m-2 s-1). Maximum fluorescence (Fm) was then 

measured following a saturating pulse of saturating white light. Maximum quantum yield (Fv/Fm) 

is the proportion of light used for photosynthesis by chlorophyll when all reaction centres are 

open (Genty et al. 1989) and is determined by the following equation: 

𝐹v

𝐹m
=  (𝐹m − 𝐹0)/𝐹m 

Chlorophyll fluorescence measurements were made at the start of the sedimentation 

experiments and again at the end. Measurements were only taken over live tissue, with 4 

measurements taken and averaged per coral replicate.  

The mass of sediment that remained on coral tissue after it was left to settle overnight (~ 16 h) 

was quantified after both the first and last deposition event. To do this a plastic bag was placed 

around each coral and the bag then sealed and shaken to dislodge all sediment that had settled 

on the surfaces. The suspension was then filtered through pre-weighed 47 mm diameter 

polycarbonate filters (0.4 µm nominal pore size), dried at 60°C for ≥24 h, and weighed to 0.0001 

g. The mass of collected sediment was then standardised to fragment surface area using surface 

areas calculated by the wax dipping technique (Stimson & Kinzie 1991). 

At the end of the experiment, one third of the corals were snap frozen in liquid nitrogen and 

then stored at -80°C. Fragments were then air blasted to remove tissue and chlorophyll 

extracted twice from tissue using 95% ethanol, and quantified spectroscopically using the 

equations of Ritchie (2008) and Lichtenthaler (1987). Endolithic algae were not visible in the 

samples and assumed not to contribute any significant amount of Chlorophyll a (Chl a) to the 

samples. Chl a was standardised to the surface area and used as a proxy for coral bleaching. 

All data were analysed with R software (version 3.2.3, R Core Team (2015)). We used a complete 

subsets model selection approach (Burnham & Anderson 2002) to examine the effects of time 

(1-7 days of repeated exposure), sedimentation level (0, 11, 22 and 40 mg cm-2 d-1), species (A. 

millepora, T. reniformis and Porites spp.), and bleaching status (bleached, normally pigmented) 

on coral health parameters. This approach involves fitting all possible model combinations 

(including interactions) and comparing this complete model set using Akaike Information 

Criterion with corrections for small sample sizes (AICc). The model with the lowest AICc (within 

2) and the fewest parameters is considered the most parsimonious, and chosen as the best 

model. For modelling of relationships, tank and coral fragment identity (to account for repeated 

measurements through time) were included as random factors in a Generalised Linear Mixed 

Model (GLMM). A complete subsets information theoretic approach based on GLMM was used 

over more traditional ANOVA like approaches, as this allows non-independence (associated with 

repeated measurements through time and tank effects) to be successfully accommodated, as 

well as flexibility of the statistical distributions used. Colour index and Fv/Fm were logit 
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transformed, as they are both proportions, and then modelled using a Gaussian distribution, 

with bleaching status, time, sediment deposition treatment and species included as fixed 

factors. Models were fit using the lmer function from the package lme4 (Bates et al. 2015). Chl 

a concentrations, and the amount of deposited sediment remaining on coral fragments after the 

1st and 7th deposition event, were modelled as GLMMs based on a Tweedie distribution, fit 

using the cplm package, with fragment number and tank included as random effects (Zhang 

2013). A Tweedie distribution is appropriate for continuously distributed data that can take 

values of 0 to ∞. 

Due to the non-linear relationship of the amount of deposited sediment remaining on coral 

fragments, pressure-response relationships were subsequently fitted after 1 and 7 deposition 

events, for both bleached and normally pigmented fragments. These relationships were fitted 

with the drc package (Ritz et al. 2015).  

6.4 Results 

6.4.1 Effects of bleaching on coral survival, colour and physiology 

Bleaching was induced in the corals by slowly raising water temperatures (0.5°C per day for 8 d) 

and holding the temperatures at 31°C for 3 weeks under a daily light integral 8.6 mol photons 

m–2 d-1. Bleaching (tissue lightening) was observed after ~1520 d in the 31°C temperature 

treatment. No bleaching was observed in any of the corals held at 27°C. For the branching A. 

millepora, paling occurred first on the upper light exposed surfaces, and towards the end of the 

exposure the upper surfaces were heavily bleached (bone white), and the lower (shaded) 

surfaces of the branches were pale in colour. The hemispherical Porites spp. also discoloured 

first on the upper more horizontal surface, with the edges of the colonies still retaining some 

pigmentation. Bleaching in T. reniformis was more uniform across the surface and the corals 

took on a pale yellow colouration (from animal pigments) as the bleaching progressed. There 

was no partial or whole-colony mortality resulting from the 31°C temperature treatment, or in 

any of the corals held at 27°C. The maximum quantum yields (Fv/Fm) of the bleached fragments 

were ~3, 2 and 6-fold lower in A. millepora, Porites spp., and T. reniformis respectively, and 

bleached corals had ~50% lower colour index scores than the normally-pigmented fragments for 

all species (Fig. 6.2). 
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Figure 6.2 Differences in coral tissue colour 

and maximum quantum yield of the algal 

symbionts after the experimental 

bleaching. (a) Colour score index and (b) 

Fv/Fm of bleached and normally-pigmented 

corals after exposure to 31°C or 27°C for 3 

weeks and before the sediment deposition 

experiments. Average data is presented 

with SE, n=36. 

 
 

  

6.4.2 Effects of pulsed sediment on coral survival, colour, physiology and sediment clearance 

The bleached and normally-pigmented corals were exposed to temporarily high suspended 

sediment concentrations (SSCs) and water motion in the tanks, which was subsequently stopped 

to allow the sediments to settle out of suspension and onto the corals. Settlement of sediment 

in the tanks occurred rapidly, with most sediment dropping out of suspension in the first 12 h 

of the pumps being turned off each day (Figure 2). The amount of sediment accumulating on the 

flat, concrete filled PVC cylinders (SedPods) averaged 0.05 ± 0.03, 10.8 ± 3.7, 22.4 ± 2.4 and 39.6 

± 2.3 mg cm–2 (mean ± SE, n=3) over the 7 successive deposition events (Fig. 6.3). 

 

 

Figure 6.3 Suspended sediment concentrations (SSCs) and sediment deposition rates in the experimental 

tanks. (a) Nephelometrically-derived suspended sediment concentrations (mg L–1) in each tank for the 7 

day exposure period showing resuspension of sediment each afternoon (4:00 pm) followed by a decrease 

in SSCs as sediment fall out of suspension on the corals and SedPods each night, (b) Sedimentation 

(SedPod accumulation rate, mean ± SE, n=3) after each of the deposition events across the 4 deposition 

rate treatments of 0, 11, 22 and 40 mg cm–2.  
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There was no whole colony mortality in response to the sediment exposures and the only partial 

mortality occurred in a bleached Porites spp. fragment (which suffered 26% partial mortality in 

the 11 mg cm–2 d–1 treatment), and a bleached fragment of T. reniformis (which suffered >5% 

mortality in the 22 mg cm–2 d–1 treatment). 

During the sediment exposures, all species had expanded and partially expanded polyps 

irrespective of bleaching status. Mucus secretion was commonly observed in T. reniformis and 

Porites spp., but less so in A. millepora. All corals appeared to corral and collect the sediments 

into mucus-laden patches with well–defined, discrete, edges. The patches were then slowly 

moved under muco-ciliary transport to the sides of the colonies and ultimately shed. 

Occasionally, sediments patches became stuck in local depression or concave features of the 

surface and remained trapped there. For the A. millepora similar trapping of sediment was 

occasionally observed at the junction point of neighbouring branches.  

Table 6.1 Top model fits (generalised linear mixed model) for colour index, Chl a concentrations, 
maximum quantum yield (Fv/Fm) and deposited sediment for each of the fixed factors, inducing 
bleaching status (ble.), species (spp.), time and sediment deposition treatment (sed.). Shown are the 
fitted model, number of parameters (n), Akaike information criterion (AICc), δ AICc, model weights, and 
R2 values. The model with the fewest parameters within 2 AICc is considered the most parsimonious, 
and therefore the best model. Selected best models are shown in bold. 
 

Parameter Model n AICc δ 
AICc 

weight 
R2 

Colour 
index 

ble.  spp.  time 15 933.6 0.0 0.33 0.83 

ble.  spp.  time + sed. 16 935.3 1.7 0.14 0.84 

Chl a 
ble.  spp. 9 -650.4 0.0 0.41 0.93 

ble.  spp. + sed. 8 -649.9 0.5 0.32 0.93 

Fv/Fm 

ble.  spp.  time + ble.  sed. 17 794.9 0.0 0.17 0.64 

ble.  spp.  time + ble.  sed. + spp.  sed. 19 794.9 0.1 0.16 0.64 

ble.  spp.  time + ble.  sed.  spp. 21 795.8 0.9 0.11 0.64 

deposited 
sediment 

ble.  spp.  time + sed.  time + sed.  spp. + 

ble.  sed. 
20 810.7 0.0 0.30 0.99 

ble.  spp.  time + ble.  sed.  time 21 812.7 1.9 0.12 0.99 

The colour index of bleached and normally-pigmented corals differed considerably for all three 

species, while there was limited apparent impact of sediment treatment (Table 6.1, Fig. 6.4). 

The best fit model suggested that colour index was driven by an interaction between bleaching 

status, species and time, with an additive impact of sediment treatment having a lower model 

weight than when sediment was included (Table 6.1, Fig. 6.4). Chl a was best explained by a 

model including an interaction between bleaching status and species (Table 6.1, Fig. 6.4). At the 

end of the experiment Chl a concentrations differed between normally-pigmented and bleached 

corals, with substantially less Chl a present in bleached fragments, with this consistent across all 

three species, while the smallest difference was apparent in T. reniformis (Fig. 6.4). Similar to 

colour index, there was no evidence for an impact of sediment deposition treatment on Chl a 

concentrations (Fig 6.4), with a model not including sediment having a higher model weight 
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(Table 6.1). Fv/Fm also differed between normally-pigmented and bleached corals, and this effect 

was dependent on species, time and sediment (Table 6.1). While Fv/Fm remained stable across 

deposition treatments for the normally-pigmented corals, Fv/Fm values were lower in higher 

sediment treatments in bleached corals of all species (Fig. 6.4). 

 

Figure 6.4 Physiological health parameters of bleached and normally-pigmented corals after 7 consecutive 

deposition events. (a) Colour index, (b) Maximum quantum yield (Fv/Fm), and (c) Chl a concentrations (µg 

Chl a cm–2) of A. millepora, Porites spp. and T. reniformis fragments across 4 deposition rate treatments 

for both normally pigmented (black) and bleached (blue) fragments after 7 consecutive deposition events. 

Raw data (triangles) is presented with modelled relationships (lines) and 95% confidence intervals 

(ribbons). 

Normally-pigmented corals were effective at removing sediment from their surfaces, and at the 

highest sedimentation level the amount of sediment remaining was 0.6  0.2 mg cm–2 (mean  

SD, range 0.30.7 mg cm–2, n=36), or 2.1% of the accumulation rate measured on the SedPods 

on that day (Fig. 6.5; Appendix E, Table E1). The difference between the sediment mass on the 

corals and SedPods is due to the self-cleaning ability of the corals. Sediments were washed off 

the corals each day (during the re-suspension process), and after the last of the 7 consecutive 

daily deposition events, the amount of sediment remaining on the surfaces of the highest 

sedimentation level, was much higher, being 2.5  0.3 mg cm–2 (mean  SD, range 2.32.8 mg 

cm–2, n=36), or 6.4% of the accumulation rate measured on the SedPod on that day (Fig. 6.5; 
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Appendix E, Table E1). Overall, for the normally-pigmented colonies, 3.1-fold more sediment 

remained on the surface of the corals after the 7th deposition event than after the first. 

Figure 6.5 Sediment accumulation on bleached and normally-pigmented corals. The amount of sediment 

(mg cm–2) accumulated on each fragment of A. millepora, Porites spp. and T. reniformis across 4 deposition 

rate treatments for both normally-pigmented (black) corals and bleached (blue) fragments after: (a) 1 

deposition event, and (b) a further 6 deposition events. Raw data is presented (triangles) with modelled 

values (lines) and 95% credible intervals (ribbons). 

 

Bleached corals were less effective at removing sediment from their surfaces, and at the highest 

sedimentation level, the amount of sediment remaining was 1.8  1.4 mg cm–2 (mean  SD, 

range 0.53.3 mg cm-2, n=36), or ~6.5% of the accumulation rate measured on the SedPod on 

that day (Fig 6.4; Appendix E, Table E1). After the last of the 7 consecutive daily deposition 

events, the amount of sediment remaining on the surfaces of the highest sedimentation level, 

was much higher at 9.3  3.9 mg cm–2 (mean  SD, range 4.912.3 mg cm-2, n=36), or 24% of the 

accumulation rate measured on the SedPod on that day (Fig 6.5; Appendix E, Table E1). Overall 

3.7-fold more sediment remained on the surface of the corals after the 7th deposition event than 

after the first. 

The combined effects of the reduced capacity to self-clean with time and lower sediment 

rejection ability of bleached corals differed between species. For bleached T. reniformis and the 

Porites spp. 2.3 to 2.6-fold more sediment remained on the corals after the last deposition event 

than the first. For bleached A. millepora, 15-fold more sediment remained on the corals after 

the last deposition event than the first (Fig 6.5; Appendix E, Table E1). The amount of remaining 

sediment on each fragment (inability to clear sediments), was best described by a complex 

model involving a three-way interaction between bleaching status, species and time as well as 

two-way interactions between sediment deposition and species, along with time and bleaching 
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status (Table 6.1, Fig. 6.6). Given the high order interactions with deposition, we fitted separate 

dose response relationships at two times (after 1 deposition and after 7 deposition events), for 

each species and for both bleached and normally pigmented corals. 

Effect concentrations of both 10 and 50% (EC10 and EC50 respectively) impacts on clearance 

ability calculated for bleached colonies of each species after 7 deposition events (Fig. 6.5b). A 

sediment deposition rate of 40 mg cm-2 d-1 was not sufficient to reduce the clearance ability of 

any species while normally pigmented after either 0 or 7 deposition events (Fig. 6.5). Bleached 

A. millepora demonstrated a 10% reduction of clearance ability at 5 ± 4mg cm-2 d-1, and a 50% 

reduction at 12 ± 4 mg cm-2 d-1, both after 7 deposition events. The 10% impact on clearance in 

bleached T. reniformis after 7 deposition events was 10 ± 3 mg cm-2 d-1, while the 50% impact 

was observed at 13 ± 6 mg cm-2 d-1. After 1 deposition event the 10% impact on clearance for 

Porites spp. was 11 ± 4 mg cm-2 d-1, while a 50% impact was observed at 16 ± 6 mg cm-2 d-1. No 

effect concentration could be determined for Porites spp. after 7 deposition events as the 

amount of sediment accumulating on the fragments was still increasing at the highest sediment 

deposition treatment (Fig. 6.5b).  

Based on relative explanatory values of the fixed predictors, species was the most important 

factor influencing Fv/Fm, followed closely by sediment treatment and time, and then lastly 

bleaching status (Fig. 6.6). Colour index was most influenced by time, followed by species, 

bleaching status, and finally sediment treatment, which had a limited effect (Fig. 6.6). Chl a 

concentrations were most influenced equally by bleaching status and species (although time 

was not included in these models because this was only measured at the end of exposure), 

followed by sediment deposition rate (Fig. 6.6). Lastly, the amount of deposited sediment 

remaining on coral fragments was most strongly driven by bleaching status (Fig. 6.6).  

 

 

Figure 6.6 Explanatory value of each of the 

fixed factors included in the models, including 

deposition rate treatment (mg cm–2), Time (d), 

Species and bleaching status (normally 

pigmented or bleached), with darker colours 

indicating increased importance of that 

variable. Explanatory value was calculated 

simply as the additional R2 obtained when a 

variable was included in a complete interaction 

model, compared to a model excluding just that 

variable. This in effect represents the unique 

variance explained by each predictor, rather 

than the overall R2 explained by individual best 

models, as presented in Table 6.1. 
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6.5 Discussion 

The data from this study provides clear evidence that thermally bleached corals have 

considerably reduced capacity to clear sediments from their surfaces compared to normally-

pigmented corals. The pattern was similar across three growth forms (branching, massive, and 

foliose), from three common and widely distributed coral species. Sedimentation is considered 

one of the most widespread, human-induced perturbations on reefs (ISRS 2004), and a key 

causal pathway associated with mortality of corals close to dredging activities (Rogers 1990, 

Erftemeijer et al. 2012, Jones et al. 2015a, Jones et al. 2016). This interaction between coral 

bleaching and sedimentation pressures clearly represents a consideration for resource 

managers in the regulation of more manageable local, anthropogenic stressors in the face of 

much wider-scale, and essentially uncontrollable issues (Marshall & Schuttenburg 2006), 

associated with periods of elevated water temperature resulting from a changing climate. 

Before the sediment exposure experiment, corals were artificially bleached by heat stress. The 

time-course and patterns of bleaching are consistent with the current understanding of the 

bleaching phenomenon based on both field and laboratory experiments (Berkelmans 2002). 

Bleaching was induced by slowly raising water temperatures to 31°C and exposing the corals for 

3 weeks under a daily light integral 8.6 mol photons m–2 d-1. For the mid-shelf reefs of the GBR, 

at around 18°S, where the corals were collected, the maximum average daily temperatures 

typically range from 2830°C (Berkelmans 2002). The 31°C temperature only marginally exceeds 

the normal range, although the combination with time (21 d exposure) greatly exceeds 

temperatures that the corals have previously encountered, and is equivalent to ~4 degree 

heating weeks (DHW). Such a DHW exposure is generally anticipated to result in significant coral 

bleaching and this exposure resulted in the dissociation of the symbiosis in all species 

(Berkelmans & Willis 1999). Maximum potential quantum yields (dark-adapted Fv/Fm) of the 

algal symbionts were significantly reduced by the temperature/light combination, and corals 

bleached first on their upper, light exposed surfaces. These results and observations are 

consistent with a photoinhibition model of coral bleaching (Iglesias-Prieto et al. 1992, Warner 

et al. 1996, Jones et al. 1998, Hoegh-Guldberg 1999, Hoegh-Guldberg & Jones 1999, Warner et 

al. 1999, Jones & Hoegh-Guldberg 2001, Fitt et al. 2009). 

Corals have a range of mechanisms to clean their surface of sediments primarily involving muco-

ciliary transport, hydrostatic inflation and tentacle movement (Duerden 1906, Marshall & Orr 

1931, Hubbard & Pocock 1972, Rogers 1983, Rogers 1990, Stafford-Smith & Ormond 1992). 

These energy intensive ‘active’ processes work in combination with ‘passive’ forces associated 

with gravity and flow, to keep the upper sunlight exposed surfaces sediment-free in all but 

extreme cases of deposition. If sediments cannot be removed from the surface at a rate 
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equivalent to the deposition, then they build up and smother coral tissue, reducing feeding, 

solute (gas) exchange, and light transmission to algal symbionts (Weber et al. 2006). If covered 

with several millimetres of organic rich sediment mortality can occur quickly, in a matter of days 

(Weber et al. 2012). 

For the most part the corals were able remove all sediments up to the highest deposition rate 

tested of 40 mg cm–2 d–1. For contextual purposes deposition rates of up to 50 mg cm–2 d–1 have 

recently been measured during a high wind and wave event on a inshore turbid reef system of 

the central Great Barrier Reef (Whinney et al. 2017). These maximum deposition rates occurred 

during a natural resuspension event and a period of extreme turbidity, where wind-speeds 

exceeded the 95th percentile for the local area, and SSCs exceeded 100 mg L-1 (Whinney et al. 

2017). Under less extreme conditions and when SSCs ranged from a more typical <128 mg L–1, 

deposition rates in the naturally turbid reef system averaged only 8  5 mg cm–2 d–1 (Whinney et 

al. 2017). This suggests that the high sediment deposition rates investigated here are likely to 

be associated with either very extreme natural turbidity events or in close proximity to dredging 

activities.  

The corals in this study cleaned their surfaces of sediments using muco-ciliary transport, which 

is commonly regarded as the primary mechanism whereby corals can move fine silts and clays 

from their surfaces. The fluidic mucus is produced from epithelial secretory cells, mucocytes 

(Brown & Bythell 2005, Bythell & Wild 2011), and because of its adhesive characteristics can 

agglutinate settled sediment. Mucus-entangled sediment (Duerden 1906) was manipulated by 

co-ordinated ciliary movement (metachronal waves), and the movement of sediment invariably 

occurred down the face of sub-horizontal, inclined planes until reaching the colony edge where 

is was subsequently shed. The normally-pigmented corals were highly efficient at removing 

sediments, and in the highest sedimentation rate the amount of sediment remaining on the 

tissues was only ~2% of the amount that settled on the inert, cement filled SedPods. This 

difference is due to the self-cleaning, sediment rejection ability of the corals, which actively 

removed sediment from the colony surface. For both the bleached and normally pigmented 

corals there was a broadly similar (3.1 and 3.7-fold respectively) increase in the amount of 

sediment remaining on the tissues after the seventh successive daily deposition than the first, 

indicating a reduction in self-cleaning capability with time. Where the two types of corals 

(bleached and normally-pigmented) differed was in the absolute levels of deposited sediment 

on their tissue, which was typically 3 to 4-fold higher on bleached than the normally-pigmented 

corals at the highest sedimentation rate (40 mg cm-2 d-1). The combined effects of the lower 

sediment rejection ability of bleached corals and the more general loss of self-cleaning ability 

with time meant the amount of sediment on the bleached corals after the last deposition event 
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averaged ~24% of the amount that settled on the SedPods. For, A. millepora, this amounted to 

a 15-fold decrease in the amount of sediment that could be cleared from the surface.  

There are numerous plausible mechanisms for these two effects. Histological studies have 

demonstrated an absence of mucocytes in the epithelium of an experimentally bleached (heat-

stressed) coral (Stylophora pistillata), and negligible quantities of mucus in the deeper gastro-

dermal layer (Fitt et al. 2009). Similarly, Piggot et al. (2009) showed that in field-collected corals, 

those that have bleached through heat stress have greatly reduced densities of epithelial 

mucocyte cells, even though the density of mucocytes increases with increasing water 

temperature. Mucocyte numbers and mucus production was not quantified in this study, but 

reduced mucocyte density in bleached corals seems plausible. Mucus production comes at an 

energetic cost to corals (Edmunds & Davies 1989, Riegl & Branch 1995), and numerous studies 

have qualitatively suggested increased mucus production in sediment-exposed corals (Bak & 

Elgershuizen 1976, Rogers 1990, Stafford-Smith 1993) and repeated exposure to sediment 

deposition events could also exhaust mucus production. Stafford-Smith (1993) argued a 

counterpoint, that it is ciliary transport that becomes exhausted and that cannot be maintained 

for long period, citing the ability of some corals to produce mucus in response to sediment influx 

long after sediment rejection slows down. Recent studies have shown that cilia beating is only a 

negligible fraction of the corals metabolic budget (Shapiro et al. 2014); but possible changes 

under sediment influx is unknown (Jones et al. 2016). 

Ultimately the energy for mucus production and ciliary transport would come from phototrophic 

or heterotrophic sources, both of which would be affected by sediment smothering. For 

phototrophy, both the loss of algal symbionts, and the reduced light availability to remaining 

algae by a thin layer of sediment would decrease energy availability (Riegl & Branch 1995), as 

light transmission is <1% through a ~2 mm deposit of very fine, silt size sediment (Weber et al. 

2006, Weber et al. 2012). Corals were not veneered by sediments in this experiment as they 

corralled the sediments into discrete patches, but under these patches light availability would 

be limited, thus impacting upon photosynthesis and potential recovery from the bleached state. 

Corals rely on heterotrophic food sources and energy stores during recovery from bleaching for 

at least 11 months (Grottoli et al. 2006, Rodrigues & Grottoli 2007, Anthony et al. 2009, Grottoli 

et al. 2014). This suggests that the ability to re-establish the coral-Symbiodinium symbiosis 

depends on the health of the coral host and these alternative energy sources will be vital in the 

recovery of corals. In addition, some corals have been found to obtain nutritional value from 

sediment (Anthony 2000), and this may aid in recovery from a bleached state when exposed to 

elevated sediments, however, this would only occur at low sediment concentrations as SSCs 

above 30 mg L-1 have been found to reduce coral feeding rates (Mills & Sebens 1997). In a natural 

setting, sediment related stress may be greater than reported here, where sediments have been 
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manually cleared from corals on a daily basis, as while periodic sediment removal may occur 

naturally during storm events, it seems unlikely this would occur on a daily frequency. Due to 

this increased accumulation of sediments on coral tissues would likely occur, leading to mucus 

sheath formation (Chapter 3) and potentially necrosis (Weber et al. 2012). The reduced capacity 

of bleached corals to removed sediment will mean that such effects will be substantially greater 

in corals compromised by thermal stress. 

In summary, this study has demonstrated that thermally bleached corals have substantially 

reduced ability to clear deposited sediment, and that this ability is further reduced following 

consecutive days of sediment deposition. The impacts of this reduction in clearance ability is 

likely to become exacerbated when combined with increased ocean acidification, another key 

impact resulting from climate change. The likelihood of a marine heatwave (and subsequent 

coral bleaching event) coinciding with dredging projects has unfortunately reached a point 

where explicit consideration needs to be given regarding management practices. Maintenance 

dredging typically occurs over a few weeks to months, and the timing of the activities can be 

reasonably predicted and planned in advance (Ports Australia 2014). Avoiding dredging when 

bleaching could occur (i.e. summer maximum temperatures) seems a practical approach. This 

management practice is similar to concepts associated with ‘environmental windows’, which 

involve avoidance of times of the year or particular sites, where key species, ecological 

communities or critical processes may be particularly vulnerable to pressures from dredging 

(Suedel et al. 2008, EPA 2016). For capital dredging projects which can often occur over 

extended periods (PIANC 2010), contingencies plans in the event of a warm-water bleaching 

event could be developed before dredging commences. Plans could include defining the scale 

and intensity of an event and a series of practical and achievable courses of action to ensure 

minimal impacts and maintain acceptable levels of impact. Appropriate courses of action may 

include relocation of dredges, altering overflow plans, use of different dredge material 

placement sites, the use of more conservative water quality thresholds (for managing projects), 

and possibly cessation of all dredging activities. Several of these approaches were employed on 

the Great Barrier Reef in a dredging program in 2000-2001 (Chin & Marshall 2003, Jones 2008). 

From an environmental and management perspective, the significance of sub-lethal bleaching 

is that the symbiosis is dissociated, and the time for it to re-establish may be much longer than 

the acute physiological effects alone. This serves to amplify the significance of what may be a 

short-term initial stress, increasing the potential for additional impacts from local, 

anthropogenic activity (i.e. cumulative impacts).  
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Chapter 7. General Discussion 

In this Thesis I investigated the impacts of dredging-related stressors on corals, which may be at 

risk due to increased coastal development in tropical regions (Fig. 7.1, Ports Australia 2014). I 

began by interrogating a large field-based data set to understand real-world water quality 

conditions during a major dredging program, and from this began to elucidate the effects on the 

health of local coral populations. I then used these water conditions to underpin my 

experimental designs to investigate the impacts of key stressors and environmental conditions 

related to dredging on various coral species. These controlled aquarium experiments were used 

to validate cause-effect pathways identified in the field, including a study on the cumulative 

effects of coral bleaching and dredging pressures. The aquarium experiments also generated 

stress thresholds for several common coral species that can now be applied by regulators and 

industry in risk assessments, guideline development, and operational management. While this 

Thesis had a strong focus on dredging, the cause-effect pathways and thresholds identified are 

equally relevant to the high turbidity conditions of river runoff and wind-driven resuspension in 

inshore regions, which represent considerable pressures to coral populations globally (Rogers 

1990, GESAMP 2001, Fabricius 2005). 

 

Figure 7.1 Satellite image taken during the Wheatstone dredging project off the coast of Onslow, Western 
Australia on the 28th of July 2014 demonstrating a turbid sediment plume passing over reef around 
Thevenard Island Satellite imagery from the Japan Aerospace Exploration Agency (JAXA) Advanced Land 
Observing Satellite (ALOS) Advanced Visible and Near Infrared Radiometer type 2 (AVNIR-2).  
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Water quality and coral monitoring datasets were made available from the large-scale capital 

dredging project at the Barrow Island off the coast of Western Australia, as part of the WAMSI 

Dredging Science Node  (Fisher et al. 2015, Jones et al. 2015a). This presented a unique 

opportunity to explore the effects of elevated suspended sediment concentrations (SSCs), and 

resultant light attenuation and sediment deposition on the health of nearby coral populations 

over an extended 530 d period (Chapter 2). This dataset provided substantial insight into the 

water quality conditions experienced during dredging projects, particularly in respect to the 

range, variability and spatial scale of water quality conditions (Fisher et al. 2015, Jones et al. 

2015a). This data allowed testing of realistic exposure scenarios and informed the exploration 

of the cause-effect pathways resulting from dredging related pressures, which is critical to 

improve our understanding and subsequent management of these pressures. Importantly, the 

combination of field data pressures (in both space and time) with thresholds derived for relevant 

stress pathways (hazard) provides context to better assess the risks (Harris et al. 2014) posed by 

dredging.  

From the water quality and coral health data collected as part of the Barrow Island dredging 

project, I investigated how the different dredge-related pressures impacted on coral health, 

along with the causes of mortality for different coral family/morphology groups at various 

distances from dredging. This revealed that there was elevated coral mortality close to the 

dredging (<1.5 km) for all coral family/morphology groups. Modelling of patterns in mortality 

revealed that sediment deposition-based metrics were associated with mortality in massive 

colonies, while light-based metrics were more closely linked to mortality of branching colonies. 

This led to more detailed investigations on the impacts of light attenuation on coral health in 

Chapters 4 and 5. One of the key coral responses linked with the dredging activity was increased 

mucous prevalence on massive Porites spp., which was examined further in Chapter 3. The 

dredging operation at Barrow Island coincided with thermal bleaching, which provided insights 

into cumulative impacts and resulted in experimentally testing the ability of thermally bleached 

corals to clear deposited sediment (Chapter 6).   

Through investigations in Chapter 2 it became apparent that massive Porites spp. colonies 

produced more mucous sheets at sites close to dredging, with 74% of the colonies <1.5 km from 

the dredging producing one or more sheets while only 0.2% of colonies produced sheets at 

distantly located reference sites (>20 km away). The sloughing and removal of these mucous 

sheets cleared the underlying tissue of deposited sediment. This suggests that mucous sheet 

formation and sloughing is likely to be a key mechanism employed by massive Porites spp. to 

clear their surfaces when sediment loads become too high. The causal relationship between 

SSCs, deposited sediment, and mucous sheet production was corroborated experimentally in a 

laboratory based study, with Porites spp. colonies only producing mucous sheets during 
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exposure to elevated SSCs. Those coral exposed to elevated SSCs and subsequent sediment 

deposition in both the experimental study and field also produced multiple sheets when 

exposed to elevated sediment pressures. Based on both the laboratory and field results these 

multiple lines of evidence confirm the close association between mucous sheet formation and 

sediment load, and demonstrate that mucous sheet formation by Porites spp. is an effective 

bioindicator of sediment exposure and should be monitored during future dredging campaigns.  

Investigations in Chapter 2 revealed that light attenuation resulting from elevated SSCs is 

correlated with coral mortality, and is a key cause-effect pathway associated with dredging. As 

SSCs and light attenuation are intrinsically linked, it was not known which of these stressors was 

primarily driving responses in corals during exposure to turbid field conditions. This led to a 

laboratory based investigation investigating whether it is the increased SSCs (effect of particles), 

or the resultant light attenuation that result in decreased coral health (Chapter 4). Partial 

mortality of corals was observed when corals were exposed to reduced light levels (~0 and 1.1 

mol photons m-2 d-1), regardless of SSC concentration. Bleaching (dissociation of symbiosis) and 

reduced photosynthetic efficiency (dark adapted Fv/Fm) were also observed in low light 

conditions, again regardless of SSC. This finding that light limitation affects coral health to a 

greater extent than associated suspended particles led me to investigate more precisely the low 

light thresholds for stress in corals (Chapter 5).  

To determine the stress thresholds for low light exposure, corals and a species of crustose 

coralline algae were exposed to six discrete light levels (~0, 0.02, 0.1, 0.4, 1.1 and 4.3 mol 

photons m-2 d-1) (Chapter 5). While there was minimal mortality of corals exposed to darkness 

and extreme low light over 30 d, there were considerable impacts on health, manifested by 

bleaching (dissociation), along with decreased maximum quantum yields (Fv/Fm) of algal 

symbionts, observed at light exposure levels of ≤0.4 mol photons m-2 d-1. The clear dose response 

relationships observed for both colour index and Fv/Fm, allowed the derivation of 10% and 50% 

impact thresholds (EI10 and EI50). Light levels associated with dredging can fall below levels that 

cause a 10% impact on colour irregularly (partial bleaching) during baseline conditions, and more 

regularly during dredging activities over a 30 day running mean period (Appendix A, Fisher et al. 

2015, Jones et al. 2015a). Furthermore, in periods of such low light conditions, deposition of 

sediment is also likely to occur and contribute to an additional suite of cause-effect pathways 

(see 7.1.1). the results from this chapter indicate that to avoid impacting on coral health, 

dredging operations should be managed to maintain light levels above the specific thresholds 

identified here (see Chapter 5). This has put the exposure of corals to low light levels into context 

as a risk associated with dredging, rather than just a hazard, as identified previously (Bak 1978), 

and will allow for improved management of future turbidity generating events that result in low 

light conditions. 
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Identifying the impacts of dredging related pressures on the Barrow Island coral communities 

(Chapter 2) was complicated by a thermal bleaching event. This culmination of coral bleaching 

and dredging has also occurred on numerous other occasions in both Australia and the USA (Chin 

& Marshall 2003, Jones 2008, Hanley 2011, Moore et al. 2012, Manzello 2015, Miller et al. 2016). 

Chapter 6 investigated whether bleaching reduces the ability of 3 common coral species to clear 

deposited sediment, and whether this capacity is reduced further over consecutive deposition 

events. The results revealed that effective clearing of sediments is reduced by ~3-fold in 

bleached corals and this clearance ability is further reduced over consecutive deposition events. 

The cumulative impacts of dredging and temperature-related pressures identified here suggest 

that appropriate management plans be set in place to avoid sediment deposition events during 

and after periods of elevated sea surface temperatures and subsequent coral bleaching to avoid 

additional impacts on coral health.  

7.1 Understanding cause:effect pathways 

7.1.1 Proximal stressors 

The results gathered throughout this Thesis, and particularly in Chapter 4, revealed that elevated 

SSCs (up to 100 mg L-1) have little impact on coral health when light levels are controlled to avoid 

attenuation. This suggests that the previously identified stressors resulting from SSCs, including 

abrasion and reduced heterotrophic feeding, have limited impact on health when compared to 

the considerable impacts of low light (Chapters 2-5) and sediment deposition (Flores et al. 2012, 

Weber et al. 2012). This challenges our current understanding of the effects of these stressors, 

where it was anticipated that SSCs, light attenuation, and sediment covering would all impact 

upon coral health according to specific water quality conditions (Appendix A). An equal influence 

on coral health of the three main proximal stressors can be represented by a pressure point 

equidistant from all corners (representing each stressor) in a ternary diagram (Fig. 7.2A, 

Appendix A). In the case where coral health is not affected by suspended sediment particles the 

pressure point shifts to a location between the other two stressors, i.e. light attenuation (LA) 

and sediment covering (SC) (Fig. 7.2B). Evidence from the field, outlined in Chapter 2, indicated 

that SC is linked to mortality in massive corals, while branching coral mortality was linked with 

LA. This suggests that the position of the pressure point along the basal axis of the ternary 

diagram will be dependent on the specific morphology of the coral in question, and may shift 

toward LA for branching species, or towards SC in massive species (Fig. 7.2C). This outcome 

contributes substantially to our understanding of the impacts of dredge-related stressors on 

corals and these cause-effect pathways should be carefully considered when developing 

management plans to minimise the impacts of dredging and other sediment generating events 
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in the future. Such management plans should consider the local community structure and then 

focus on minimising, LA, SC, or both depending on the local community composition.  

Figure 7.2 Ternary diagrams representing the relative influence of the 3 key proximal stressors associated 
with turbidity generation activities i.e. suspended sediment (SS), light availability (LA) and sediment 
covering (SC) on shallow tropical benthic organisms such as corals. Adapted from Appendix A. 

7.2 Developing thresholds 

The development of thresholds for key taxa, such as corals, for a range of pressure parameters, 

including SSCs, light attenuation and sediment deposition, are required to effectively manage 

the impacts of dredging. The development of such thresholds is, however, complex. This is 

mainly due to the interdependence of the three main proximal stressors SSC, light attenuation, 

and sediment deposition.  

While this Thesis has made progress in untangling the impacts of these stressors, there remains 

considerable uncertainty about the interaction between pressures. In Chapter 4 I demonstrated 

that without the accompanying light attenuation, elevated SSCs have little impact upon coral 

health. This suggests that light attenuation is a valid metric that should be closely monitored 

during dredging projects or periods of elevated turbidity to ensure light levels remain above 

certain thresholds (see Chapter 5). One of the most appropriate ways to implement thresholds 

for the management of future dredging activities is through application of concentration, 

duration, frequency (CDF) analyses, an approach which includes multiple various pressure 

intensities, over various durations, and differing frequencies of occurrence (Robinson & Roby 

2006, Schwartz et al. 2008). However, to apply the thresholds identified in Chapter 5 (low light 

thresholds of EI10 and EI50 for mortality, colour and Fv/Fm) in this form of analysis all three aspects 

of the CDF approach need to be considered. While the thresholds developed here address both 

concentration and duration components (Chapter 5), further work is required to improve our 

understanding of the impacts of different frequencies of each pressure. Addressing the 

frequency component is, however, challenging as it results in infinite combination of the 

proximal stressors and this must be taken into consideration during the management of future 

dredging projects as no guideline can accommodate all possible combinations. In light of this, 

improved knowledge of the influence of various frequencies of each pressure on coral health 
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would allow for improved management of future dredging activities. In addition, investigation 

of the impacts of different sediment exposure at more regular intervals would allow the 

development of improved thresholds on a finer running mean time scale and again improve 

management effectiveness. 

The dredging-related water quality impacts on coral health investigated for the Barrow Island 

reefs were somewhat unusual, as this project involved dredging of an offshore, clear water, 

oligotrophic coral reef environment (Chapter 2). This situation contrasts with the majority of 

other dredging projects that usually occur in nearshore environments where channels are 

excavated to facilitate the shipping of goods from coastal ports (Ports Australia 2014). These 

inshore coral reef environments are generally already turbid, such as the inshore GBR and 

inshore north-western Australia, due to estuarine runoff, tidal forces and wind driven re-

suspension (Larcombe et al. 1995, Wolanski & Spagnol 2000, Wolanski et al. 2001, Wolanski et 

al. 2003, Wolanski et al. 2005). Coral communities in these locations will, therefore, already be 

subjected to elevated sediment-related pressures and are likely well adapted to survive in these 

conditions, and this is also reflected in differences in community structure between near-shore 

and clear water, offshore reefs (Birkeland 1987, Hopley et al. 1993, Larcombe et al. 1995, 

Anthony & Larcombe 2000, Yentsch et al. 2002, Browne 2012, Browne et al. 2014). However, 

these inshore corals are also generally limited to less than 4 m depth, and live close to their low 

light tolerance limits (Anthony & Larcombe 2000), and this will influence their ability to survive 

additional reductions of light resultingAccou from dredging. The Barrow Island dredging project 

was also relatively unusual in that the sediments generated were predominantly carbonate 

(Jones et al. 2015a). This differs to the sediment composition that is usually found on inshore 

regions, which is generally of terrestrial origin and therefore composed of both silicates and 

carbonates (Maxwell 1970). Inshore sediments are generally also darker in colour and this will 

impact upon light attenuation properties (Storlazzi et al. 2015). There are also more nutrients 

associated with inshore sediment (Furnas 2003), and these nutrients pose additional cause-

effect pathways and are expected to have elevated impacts on coral health (Appendix A). 

Therefore, care should be taken to avoid broadly applying thresholds developed experimentally 

with specific sediment types and with locally-adapted corals without considering potential 

differences in sediment type, water quality conditions and local coral communities. 

In addition, the thresholds developed through experimental work (Chapter 5) differ from 

thresholds that were developed from the field data at Barrow Island. The 14 day running mean 

thresholds developed from the Barrow Island project revealed a strict threshold for the 

probability of mortality of 0.66 mol photons m-2 d-1, and permissive threshold of 0.77 mol 

photons m-2 d-1, while the 30 day running mean threshold from experimental work for a 10% 

impact on mortality (EI10) of P. acuta colonies was 1.5 mol photons m-2 d-1, while no mortality in 
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A. millepora was observed over this period, therefore averaging a threshold of 0.75 mol photons 

m-2 d-1 for the two species (Chapter 5, Fisher et al. 2017). The most likely reason for any 

difference between lab and field generated thresholds is the compounding effects of different 

stressors during dredging (elevated SSCs, light attenuation and sediment deposition), with these 

never acting individually, but in combination, posing together a greater risk to coral health. 

Another potential difference between these thresholds is that water quality conditions during 

dredging fluctuated through time and the average running mean light conditions comprised of 

variable light exposure, while experiments tested stable light conditions through time, and this 

may have influenced responses of coral health. Furthermore, recent investigations have 

revealed that light is not only attenuated by SSCs, but the quality of the light is also reduced, 

with a shift away from wavelengths beneficial for photosynthesis (Appendix A). This reduction 

in photosynthetically available light will exacerbate impacts on coral health compared to 

reduced light quantity alone, and this should be taken into consideration when managing 

sediment generating events. This demonstrates the potential causes of the subtle differences in 

thresholds of low light developed by field and laboratory investigations, and suggests that 

implementation of lab based thresholds should consider these possible additional impacts.  

Light levels measured as part of dredging related monitoring in both pre-dredging baseline 

periods and during dredging were considerably lower during winter months (Chapter 5). During 

dredging undertaken in winter, light levels were below the EI10 threshold for both corals and 

CCA over extended periods (Chapter 5). This has implications for the management of future 

dredging activities, as it suggests dredging in winter months should be avoided to reduce 

excessive light limitation stress to benthic communities (Chapter 5). One strategy to overcome 

this would be to dredge over summer, however, this may coincide or follow thermal bleaching 

events (see Chapter 6), as occurred during the Barrow Island dredging activities, and could lead 

to cumulative impacts on coral populations (EPA 2006, Hanley 2011, Fisher et al. 2015, Jones et 

al. 2015a). Current regulations prevent dredging in Western Australia during the periods of 

annual mass coral spawning (the Environmental Window), to minimise impacts on coral 

reproduction and recruitment (Jones et al. 2015b). Both the potential impacts of dredging on 

coral reproduction and recruitment, along with cumulative impacts associated with coral 

bleaching complicate the management of dredging during summer months. All these above 

factors suggest that consideration should be given to the time of year dredging is undertaken 

and if dredging is carried out during winter months, light levels should be closely monitored to 

ensure they are maintained above threshold levels to avoid depletion of energy stores and 

eventual mortality. 
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7.3 Cumulative impacts 

The accumulation of various local and global stressors represents one of the greatest threat to 

coral reefs globally (Gardner et al. 2003, Carpenter et al. 2008, Knowlton & Jackson 2008). Those 

reefs that have limited disturbance from local stressors, such as nutrient and sediment laden 

run-off, over fishing, and coastal development have been found to recover at unprecedented 

speed from global stressors, and therefore have increased resilience (Gilmour et al. 2013). It is 

anticipated that reefs which frequently encounter local disturbances will have reduced recovery 

in comparison to those without, suggesting reduced resilience to global stressors (Hughes et al. 

2003, Pandolfi et al. 2005, Bruno & Selig 2007, Knowlton & Jackson 2008). These threats to reefs 

are also exacerbated by the increase in frequency of stress events, in particular coral bleaching, 

which are impacting reef systems (Hoegh-Guldberg et al. 2007). Cumulative impacts can result 

from simultaneous stressors impacting at the same time, and also by the sequential application 

of stressors (Anthony et al. 2013). While dredging and coral bleaching co-occurring is possible, 

it is more likely that dredging related pressures will coincide with the months-long recovery of 

corals following bleaching (Jones & Yellowlees 1997). This sequence of events was investigated 

in Chapter 6, where thermally bleached corals were found to have reduced capacity to clear 

deposited sediment, and this capacity was again reduced with consecutive deposition events, 

even after sediment was removed from tissue following each deposition event. This 

demonstrates that the sequential cumulative impacts of a bleaching event and dredging related 

pressures result in reduced coral health (Chapter 6). Future management activities should take 

multiple simultaneous and sequential stress events into consideration, as a coral reef system 

recovering from a stress event, such as thermal bleaching, has reduced resilience to further 

perturbations, such as dredging activities. One approach to minimise the cumulation of dredging 

and coral bleaching related pressures was taken at Magnetic Island in Queensland where water 

quality thresholds were halved when dredging coincided with coral bleaching to avoid 

disproportionate impacts on coral health (Chin & Marshall 2003). This appears to be an 

appropriate method of mitigating this cumulation of impacts, and should be considered during 

future dredging activities.  

7.4 Future directions  

While this Thesis has addressed some of the impacts of dredging-related stressors on corals, 

further investigations are required to improve our understanding, and subsequent 

management, of these disturbances in the future. Firstly, this work has focused on the impacts 

of both SSCs and subsequent light attenuation on coral health, and has demonstrated that light 

attenuation has a greater impact on coral health than SSCs (Chapter 4). The levels of low light 
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required to impact upon coral health, however, correspond with locations close to dredging, and 

in such areas sediment deposition will also be a key pressure parameter impacting upon health 

(Chapter 4, Chapter 5). This suggests that further investigations into the impacts of sediment 

deposition on coral health are required to develop effective thresholds for management. In 

order to assess realistic deposition rates, a more effective method of quantifying sediment 

deposition through time, and in the field over extended periods is required (Storlazzi et al. 2010, 

Whinney et al. 2017). 

All experimental work undertaken by this Thesis used sediment with low associated nutrient 

levels, relevant to offshore dredging sites like Barrow Island, but studies indicate that the 

enrichment of sediments with organic nutrients, common to inshore and run off areas, can cause 

additional tissue necrosis as these nutrients support considerable bacterial and viral 

communities (Weber et al. 2012). Nutrients can, therefore, represent an additional factor to 

consider when assessing the impacts of dredge-related pressures on corals, and this is likely to 

add a suite of additional causal pathways on top of those that have been investigated here 

(Appendix A). Further investigations are clearly warranted to clarify these pathways and to 

quantify the impacts of nutrient enrichment of both suspended, and depositing sediments on 

corals. 

There is large variation in the water quality pressures experienced through time during dredging 

projects (Jones et al. 2015a), with this strongly influencing the frequency component of CDF 

analyses (Robinson & Roby 2006, Schwartz et al. 2008). This variation through time is the most 

challenging of the three CDF components to incorporate into experimental work, as it results in 

infinite combinations of different pressure intensities and durations. Investigation of the 

impacts of dredge-related pressures on coral health, over several different frequencies, would 

provide key insight into predicting how dredging operations, or natural suspension events, will 

impact coral populations, and importantly what periods of improved water quality are required 

to maintain coral health during intermittent periods of poor water quality, as characteristic of 

dredging related water quality conditions (Jones et al. 2015a). These dynamic SSC conditions 

generated during dredging operations represent both challenges to and opportunities for 

exposed corals. During periods of elevated SSCs both phototrophic and heterotrophic nutrition 

sources may be limited and the ability to switch between these nutritional modes will increase 

their resilience (Anthony & Fabricius 2000), and if both of these nutritional inputs are limited, 

corals will be left relying on energy stores (Muscatine 1990, Grottoli et al. 2004). Reprieves 

between periods of poor water quality during dredging will allow for the maintenance of their 

symbiosis and replenishment of energy stores, which will prolong survival. Further studies would 

be beneficial to determine which coral groups are able to switch nutritional modes, how often 

they can do so, and how long energy stores are able to maintain coral survival during periods of 
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low light and elevated sediment deposition. Identification of this process in situ, during exposure 

to dredging-related pressures would also benefit our understanding, by providing insights into 

the causal processes governing coral health during exposure to dredging-related pressures and 

allow for improved management of future dredging activities. 

7.5 Conclusions 

The results presented in this Thesis have provided a unique insight into the effects of dredging 

in situ on coral populations, and the causal pathways operating when corals are exposed to 

dredging-related pressures. Light attenuation and sediment deposition appear to be the two key 

drivers of coral health during prolonged turbidity events, and these stressors are tolerated 

differently depending on coral morphology and species (Chapter 2). The production of elevated 

numbers of mucous sheets is an appropriate sub-lethal bioindicator of sediment related 

exposure and could be monitored during periods of elevated sediment pressure to determine 

whether it is impacting on the health of local coral communities (Chapter 3). The stress threshold 

values for light attenuation generated here should prove a valuable metric for the management 

of dredging operations, but still need be implemented with caution as it is likely that threshold 

values will be reduced, and therefore coral sensitivity will increase, when they occur in 

conjunction with sediment deposition (Chapter 4, Chapter 5). It is clear that corals exposed to 

dredging face simultaneous multiple pressures, particularly sediment deposition and light 

attenuation (Chapter 2), and this can be further exacerbated by bleaching resulting from thermal 

stress, that reduces the ability of coral to clear deposited sediment (Chapter 6), which will 

otherwise result in necrosis (Weber et al. 2012). The effective management of dredging 

programs, therefore, need to consider and actively monitor multiple metrics including light 

attenuation, sediment deposition and mucus sheet formation, and in addition account for 

increased sensitivity of corals due to additional compounding stressors, such as climate change 

related coral bleaching events. The overall knowledge gained through these investigations 

suggest that corals seem to be suffering death by a thousand cuts (Bridge et al. 2013), and 

further efforts should be made to reduce the impacts of local stressors, such as dredging, on 

coral populations to improve their resilience to survive global pressures associated with the 

changing climate that are more difficult to manage.   
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Abstract 

There is a need to develop water quality thresholds for dredging near coral reefs that can relate 

physical pressures to biological response and define exposure conditions above which effects 

could occur. Water quality characteristics during dredging have, however, not been well 

described. Using information from several major dredging projects, we describe sediment 

particle sizes in the water column/seabed, suspended sediment concentrations at different 

temporal scales during natural and dredging-related turbidity events, and changes in light 

quantity/quality underneath plumes. These conditions differed considerably from those used in 

past laboratory studies of the effects of sediments on corals. The review also discusses other 

problems associated with using information from past studies for developing thresholds such as 

the existence of multiple different and inter-connected cause-effect pathways (which can 

confuse/confound interpretations), the use of sediment proxies, and the reliance on information 

from sediment traps to justify exposure regimes in sedimentation experiments. 

Keywords: corals; dredging; turbidity; light; thresholds; water quality 

 

Introduction 

Dredging and dredging related activities such as dredge material placement (spoil disposal) 

releases sediment into the water column where it can have a significant effect on nearby benthic 

communities (Bak, 1978; Brown et al., 1990; Dodge and Vaisnys, 1977; Erftemeijer et al., 2012; 

Foster et al., 2010; Rogers, 1990). Consequently, most large-scale dredging projects require 

environmental impact assessments (EIAs) and active management when underway (EPA, 2011). 

The environmental and management issues associated with dredging and construction around 

ports and harbours has recently been reviewed and guidelines produced for monitoring, 

management, and mitigation (Foster et al., 2010). 

There is a critical need to improve the ability to make scientifically sound predictions of the likely 

extent, severity, and persistence of environmental impacts associated with dredging especially 

when conducted close to sensitive habitats such as coral reefs. One of the more practical ways 

is by water quality monitoring, i.e. measuring the key hazards which are capable of having 

adverse biological effects. Water quality monitoring can be vessel-based or by fixed or rapidly 

relocatable mobile ‘sentinel’ in situ platforms, or even autonomously by vehicles remotely 

controlled from land (Van Lancker and Baeye, 2015). The use of these technologies allows 

dredging proponents to be quickly alerted to conditions where environmental damage may 

occur and modify the dredging activities as required. However, to be useful in this way, the water 

quality data have to be coupled to thresholds that relate the physical pressure(s) to a biological 

response(s) and define exposure conditions above which effects could occur.  

Similar threshold values for chemical contaminants are usually derived from field data and more 

frequently from controlled, laboratory-based studies (i.e. exposure studies) where test 
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organisms are incubated with toxicant(s)/hazards over short-term (acute) and longer term 

(chronic) time periods (Chapman, 2002). Many such studies have been conducted on the effects 

of sediments on corals in the context of understanding the effects of terrestrial run-off and 

dredging, and the studies have been collated and reviewed many times, i.e. (Erftemeijer et al., 

2012; Fabricius, 2005; Foster et al., 2010; Jones et al., 2015b; Rogers, 1990). These studies have 

contributed to our collective understanding and concern of the environmental effect of 

sediments on coral reefs. Logically, information from these studies should be suitable for 

threshold development. However, the results are dependent on the exposure scenarios and 

experimental conditions used, and it is noticeable that although a great deal of data have been 

collected (see Falkenberg and Styan (2014), there is little information in the public literature 

about the conditions that can occur in situ during dredging around coral reefs ((Jones et al., 

2015a). Recently, Harris et al. (2014) highlighted the fundamental significance in ecotoxicology 

of the use or environmentally relevant or realistic conditions, the need for comprehensive 

justification of any exposure conditions, and the dangers associated with an incomplete 

understanding. 

We first identify, through a conceptual model, the likely exposure pathway(s) associated with 

the effects of dredging, including how proximal stressors are interlinked and interact with 

natural stressors. Data from several recent major dredging programs in reefal areas of tropical 

Australia are then examined to describe how the water quality conditions change over time to 

provide a first order approximation of the environmentally relevant or realistic exposure 

scenarios. The existing literature of the effects of sediments on corals is then examined with 

specific attention to the experimental conditions used in order to assess the suitability of past 

studies for deriving information for impact prediction purposes (i.e. for modelling and 

monitoring). One of the objectives of the review is also to facilitate a technical understanding of 

sediments and sediment resuspension, water quality issues associated with dredging programs, 

and some of the terminologies used and processes involved. The analysis concludes with some 

recommendations and guidance for future study. 

Natural and dredging-related turbidity events 

Turbidity is the optical property of a suspension that causes light to be scattered and absorbed 

rather than transmitted through the water column (Davies-Colley and Smith, 2001); it implies 

muddiness and lack of clarity and transparency (Kirk, 1994). The attenuation of light is related 

to the suspended-sediment concentration and the water itself, plankton, and other microscopic 

organisms and coloured organic matter (humics, APHA 1985, Kirk 1994). Suspended-sediments 

are often the dominant factor affecting light attenuation in tropical and sub-tropical waters. 

Natural turbidity events are common in the shallow reef environment and although 

resuspension and transport of suspended material may be strongly influenced by unidirectional 

currents, wind-driven waves are the primary mechanism of turbidity generation (Jing and Ridd, 

1996; Larcombe et al., 2001; Lawrence et al., 2004; Ogston et al., 2004; Verspecht and 

Pattiaratchi, 2010). The underlying hydrodynamic principles associated with natural turbidity 

generation are illustrated in Fig. 1 and further information on hydrodynamic controls of 

sediment resuspension and sedimentation are given in Larcombe and Woolfe (1999) and in a 

suite of more recent studies in Hawaii (Ogston and Field, 2010; Ogston et al., 2004; Storlazzi and 

Jaffe, 2008; Storlazzi et al., 2004).  
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Fig. 1. Stylized representation of current and wave-induced turbidity generation in the shallow, reef 

environment (see text for explanation). 

 

Briefly, water moves in circular motion with the diameter of orbit equal to the wave height (Van 

Rijn et al., 1990) and the orbital motion is transferred into deeper water with the radius of the 

motion decreasing with increasing depth and compressing into ellipses in shallow water (Perry 

and Taylor, 2009). When tidally-driven near-bottom currents and wave-orbital nearbed speeds 

are sufficient to exceed a critical bed shear stress seabed erosion occurs, releasing sediment into 

the overlying column as a suspended load (Ogston et al., 2004; Storlazzi et al., 2004; van Rijn, 

2007). Once sediment is suspended a small rise in shear stress can result in a disproportionate 

increases in suspended-sediment concentration (SSCs) (Orpin et al., 2004). Sediments will 

remain in suspension until the fluid velocity is insufficient for turbulent eddies to balance 

gravitational forces and the particles will settle out, depositing on the seabed (Masselink et al., 

2014). This could occur in quiescent, calm areas (i.e. embayments), in waning periods after 

storms (Storlazzi et al., 2009; Verspecht and Pattiaratchi, 2010) or during slack water between 

tides. Fluctuating shear stresses can also result in successive re-suspension and deposition 

events and if the amount of sediment deposited on the bed exceeds the amount eroded over 

the same time period then net deposition will occur (McAnally and Mehta, 2001; Ogston et al., 

2004). 

The phrase ‘turbidity-generating event’ is used here generically to describe dredging and marine 

construction related activities which release sediments into the water column. These include 

release of sediment at the seabed by the action of the drag head or cutter suction head (Fig. 2), 

release of sediments at the surface by the overflow of fine material from the dredge hopper or 

hopper barge, spillage from the bucket of a back hoe dredge, and also dredge material disposal. 

Release from the overflow is one of the primary mechanisms and sediment concentrations in 

the hopper can measure in the tens of g L-1 range; however, there is usually an abrupt, rapid 

initial dilution by a factor of 10–100, with SSCs decreasing logarithmically with time and distance 

(Duclos et al., 2013; Spearman, 2015; Spearman et al., 2007). 

The terms ‘near-field’ and ‘far-field’ are used to distinguish sediment plumes based on the 

behaviour of the resuspended particles and this is closely related to the proximity to dredging 

(for a detailed discussion see VBKO (2003)). Near-field plumes are also called ‘active’ plumes and 

behave in a ‘dynamic’ manner, with material descending rapidly to the seabed as a density 

current. Entrainment of ambient water into the plume can slow its descent and entrainment of 

air bubbles into the plume on discharge and action from the ship’s propellers can also lift a 

portion of the plume to the surface (Fig. 2). Settling of coarser rather than finer particles occurs 

as sediment is advected away from the dredging site and sands will drop quickly within the first 

10–20 min (Duclos et al., 2013). The far-field or passive plume is made up of much lower SSCs 
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and the fine fraction of material mixed into the water column can stretch for many kilometres 

and persist for several hours, as determined by site-specific hydrodynamics and local conditions 

(Fig. 3B). 

 
Fig. 2. Stylized representation of plume generation by a trailing suction hopper dredge, the most 

commonly used of the hydraulic dredges for soft sediments (see Foster et al. (2010)). Turbidity is 

generated at the drag-head and at the surface if sediment-laden water inside the hopper is allowed to 

discharge (overflow). This can occur from the ship’s sides but usually through a vertical shaft inside the 

hopper, exiting below water level (Foster et al., 2010; VBKO, 2003). 

 
Fig. 3 A–H. (A) Working trailing suction hopper dredge in the Pilbara region of Western Australia 

generating buoyant surface plumes through propeller wash. (B–D) Atmospherically corrected, colour 

corrected, pan sharpened satellite image from the United States Geological Survey (USGS) Operational 

Land Imager (OLI) instrument on (B) 10 July 2014 showing sediment plumes caused by dredging and 

dredge material placement near Onslow in the Pilbara region of Western Australia (where DMPS = 

offshore dredge material placement site) and (C) 25 September 2013, showing natural turbidity caused 

by a high wind event. (D) Buoyant turbidity plume overlying a branching Acropora spp. colony. (E) a 

branching Acropora spp. colony photographed during the daytime, and temporarily in darkness caused 

by the elevated turbidity levels. (F) Smothering of a plating Montipora spp. by sediment. Images D and F 

were taken during a dredging project at Nelly Bay (Central Great Barrier Reef) and image E during the 
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Barrow Island project. Satellite images courtesy of Mark Broomhall and Peter Fearns (Department of 

Imaging and Applied Physics Curtin University of Technology). 

 

Conceptual model of the effects of sediments on corals 

A conceptual model of the effects of turbidity-generating events on corals based on the US 

Environmental Protection Agency (USEPA) causal/diagnosis decision information system 

framework (CADDIS)(Norton et al., 2009; USEPA, 2004) is shown in Fig. 4. In the model, all known 

cause–effect linkages, biologically plausible cause–effect pathways, and potentially confounding 

variables and interacting factors are displayed in a single framework. Sources of sediments 

include carbonate and igneous and siliciclastic intertidal and subtidal sediments released into 

the water column (Fig. 4). There are many activities associated with dredging and land 

reclamation activities that can cause turbidity ranging from major sources such as hopper 

overflow to more trivial sources such as rock-dumping (Koskela et al., 2002). Damage associated 

with dredging and turbidity-generating activities can be separated into direct and indirect 

effects (Fig. 4), with direct effects including the removal of hard and soft substrate (within the 

dredge footprint), smothering of the seabed at disposal (placement) sites. 

A second and much larger groups of cause-effect pathways are associated with mobilization of 

sediments into the water column, i.e. ‘turbidity’ or ‘plume-generation’ and subsequent 

movement of sediment out of the immediate dredging or dredge material placement site. These 

‘indirect’ effects can be further divided into (1) chemical and (2) physical effects. Chemical 

effects include the release of FeS-rich sediments which can rapidly deoxygenate water and 

change pH levels (i.e. is a proximal stressor) (Morgan et al., 2012). Desorption of legacy 

contaminants and release of nutrients and pore–water dilution can also change the chemical 

environment of the water column (Eggleton and Thomas, 2004; Su et al., 2002). Nutrient release 

has the potential to change oxygen concentrations, mediated through phytoplankton and 

microbial blooms (i.e. a step in the causal pathway, Fig. 4). Changes in oxygen and nutrient levels 

and especially contaminant concentrations have the potential for acute and chronic 

toxicological, cellular and physiological effects, including genotoxic (mutagenic, teratogenic and 

carcinogenic) effects, as well as bioaccumulative effects through uptake and ingestion of 

contaminants (see for example Hedge et al. (2009)). Prior to dredging, sediments are normally 

examined for contaminant concentrations and, in Australia at least, landfilled if levels exceed 

screening guidelines (DEWHA, 2009). Many capital dredging projects in the tropics also occur in 

green-field sites without historical pollution, and sediment contamination is typically less of a 

concern than industrialized areas (with a few notable exceptions, see (Jones, 2011)). Whilst not 

discounting the potential significance of chemical effects, especially in the near-field 

environment, the rest of the review is concerned with indirect effects of physical proximate 

stressors associated with turbidity generating events and include (1) elevated suspended-

sediments, (2) changes in light quality and quantity, and (3) sediment covering (Fig. 4). 

For all proximate stressors the key interacting factors are periods of naturally elevated turbidity 

associated with (1) currents, wind-driven waves and elevated sea states associated with trade 

winds and storms (Jing and Ridd, 1996; Larcombe et al., 2001; Lawrence et al., 2004; Ogston et 

al., 2004; Orpin and Ridd, 2012; Verspecht and Pattiaratchi, 2010) and (2) in the nearshore, 

coastal environment, the effects of river-borne discharges from monsoonal events and tropical 

depressions, and associated sediment-laden, hypopycnal flood waters (Orpin and Ridd, 2012; 

Storlazzi et al., 2009). Natural cycles of light availability are also an interacting factor and 
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summarized in Anthony et al. (2004)), these include (1) the seasonal pattern of daily surface 

irradiance (insolation) governed by the solar declination cycle (Kirk, 1994), (2) tidal cycles which 

affect the depth of the water, (3) meteorological phenomena including patterns of cloud 

formation (Wright, 1997) and (4) large-scale pressure systems such as the Madden-Julian 

oscillation (MJO) (Madden and Julian, 1994). 

Cause-effect pathways  

Suspended-sediment 

Corals are both autotrophs and heterotrophs and many studies have shown raptorial capabilities 

and the capture of up to meso/macro sized zooplankton by nematocyst discharges and tentacle 

grabbing (Ferrier-Pages et al., 2003; Marshall and Orr, 1931; Sebens et al., 1998; Sebens et al., 

1996; Vaughan, 1916). Zooplankton feeding contributes significantly to fixed carbon 

incorporated into coral skeletons (recently reviewed by Houlbrèque and Ferrier-Pagès (2009).  

 
Fig. 4. A conceptual model of the effects of turbidity-generating events on corals based on the US 

Environmental Protection Agency (USEPA) causal/diagnosis decision information system framework 

(CADDIS), identifying the sources of sediment, dredging-related turbidity-generating activities, all known 

cause–effect pathways, biologically plausible cause–effect pathways, modes of action, interacting factors, 

and likely physiological and ecological responses (see text for explanation). 

 

From the early suggestions of Goreau et al. (1971) and Muscatine and Porter (1977), corals have 

been shown to gain some energy heterotrophically by tentacular suspension feeding 

(Houlbrèque and Ferrier-Pagès, 2009). General suspension feeding mechanisms include direct 

interception and electrostatic attraction (LaBarbera, 1984; Rubenstein and Koehl, 1977) and 

once captured there is a second stage involving particle retention and a third phase involving 
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movement of captured particles to the mouth (Shimeta and Koehl, 1997). Tentacular suspension 

feeding for particulate matter occurs through entrapment in mucus on the coral surface. 

Another capture process is via mucus threads or filaments attached to the oral disk that are 

swept by water turbulence entangling fine particulate material as well as larger zooplankton 

(Lewis and Price, 1975, 1976; Lewis, 1976). Ingestion is completed by movement by cilia of 

particles trapped in the mucus to the mouth (Lewis and Price, 1975; Vaughan, 1916). 

Recent studies have shown that the coral cilia can generate vortical flows extending up to 2 mm 

from the surface which can substantially enhance the transport of solutes to and from the coral 

surface (Shapiro 2014) suggesting corals may be complementing passive entrapment by active 

mechanisms. Marshall and Orr (1931) observed that ciliary movement of deposited sediment is 

a short term response which cannot be maintained for long periods, implying a metabolic cost. 

However, the energy invested in powering the ciliary movement is reported to be a negligible 

fraction of the coral’s metabolic budget (Shapiro 2014), but how this changes in response to 

increased drag associated with high SSCs has yet to be determined.  

Ingestion of sediments has been observed in many studies (Lewis and Price, 1975; Lewis, 1976; 

Logan, 1988; Marshall and Orr, 1931; Stafford-Smith and Ormond, 1992; Stafford-Smith, 1993) 

and appears to be part of a normal feeding mechanism. Suspended particulate matter 

constitutes a potentially diverse food source containing bacteria, microalgae, protozoa, detrital 

organic matter (Marshall, 1965), interstitial invertebrates, detached, undissolved mucus (Wild 

et al., 2004), microbial exudates, and excretory products from other animals (e.g. from fish, 

Meyer and Schultz, 1985, Lopez & Levinton 1987, Houlbrèque & Ferrier-Pagès 2009). Many 

studies have now shown that after sediment ingestion corals are capable of assimilating and 

obtaining nutritional benefits from the associated organic matter (Anthony, 1999, 2000; 

Anthony and Fabricius, 2000; Mills and Sebens, 1997; Mills et al., 2004; Rosenfeld et al., 1999). 

Mills and Sebens (1997) suggested that high loads of clean sediments may cause most of the 

polyps to stop feeding and reject sediments, reducing ingestion rates. Similarly, Anthony (2000) 

indicated that at concentrations >30 mg L-1 Acropora millepora and Pocillopora damicornis from 

clear water offshore environments showed a tendency to retract their polyps reducing potential 

for energy gains from feeding. It follows that depending on organic content, water flow and 

morphology, low SSCs may be beneficial for some corals in some circumstances and detrimental 

at higher concentrations. This concept of a low dose stimulations and high dose inhibition has 

now been reported in numerous studies (Anthony, 1999, 2000; Logan et al., 1994; Mills and 

Sebens, 1997; Mills et al., 2004; Mills and Sebens, 2004; Rosenfeld et al., 1999; Stafford-Smith 

and Ormond, 1992; Tomascik and Sander, 1985). Whilst low suspended-sediment 

concentrations can have beneficial effects, overall high SSCs is one of the key pressure 

parameters reducing feeding activity and requiring energy to continually process and transport 

intercepted sediments (Fig. 4). 

Light availability 

Most reef-building corals form mutualistic symbioses with dinoflagellates of the genus 

Symbiodinium (Freudenthal, 1962), a diverse range of microalgae divided into nine known clades 

with significant functional and genetic intercladal diversity (Stat et al., 2012). The algae provide 

‘photosynthates’ or photosynthetically fixed carbon to the host, providing additional energy for 

respiration and growth (Dubinsky et al., 1984; Falkowski et al., 1984; Goreau, 1959; Lesser, 2004; 

Muscatine, 1990). The Symbiodinium spp. reside endosymbiotically in the coral endodermal 

(gastrodermal) tissues within a membrane complex, the symbiosome (Roth et al., 1988; 
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Wakefield and Kempf, 2001), at densities of typically one to two, but sometimes up to six per 

host cell (Muscatine et al., 1998). Forming the symbiosis enhances deposition of the calcium 

carbonate skeleton in light-enhanced (DCMU-sensitive) calcification (Gattuso et al., 1999). The 

highly reflective skeleton also enhances the light field experienced by a polyp through light 

scattering and diffuse reflection, increasing the probability of absorption and increasing the 

exposure to photosynthetically active radiation (PAR) by 3-20 fold (Enrıquez et al., 2005; Kuhl et 

al., 1995; Marcelino et al., 2013; Reef et al., 2009). 

Corals and their algal symbionts are superbly adapted to living in both low light and high light 

environments, exhibiting behavioural morphological and physiological plasticity to maximise 

light utilization and minimize damage (Roth, 2014). For the host (animal), these include changes 

in polyp retraction (Levy et al., 2003) and micro- and macro-scale growth morphology (Barnes, 

1973). For the algal symbionts this includes changes in optical cross sectional areas and light 

harvesting capabilities through changes in photosynthetic and accessory pigment 

concentrations (Anthony and Hoegh-Guldberg, 2003; Falkowski and Dubinsky, 1981; Falkowski 

et al., 1984; Mass et al., 2010).  

The quantity and quality (spectral composition) of the submarine light field is fundamentally 

important for the physiology and ecology of the coral-algal symbiosis and light attenuation, 

mediated by absorption and scattering of light by suspended particles (i.e. a step in the causal 

pathway), is one of the key proximal stressors in the short and especially long-term. In very low 

or zero light conditions, corals can enter a state of hypoxia and then anoxia; the mode of action 

is though reduced autotrophy and hypoxia (considered further below). 

Sediment covering 

The immediate response of corals to deposition of sediments on their surfaces is an attempt to 

self-clean by a moving sediments to edges where they are dropped off the colony (Marshall and 

Orr, 1931). The principal sediment rejection mechanisms identified for a range of coral species, 

representing different families and a range of growth forms and corallite morphologies are 

ciliary action, hydrostatic inflation, tentacle movement, contractions, and mucus entrapment 

(Bak and Elgershuizen, 1976; Hubbard and Pocock, 1972; Logan, 1988; Marshall and Orr, 1931; 

Schuhmacher, 1977; Stafford-Smith and Ormond, 1992; Stafford-Smith, 1993; Vaughan, 1916; 

Yonge and Nicholls, 1931). These are usually referred to as active processes (requiring energy) 

and most corals employ ciliary action and hydrostatic inflation (sometimes in conjunction with 

pulsed contractions and polyp expansion), mucus entanglement, and tentacle movement to 

remove sediments. 

A number of other mechanisms have been proposed including movement of sediment by 

mesenterial filaments, capture of sediment by nematocysts, and sediment ingestion. 

Commensal crabs become more active during high sediment deposition rates (Stafford-Smith & 

Ormond 1992) and can create local turbulence, which dislodges particles. Turbulence from 

feeding fish can have similar effects (Loya, 1976). It is unclear whether some of these proposed 

mechanisms are associated with feeding responses and whether they represent physiologically 

significant sediment-rejection mechanisms. Observations of tentacle movement and processing 

of individual sediment particles may be a consequence of the large, sand-sized particles used in 

some of these feeding experiments (Stafford-Smith and Ormond, 1992). Ingested sediments are 
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subsequently regurgitated several hours later as mucous-bound pseudo faeces (Logan, 1988), 

so sediment ingestion will not clear sediment from the surface.  

Corals also have gross and fine scale skeletal morphologies which can assist gravitational forces 

to remove sediments from their surfaces. These include surface inclination, branch spacing and 

diameter in arborescent species and aspect ratio and the degree of sphericity in massive species. 

Finer sale morphology relates to calical size and shape (Hubbard and Pocock, 1972; Lasker, 1980; 

Logan, 1988; Marshall and Orr, 1931; Vaughan, 1916). Stafford Smith (1993) also proposed a 

new parameter, surface smoothness, which is an index of surface microarchitecture and the 

ability of corals to expand tissues (by the active process of hydrostatic inflation) above skeletal 

projections, resulting in a shape which better sheds sediments passively. Calix inclination is a 

key parameter Logan (1988).  

Once the sediment clearance rates have been exceeded, sediments will inevitability build-up on 

a coral’s surface and it becomes progressively buried in a sediment deposit (i.e. smothering, Fig. 

3F). The ultimate fate of the underlying tissues is partial mortality (lesion formation), unless the 

layer is removed by a storm. One of the significant issues associated with smothering is tissue 

hypoxia, brought about by either light attenuation caused by a sediment covering or a reduction 

in gas (solute) transfer across diffusive boundary layers (DBLs). Corals are oxygen conformers, 

routinely experiencing pronounced diel changes in tissue oxygen concentrations ranging from 

super-saturation (hyperoxia) during the daytime associated with algal photosynthesis, to night-

time oxygen shortage (hypoxia) or even anoxia by host and algal respiration (Jones and Hoegh‐

Guldberg, 2001; Kuhl et al., 1995; Shashar et al., 1996). In darkness, or low flow conditions, 

oxygen concentrations can fall to levels where aerobic respiration and ATP generation is limited, 

a situation analogous to flooding of terrestrial plants (Bailey-Serres and Voesenek, 2008; Fukao 

and Bailey-Serres, 2004). Sea-anemones can survive hypoxic periods by engaging in 

fermentation processes involving glycolysis (Ellington, 1977; Ellington, 1980, 1982) which 

generates some ATP although at much lower yields (6 less) than aerobic respiration (Shick, 

1991). Fermentation processes have been regularly implicated in corals as a means of tolerating 

short-term hypoxia (Weber et al., 2012; Wooldridge, 2013). 

The mechanism underlying sediment-smothering induced mortality and local necrosis has been 

described in detail by Weber et al. (2012). A rapid (<24 h) microbially-mediated anoxia and 

change in pH was recorded in Montipora peltiformis smothered with a couple of millimetres of 

organically-rich sediments, leading to localised necrosis. Sediment smothering is therefore a key 

pressure parameter associated with turbidity generation, resulting in boundary-related effects 

and decreased solutes (such as oxygen) and metabolite exchange, mass transport limitations, 

and decreasing filtering/feeding. Sediment smothering is related to sedimentation processes in 

the water column, which dependent on wave movement turbulence and local hydrodynamics 

(i.e. an interacting factor). 

Combined effects of proximal stressors  

The key pressure parameters identified above and associated with the indirect effects of 

dredging activities on reef communities (represented by the inner triangle in Fig. 4) are: (1) high 

SSCs affecting feeding (heterotrophy reduction), (2) a reduction in light and associated effects 

on the photosynthesis of the symbiotic microalgae of corals (phototrophy reduction), and (3) 

sediment smothering which causes a reduction in gas (solute) transfer across diffusive boundary 
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layers. These three cause-effect pathways are highly interconnected, with suspended-sediments 

causing biological effects directly, but also acting as a causal step to changes in light quality and 

quantity (through attenuation and scattering in the water column). Similarly, high SSCs are a 

prerequisite for sediment deposition, mediated by the process of sedimentation (a casual step) 

in the water column. Once the coral’s surface is veneered or smothered by sediment, the effect 

will be similar to light reduction in the water column and feeding process will also be affected, 

and for this reason smothering by sediments has most biological effects associated with it (Fig. 

4). 

The relative influence of these three key pressure parameters can be symbolized in the ternary 

diagrams of Fig. 5 with epibenthic filter feeders such a sponges most likely to be more affected 

by high SSCs (Bell et al., 2015) and sitting at the apex of the triangle (Fig. 5A). Seagrasses, which 

have comparatively high light requirements (Dennison et al., 1993), are likely to be located more 

towards the lower left hand side. Non-photosynthetic benthic filter feeders, such as tropical 

barnacles (Fabricius and Wolanski, 2000), are likely to be located on the right hand-side. Species 

with mixed modes of nutrition, such as symbiotic hard and soft corals, are likely to be equally 

influenced and are represented at the triangle’s orthocentre (Fig. 5A). 

 

 
Fig. 5 A–E. Ternary diagrams representing the relative influence of 3 key proximal stressors associated 

with turbidity generation activities i.e. suspended sediment (SS), light availability (LA) and sediment 

covering (SC) on shallow tropical benthic organisms such as corals, sponges, seagrass and filter feeders 

such as barnacles. During dredging the relative influence of the proximal stressors could move on an 

hourly, daily, and seasonal basis, depending and on the dredging activities, diel and tidal cycles, and sea-

state. Four different exposure scenarios for symbiotic corals exposed to dredging plumes are symbolized: 

(B) A scenario whereby a buoyant plume drifts over the reef with little contact with the corals and where 

light availability only is likely to be the key proximal stressor (see photograph Fig. 3D), (C) A turbidity event 

during relatively turbulent water conditions where (wave + current) shear stresses are sufficient to inhibit 

the deposition of most sediment and so suspended-sediments and reduced light availability are the 

predominant influences (see photograph Fig. 3E). (D) A scenario where elevated SSCs has occurred during 

very calm conditions and where sediment has subsequently fallen out of suspension and smothered corals 

(see Photograph Fig. 3F), (E) represents a night time scenario of high SSCs in turbulent conditions where 

suspended-sediment is the sole proximal stressor. 

 

During dredging, these representations are likely to move on an hourly, daily, and seasonal basis, 

depending and on the dredging activities, diel and tidal cycles, and sea-state. Four different 

exposure scenarios for symbiotic corals exposed to dredging plumes are represented in Fig. 5B-

E. In a scenario of a buoyant plume drifting over the reef with little contact with the corals, light 

availability is likely to be the key stressor (Fig. 5B and photograph Fig. 3D). Under energetic water 

conditions, where most sediment is in suspension, suspended-sediments and reduced light 

availability are the predominant influences (Fig. 5C and photograph Fig. 3E). Fig. 5D represents 
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a scenario where elevated SSCs occurred during calm conditions and where sediment has fallen 

out of suspension and smothering has occurred (Fig. 3F). Fig. 5E represents a scenario of high 

SSCs in turbulent conditions at night time, where suspended-sediments are the predominant 

influence while light attenuation and reduced light availability has no influence.  

Water quality characteristics of dredging plumes 

There have recently been several major dredging programs in Australia where the state and 

federal regulatory conditions have required detailed water quality monitoring programs over 

extended periods using arrays of in situ instrumentation (Fig. 6, Falkenberg and Styan (2014)). 

These data have been made available for study and are examined below in terms of defining 

environmentally relevant or realistic conditions during dredging programs. 

Particle size distributions (PSDs) associated with dredging 

Sediment PSDs in the water column were measured during the Burrup Peninsula dredging 

program in Western Australia (Fig. 6). Samples were collected inside a plume 125–200 m away 

from an operating trailing suction hopper dredge and at a reference site outside of the plume 

and ~800 m south west of the dredge (Fig. 6B insert). Sampling inside the plume occurred over 

a 65 min period and at the reference site outside of the plume a further 45 mins later. Triplicate 

water samples were collected at the top, middle and bottom of the water column using a 2.5L 

Niskin bottle. Samples were filtered onto Whatman 47 mm GF/F filters, and 100 mL of distilled 

water used to rinse the container, filter funnel and filter pads of salts. Filters were then dried 

overnight in a 65°C oven and weighed. Water column PSDs were assessed using a Laser In-Situ 

Scattering and Transmissometry (LISST) 100X Type C (Sequoia, WA, US) calculated by examining 

the angular distribution of forward scattered light (referenced to pure water) over the range 

from 2–500 µm using the proprietary inversion process. Data shallower than 0.3 m were 

discarded to remove the possibility of artefacts from small bubbles and dissolving salts from the 

detector window upon immersion. 

Gravimetrically determined depth-averaged SSC ranged from 12–110 mg L-1 within the plume, 

with the highest SSCs recorded at the surface and the seabed (Fig. 7A) and with depth averaged 

PSDs ranging within the silt-sized (4–62.5 µm) fraction. Surface plumes had comparatively finer 

PSDs <62.5 µm, but peak values of ~60 µm were observed in bottom samples, collected 1 m 

from the seabed (Fig. 7A). PSDs at the reference site were fine- and medium-sized silts Fig. 7A). 

Similar measurements at the offshore spoil ground showed lower SSCs and much smaller 

particle sizes, with peaks between 10–20 µm and a pattern of slightly coarser sediments at the 

seabed (Fig. 7C). PSDs of the seabed collected before the start of the dredging program (see 

below) indicated a mixed sand (22%), silt (38%), and clay (40%) was being dredged at the time 

of sampling.  
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Fig. 6. Location map showing the Pilbara coast in Western Australia and the sites of 3 recent large scale 

capital dredging projects, including: (A) Barrow Island project (~7.6 Mm3 of sediment dredged over 530 d 

from 19 May 2010 to 31 October 2011, Ministerial statement 800), (B) The Burrup Peninsula project in 

the Dampier Archipelago (~12.5 Mm3 of sediment dredged over 911 d from 22 Nov 2007 to 21 May 2010). 

Ministerial statement 757) and (C) The Cape Lambert Dredging Project (~ 14 Mm3 of sediment dredged 

over 633 d from 22 Dec 2007 to 15 Sept 2012, Ministerial statement 840). These projects were associated 

with dredging for entrance channels, approach areas, turning basins (TB), material offloading facilities, 

berth pockets, and liquefied natural gas (LNG) jetties and tug harbours and involved deepening the seabed 

to -12.5 to -20 m to allow access for bulk iron ore and LNG transport vessels. The dredging campaigns 

generally occurred on a 7 d  24 h basis, stopping only for maintenance and bunkering requirements, with 

most projects using a combination of trailing suction hopper dredges, cutter suction dredges and back 

hoe dredges, and bed levellers, and with dredge material placement at offshore disposal sites. The 

ministerial approval statements (MS) for these projects are searchable on the WA EPA website 

(www.epa.wa.gov.au). 

 

Grain size analysis of surficial sediments within the area influenced by dredging plumes was 

examined a few months before and after both the Burrup Peninsula and Cape Lambert projects 

(Fig. 6). For the Burrup Peninsula project, surficial (top 10 cm) sediment samples were collected 

by SCUBA divers at ~50 sites along 8 transects with 4 nearshore transects (0.5–2 km from shore) 

and 4 offshore transects (2–4 km from shore) ranging from 0.1–1 km from the edge of the 

dredged channel or turning basin (Fig. 6B). Sediments were analysed by a commercial laboratory 

using Australian Standard (AS) 1289.3.6.2 and 1289.3.6.3 and data expressed as relative 

percentage of particle sizes in each of the four classes: gravel (> 2000 µm), sand (2000–62.5 µm), 

silt (6.25–2 µm), and clay (<2 µm). For the Cape Lambert project, 5 surficial (top 10 cm) sediment 

cores were collected by SCUBA divers at ~20 sites along 4 transects (Fig. 6C), with 5 sites along 

each transect located at distances of approximately 0.25–5 km from the edge of the turning 

basin (Fig. 6). Sediments were analysed by a commercial laboratory using wet sieving techniques 

for samples >500 µm and laser diffraction (Malvern Instruments Mastersizer MS2000) for 

fractions between 2–500 µm (ISO 13320–1) and data expressed as relative percentage of particle 

sizes in each of the four classes: gravel (> 2000 µm), sand (2000–62.5 µm), silt (62.5–4 µm), and 

clay (<4 µm). 

http://www.epa.wa.gov.au/
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Fig. 7 A–D. Sediment particle size 

distributions in the water column, 

collected 150 m away from a 

working trailing suction hopper 

dredge in a capital dredging 

program, showing the fine nature of 

the released sediments (Burrup 

Peninsula Project, see Figs 3A and 

6B). (A) Depth averaged particle size 

distributions (µm) and suspended 

sediment concentrations (mg L-1) 

inside and outside of a dredging 

plume. Numbers refer to the sites 

shown in Fig. B. (B) Average particle 

size distributions at the top (>0.3 m 

deep), middle (4–5 m) and bottom 

(8–9 m or 1 m from seabed) of the 

water column inside and outside of 

the plume or (C) at the dredge 

material placement site. (D) Stylized 

display of coarse sand through silts 

to clay based on the Udden-

Wentworth US standard 

classification scale of sediments. 

 

The pre-dredging surveys in the Burrup Peninsula dredging project indicated difference in the 

sediment composition according to proximity to the coast, with the nearshore samples (located 

within ~2 km of the land) composed of approximately equal fractions of sand, silt, and clay 

whereas the more offshore sediments (>3 km) were overwhelmingly dominated by sand (~70%) 

(Fig. 8A). Overall, there are clear differences in the sediment composition after the dredging 

program, with increases in the silt content and decreases in the sand/gravel fraction (indcated 

as a movement of the larger circular symbols in the ternary diagram of Fig. 8). The second post-

dredging survey (conducted 6 months after the first) showed a near identical pattern of 

sediment composition (data not shown). In the Cape Lambert dredging program, all sediments 

were sandy (70%) before dredging, with silts and clays making up only 10% and 5% respectively, 

of the size fractions. After the 2-year dredging program, there was a reduction in the gravel and 

sand fraction of the sediment and a near doubling of the silt and clay fraction to 20% and 10%, 

respectively (Fig. 8B). 
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Fig. 8. Particle size distributions in 

surficial sediment before and after 

dredging, showing a shift to finer 

grain sizes after dredging. (A) Cape 

Lambert and (B) Burrup Peninsula 

dredging projects (see Fig. 6B,C). The 

accompanying ternary diagrams 

show clay-silt-sand-gravel size 

distributions based on the Udden-

Wentworth standard classification 

scale with the larger circles 

representing the average PSD before 

and after dredging. 

 

Suspended-sediment concentrations (SSCs) 

At the Barrow Island project (Fig. 6A), turbidity and light levels were recorded on a single sensor 

platform attached to a steel frame mounted ~40 cm from the seabed. Turbidity was measured 

using a single sideways mounted optical backscatter device (nephelometer) and 

Photosynthetically Active Radiation (PAR) was recorded using a 2𝜋 quantum sensor (see Jones 

et al. 2015 for water quality measurements and site descriptions). Data were recorded every 10 

min before and during the ~1.5 year dredging program at multiple sites, but for the purpose of 

this analysis, data were averaged from 3 of the sites closest to the dredging (see Fig. 6A) located 

250 m from where the dredging was occurring. 

A characteristic feature of the water quality data is pronounced temporal variability, shown in 

Fig. 9A for a 3-d period in April 2011 where NTUs underwent short term (several hours) 20–fold 

excursions, from <5–>80 NTU. These events were associated with tidal cycles and turbid plumes 

passing over the sensor platforms on an incoming tide. When the turbidity levels peaked, the 

benthic light levels decreased to 0 µmol·photons m-2·s-1 during the daytime (see arrows in Fig. 

9A). At a reference location with similar water depth (8–10 m) but located 35 km from the 

dredging and uninfluenced by sediment plumes, turbidity levels were very low, averaging <1.5 

NTU over the 3 day period and mid-day light levels peaked at ~100-200 µmol·photons m-2·s-1. 

This indicates that the complete loss of daytime light near the dredging was caused by turbidity 

and not caused by high cloud cover. 
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Fig. 9. Turbidity, light and water depth during the Barrow Island project close to the dredging and at a 

distantly located reference site, showing loss of all benthic light during short–term, dredging related 

turbidity events. Shown are the NTU and instantaneous PAR (µmol·photons m-2·s-1, primary y-axis) and 

water depth (metres, secondary y-axis) at Barrow Island at (A) site 1 in Fig. 6A and at (B) a reference site 

near the Montebello Islands (site 10 in Fig. 6) over a 4 day period in April 2011. Black bars represent night 

time periods and arrows represent daytime darkness periods when elevated SSC levels have reduced PAR 

levels to 0 µmol·photons m-2·s-1. Turbidity at the reference site is barely detectable, averaging <1.5 NTU 

over the 3 day study period. 

 

Over the 1.5-y dredging program turbidity levels regularly exceeded 100 NTUs compared to 

baseline levels of <20 NTUs, but these episodic periods of poor seawater quality were 

interspersed with periods of good seawater quality (Fig. 10). Given this characteristic, a running 

means analysis of the raw 10 min turbidity and light measurement was conducted over multiple 

incrementing time periods from 1 h (for turbidity) or 1 day (for PAR) to 30 d. Each running time 

period calculated the average of the previous NT data points, where NT is the number of samples 

in the T hour mean. For example, for the 2-h running mean (T = 2), NT = 12 as there are six 10-

min samples per hour. The T hour running mean at a point in time t 

�̅�𝑇(𝑡) =
1

𝑁𝑇
∑ 𝑥i

𝑁𝑇

𝑖=1

(𝑡) ( Equation 1 ) 

where �̅�𝑇(𝑡) is the mean calculated over the previous T hours of the data from time t-T to time 

t hours, and 𝑥𝑖(𝑡) are the NT data points up to and including time t. To avoid biased averages, 

no �̅�𝑇 value was recorded if more than 20% of the data points for any particular running mean 

time period calculation were missing. Percentile values of the running mean values �̅�𝑇(𝑡) for 

each running mean period were then calculated for the pre-dredging and dredging periods.  

In R (R Core Team, 2014), running means were calculated by converting the data series for each 

site into an S3 time series object using the zoo function from the zoo library (Zeileis and 

Grothendieck, 2005) then applying the runmean function from the caTools library (Tuszynski, 

2013). Once running means for each time span were calculated, these were summarized using 

an average along with various percentile (P) values (P50, P80, P99 and maximum for turbidity and 

P50, P20, P5, P1 and minimum for PAR). These were plotted as a function of the running mean time 

span and compared for the pre-dredging and dredging periods. Analysis of the baseline data (i.e. 

pre-dredging) captures short term, transient increases in turbidity associated with natural 
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turbidity events, whilst analysis when dredging was underway shows the effect of turbidity 

generating effects on top of the natural patterns. 

Prior to dredging the P95 percentile of the 1 h, 1 d, and 1 week turbidity values were all 2–3 NTUs, 

whilst during dredging these values were over an order of magnitude higher at 22, 18, and 16 

NTU, respectively (Fig. 10A). The 5th percentile of the daily light integral (DLI, mol photons·m-2) 

for 1 d and 1 week running mean periods was ~0.9 and 1.3 mol·photons m-2 in the baseline 

period but 0.1 and 0.3 mol·photons m2 when dredging was underway (Fig. 10B). During the 

dredging program one of the worst sequences of light reduction was a 16-d period in the first 

few weeks of May 2011, where the average DLI did not exceed 0.1 mol photons·m-2 and the 

maximum instantaneous PAR was 30 µmol photons m-2·s-1. 

 
Fig. 10 A,B. Changes in turbidity and light before and during a major capital dredging program where (A) 

Mean instantaneous NTU (every 10 min) and (B) Daily light integrals (DLI, mol m-2) during the Barrow 

Island project at 3 sites closest to the dredging (see Fig.A) in the pre-dredging (baseline) or during the 

dredging phase. Data are the mean of three sites close to the dredging (7-9 m deep and <100 –500 m 

away). Figures on the right hand side show the different percentiles over different running mean periods 

(from 1 h to 30 d) before (dashed lines) and during (solid lines) the dredging program. 

 

Daily light integrals averaged 3.3 mol photons m-2 in the baseline period as compared to 1.8 mol 

photons m-2 day-1 during dredging. NTU data can be converted to SSCs (as mg L-1) by applying 

site-specific algorithms (conversion factors) based on gravimetrically determined total 

suspended solid levels versus nephelometer readings. For the Barrow Island project, the 

conversion factor calculated this way was 1.3–1.6 and average nephelometrically-derived SSCs 

over the baseline period were 2.3 mg L-1 (marginally above the ~1.5 mg L-1 precision of the 

instruments) and 7.1 mg L-1 over the dredging project. The running means/percentile analysis 

was also conducted for the baseline and dredging seawater quality monitoring sites located from 

0.2–15 km away from the principle dredging activity (the creation of the turning basins) during 

the Barrow Island project at sites for both the baseline and dredging periods and expressed as 

the P95 (Fig. 11). The turbidity patterns show a rapid initial decay in turbidity with increasing 

distance and effects on seawater quality could be observed up to 15–20 km from the dredging. 
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Fig. 11. Turbidity (NTU) values at different distances from dredging (from 200 m to 15 km away) and over 

different running mean time periods (from 1 h to 30 d). Shown are the 95th percentile values (see Equation 

1) in the baseline period (before dredging, grey symbols) and during the Barrow Island dredging project 

(black symbols, see Fig.A). 

 

Light attenuation and light quality 

Approximately 80 vertically-resolved downwelling planar irradiance light profiles were 

measured during the Cape Lambert dredging project using a Hydrorad-2 (Hydro-Optics, Biology, 

& Instrumentation Laboratories, USA). This radiometer provided irradiance measurement values 

at sub-nanometer spectral spacing. For each vertical profile the irradiance just-below surface 

𝐸𝑑 (0,) and the light attenuation coefficient 𝐾𝑑 , were determined using the Beer-Lambert 

law. A general linear relationship between 𝐾𝑑 , and surface SSC measurements was established 

for the dredge plumes encountered during sampling. This linear relationship, applied to all 

wavelengths between 350–850 nm, yielded a mass specific spectral attenuation coefficient for 

SSC, and an offset closely resembling the attenuation spectrum of seawater itself. Additionally, 

a relationship between clear sky extrapolated just-below surface incident irradiance 

𝐸𝑑 (0,) spectra and the solar zenith angle was determined. 
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Fig. 12. Simulated effects of 

suspended sediment on light 

quantity and quality based on 

empirical data collected during the 

Cape Lambert dredging project. (A) 

Simulated vertical PAR (µmol 

photons m-2 s-1) profiles for eight 

SSCs from 0.5–30 mg L-1 (B and C) 

Simulated downwelling irradiance 

spectra at 5 and 10 m depth with 

varying SSCs from 0.5–30 mg L-1 and 

associated PAR as µmol photons m-2 

s-1. The incident downwelling 

irradiance spectrum for all figures is 

typical of a clear sky at tropical noon, 

with an initial (underwater, 0 m 

depth) PAR value of ~1530 µmol 

photons m-2 s-1. 

 

 

Using these empirical relationships a downwelling irradiance spectrum was simulated for a given 

sun angle and water column averaged SSC concentration and PAR values were calculated from 

the full-spectrum measurement. Although empirically tied to the conditions found during the 

Cape Lambert dredging campaign, the model outputs demonstrated the general and spectral 

trends encountered in a dredge plume due to increased SSCs (Fig. 12A, B). This included a 

decrease in light with depth and increasing SSCs and a shift to more yellow light at high SSCs. 

For reference purposes, a vertically integrated 10 mg L-1 suspension of silt-sized sediments 

reduced light levels to ~11 µmol photons m-2 s-1 at 10 m depth and a 30 mg L-1 SSC reduced the 
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light to the same values by ~4 m depth (Fig. 12 A). At 5 m depth, the light spectrum under a 

dredging plume shifted almost entirely to yellow/green wavelengths at concentrations of 10 mg 

L-1 and higher (Fig. 12B). These calculations were simulated for a clear (cloud-free) sky at solar 

noon, and during cloudy days at lower azimuth angles and at different sea states, underwater 

light quality and quantity would be substantially lower. 

Experimental studies of the effect of sediments on corals 

Laboratory-based studies examining the effects of sediments on corals can be grouped into 

experiments examining the effects in suspension and those examining the response of corals to 

a downward flux of particles. The latter group includes a range of burial and sediment covering 

experiments. As discussed further below, it is not clear if sediments were kept in suspension in 

the former group and the division between the tables is subjective. 

Suspended-sediments 

Some of the earliest studies of the effects of suspended-sediments were associated with 

understanding the sub-lethal and lethal toxicity of drilling muds and fluids on corals (Kendall et 

al., 1983; Szmant-Froelich et al., 1981; Thompson J.H., 1980; Thompson et al., 1980) and several 

short-term feeding experiments investigating the effects of particulate matter concentrations 

on ingestion of corals (Table 2). However, the majority of the studies have been conducted over 

longer terms (weeks to months) and associated with examining the effects of sediments on 

corals to gain a better understand the effects of river runoff and/or dredging (Table 2). Whilst 

some studies have been conducted in situ using sediments introduced to small chambers held 

on the reef (i.e. Thompson et al. (1980) and Kendall et al. (1983)), most experiments were 

conducted in aquarium systems associated with marine research facilities. These ex situ studies 

have been conducted using either artificial lights (fluorescent and metal halides lamps) or under 

natural sunlight (<300 µmol photons m-2s-1) using neutral density shade cloth to manipulate 

irradiance. 

Sediments used in these studies have been calcium carbonate sands from the reefs where the 

corals were collected, sediments collected by filtering or back flushing filters, marl (a naturally 

occurring calcite), and kaolin clay (Table 2). The particle size distributions in these studies have 

not always been quantified and range from fine sands (i.e. Rice and Hunter 1992, Sofonia and 

Anthony 2008), to fine silts (<20 µm, Flores et al. (2012). A combination of water pumps and 

aeration have typically been used to keep sediments in suspension. 

Table 1. Studies examining the effects of suspended-sediments on corals Experiments were conducted 

either under diel cycles or artificial lights from fluorescent and or metal halide lights. Under artificial 

lighting, the light intensities are expressed in µmol photons m2s-1 and Daily Light integral (mol photon m 

d-1) calculated from the photoperiod. ns =not specified, SPM = suspended particulate matter.  

Study Species 
Sediment 

type 

PSD 

(µm) 

Test 

type 

Time 

(d) 

SSCs 

(mg L-1) 

L:D cycle 

Light 

source 

PAR (max µmol m-2 s-1) 

DLI (mol m-2 d-1) 

Rice and 

Hunter 

(1992) 

7 species 

of Atlantic 

corals 

offshore 

reef 

sediments 

<500 

33 min 

turnov

er 

10–

20 

4 conc. 

49–199 

14:10 h 

source: 

ns 

PAR 2–2.5, DLI >0.13 
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Experimental outcome: No effects on survival in any treatments and no consistent patterns of a decline in 

growth rate  

Telesnicki 

and 

Goldberg 

(1995) 

D. stokesii 

M. 

meandrite

s 

silt sized 

marlstone 
<63 

partial 

water 

change

s every 

4 d 

7–21 

1–2, 7–9, 

14–16, 

28–30 

NTUs 

14:10 h 

metal 

halide 

lamps 

1–2 NTU: PAR~68, DLI 

3.4 

7–9 NTU: PAR~64, DLI 

3.2 

14–16 NTU: PAR~62, 

DLI 3.1 

28–30 NTU: PAR ~56, 

DLI 2.8 

Experimental outcome: Effects on P/R ratios at 14–16 and 28–30 NTU compared to controls. Prolonged 

exposure to 28–30 NTU caused lesions in both species. NTU of 29–30 NTU was equivalent to a Marl 

concentration on 55 mg L-1. 

Anthony 

and 

Fabricius 

(2000) 

G. 

retiformis 

P. 

cylindrica 

collected 

by back-

flushing a 

sand filter 

ns 

33 min 

turnov

er 

56 

<2 

~4 

~16 

natural 

cycle 

sunlight 

+ neutral 

density 

shade 

cloth 

<2: PAR 600, DLI 8.1–

12.8  

~4: PAR 140, DLI 2.5–4  

~16: PAR 140, DLI 2.5–4 

Experimental outcome: Skeletal growth rates negatively affected by shading but not by the SPM treatments  

Anthony 

(2000) 

P. 

damicorni

s 

A. 

millepora 

filtering of 

water 

from the 

reef 

ns static 1 h 
1, 4, 8, 16 

and 30 

natural 

cycle 

sunlight 

+ neutral 

density 

shade 

cloth 

PAR equivalent to 3–5 

m depth across all 

treatments 

Experimental outcome: Experimental outcome: Reduced feeding rates in corals exposed to 30 mg L-1 

Sofonia 

and 

Anthony 

(2008) 

T. 

mesenteri

na 

collected 

from an 

inshore 

turbid reef  

60–

120 

flow 

though 

with 

repeat 

dosing 

34 

<1, 16, 

100 

mg cm2 

10:14 h 

metal 

halide 

lamps 

PAR ~300, DLI 11 

Experimental outcome: No effect of the highest sediment load, regardless of flow conditions 

Flores et 

al. (2012) 

A. 

millepora 

M. aequit-

uberculat

a 

reef 

sediment 

ground 

using a 

ceramic 

mill 

Mean 

6 

1.3 d 

turnov

er 

84 
1, 3, 10, 

30, 100  

12:12 h 

fluoresc

ent 

lights 

 

1 mg L-1: PAR 200, DLI 

8.3 

30 mg L-1: PAR 184, DLI 

8 

100 mg L-1: PAR 177 , 

DLI 7.6 

Experimental outcome: For branching A. millepora some partial mortality occurred in the 100 mg L-1 

treatment (LOEC) but no mortality was noted at 30 mg L-1 (NOEC). For M. aequituberculata (horizontal 

growth form) partial mortality was noted at 3 mg L-1 and above, but related to settlement of sediment on the 

surface. 
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Cooper et 

al. 

(2012) 

Porites sp 

collected 

from an 

inshore 

reef 

<63 

contin

uous 

flow 

56 

2 and 20 

under 2 

shade 

treatment

s 

12:12 h 

metal 

halide 

lamps 

+ neutral 

density 

shade 

cloth 

1–2 mg L-1: 835, DLI 37 

20 mg L-1: PAR 598, DLI 

26  

1–2 mg L-1: PAR 56, DLI 

2.4 

20 mg L-1: PAR 32, DLI 

1.4 

Experimental outcome no mortality in corals, change in colour brightness in corals exposed to SPM 

Browne et 

al (2015) 

M. 

ampliata, 

P. 

speciosa 

P. sinensis 

Silicon 

carbide 

1–300 

Mean 

60 

Flow 

throug

h 

28 

1  

50–100 

100–250  

10:14 h 

High 

Output 

aquariu

m bulbs 

1 mg L-1: PAR140, DLI 5 

50–100 mg L-1: PAR 

110, DLI 4 

100–250 mg L-1: PAR 

80, DLI 2.9 

Experimental outcome: no effects on P. sinensis, <5% partial mortality M. ampliata and <15% mortality (P. 

speciosa) 

Sediment deposition 

The sediments used in deposition studies have typically been collected from local reefs or inter-

reefal area and primarily composed of biogenic calcium carbonate or more terrestrial, 

siliciclastic sediments collected from river mouths (i.e. Loiola et al. 2013) (Table 3). One study 

used terrestrial quartz/granite beach sand (Peter and Pilson 1985) and several studies have used 

silicon carbide (carborundum) for experiments on smaller particle sizes (e.g. Bak and Elgerhuizen 

1976, Stafford Smith 1993, Browne et al. 2014) and limestone (Logan 1988). Most studies 

employed a screening process to remove coarse and fine material and although PSDs of the 

sediments have only been quantified in a few studies, most have used sands, a few have used 

silts, and only the more recent studies have begun using fine, silt sized fractions, including the 

studies by Weber et al. (2006), Flores et al. (2012) and Weber et al. (2012). 

The applications methods have varied widely from manual application of sediments via a tube 

(i.e. Bak and Elgershuizen 1976), funnel (Riegl 1995), or pipette (Logan1988), a syringe (Gleason, 

1998) or manually applied by unspecified techniques (Shuhmacher 1977, Lasker 1980, Stafford 

Smith 1993, Sofonia and Anthony 2008, Piniak 2007). In some of the studies, sediments were 

applied by creating initially high SSCs, which were then allowed to settle out of suspension on 

the corals (Philipp and Fabricius, 2003; Weber et al., 2012; Weber et al., 2006). For longer term 

exposures various sediment resuspension apparatus have used re-circulatory airlift systems 

(Browne et al., 2014; Riegl and Branch, 1995; Todd et al., 2004). 

The majority of studies reported nominal sedimentation rates calculated by weight of sediment 

added and the surface area of the colonies. In some studies, it is not clear how sedimentation 

rates were calculated (Lirman et al. 2008) and in a few studies, sedimentation rate was 

measured using small sediment traps or plastic squares placed within the experimental 

containers (Browne et al., 2015; Flores et al., 2012; Peters and Pilson, 1985; Sofonia and 

Anthony, 2008; Todd et al., 2004). 
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Table 2. Studies examining the effects of settling sediments on corals. 

Study Species Sediment 
PSDs 

(µm) 

Application 

methods 

Application 

rate (mg cm-2 

d-1) 

 Experimental outcome 

Bak and 

Elgershu

izen 

(1976) 

19 

Caribbean 

reef corals 

reef sand 

and 

carborundu

m powder 

100–

3000 

mean 

= 1200 

0.75, 1.5 

and 3.5 g 

sand and 

0.75 g 

carborundu

m delivered 

by a tube 

100–425 

(sand) and 

100 

(carborundu

m) 

Sand cleared more efficiently 

than carborundum powder and 

coral surfaces were typically 

clean by 24 h in up to 3000 mg 

cm2 treatments 

Schuhm

acher 

(1974) 

14 species 

from Gulf of 

Aqaba, Red 

Sea 

carbonate 

and silicate 

sand 

>180<

1.4 

mm 

sand 

dropped on 

corals to 

cover the 

surface by a 

layer of 1 

mm 

could not be 

determined 

Most species covered with 1 mm 

of sand were still partially 

covered after 72hours 

Lasker 

(1980) 

M. 

cavernosa 

collected 

from a reef, 

wet sieved 

and 2 

fractions 

used 

60–

250 

(fine) 

500–

1000 

(coarse

) 

20 cm3 of 

sediment 

deposited 

on each 

colony 

18.5 (fine) 

74.4 (coarse) 

Approximately half to two thirds 

of the sediment removed from 

the surfaces within 8 h with 

most clearance occurring in the 

first 2 h 

Peters 

and 

Pilson 

(1985) 

A. 

danae 

quartz/grani

te beach 

sand passed 

through 

<500 µm 

sieve and 

combusted 

at 550°C 

62–

500 

mean 

= ~200 

sand 

sprinkled on 

the surface 

of the corals 

which were 

examined 

for 8 h 

200 applied 

daily for 4 

wks then 3 

times a day 

for 2 wks 

 Sand rapidly (within 1–2 h) 

cleaned from the surface with 

little remaining after 24 h. No 

effects at the 200 mg cm-2 d-1 

treatment but some cellular 

damage at the 600 mg cm-2 d-1 

treatment. 

Logan 

(1988) 

S. 

cubensis 

fine, 

medium 

and coarse 

>62–

2000 

3 g spread 

with a 

pipette over 

the corals’ 

oral disk 

cannot be 

determined 

but likely to 

be >100s 

10-60% removed within 24 h in 

horizontally orientated corals, 

with fine sediments removed 

quicker than coarse sediment. 

Sediment clearance was 90% 

complete within 24 h if corals 

were inclined at 75°. 

Hodgson 

(1990) 

O. glabra, 

M. 

verrucosa, 

P. lobata, P. 

meandrina 

Fine, 

freshwater 

washed and 

dried 

marine 

sediment 

‘fine’ 

sedime

nt 

50 or 300 g 

of sediment 

stirred 

vigorously 

1–2 × day 

30–40 for 7–

10 d 

Sediments accumulated on flat 

and concave parts resulting in 

bleaching then tissue necrosis, 

and sediments overlying tissues 

changed to a greyish-black. 
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Study Species Sediment 
PSDs 

(µm) 

Application 

methods 

Application 

rate (mg cm-2 

d-1) 

 Experimental outcome 

Stafford-

Smith 

(1993) 

22 species 

of 

Australian 

corals 

~70% 

carbonate & 

30% quartz 

obtained 

from reefs 

63–

250 

500–

1000 

5 g of 

sediment 

spread 

evenly over 

a 5 x 5 cm 

surface of 

the coral 

200 and 200 

for 6 weeks 

Fine sediments were rejected 

more efficiently than coarse 

ones, with branching species 

clearing sediment loads within a 

few hours. Clearance of 50–

100% of surface occurred within 

24 h, with some less tolerant 

species failing to completely 

remove sediments after a few 

days. Bleaching and mortality 

was observed in some species 

within a few days, but other 

species required longer periods 

of sediment covering for 

mortality to occur. 

Riegl 

(1995) 

8 species of 

corals from 

South Africa 

locally 

collected 

non-reef 

sand 

v. fine 

(40–

125) 

fine 

(125–

250) 

coarse 

(>500) 

sand 

deposited 

through a 

funnel and a 

constant 

flow of fine 

sand 

through a 

re-

circulatory 

system 

200 for 8 h 

200 for 6 

weeks 

(continual 

coverage) 

No difference between 

sediment type and 50–100% 

clearance of sediment in 8 h 

with no differences between 

species in the ability to shift 

different grain sizes. Mortality 

noted in 3 species after 15 days 

continuous exposure to 200 mg 

cm-2 d-1. 

Riegl 

and 

Branch 

(1995) 

F. favus, F. 

pentagona, 

P. daedalea, 

G. 

interrupta 

Coarse reef 

sand 

combusted 

at 350°C 

 

46.1% 

250–

500 

53.4% 

125–

250 

mean 

= 253 

14.2 g 

applied to a 

chamber 

containing a 

coral 

200 
Reduction in P/R ratios at all 

concentrations 

Gleason 

(1998) 

P. 

astreoides 

Intertidal 

beach sand 

Combusted 

at 450°C 

70% 

<10, 

25% 

10–50 

3%>50

–100 

2% 

>100 

Applied 

with a 

syringe 

5–6 applied 

twice a day 

for four days 

Sediment built up on the corals’ 

surface resulting in many 

colonies exhibiting 

Philipp 

and 

Fabricius 

(2003) 

M. 

peltiformis 

collected 

from 3 m 

water depth 

fine, 

muddy 

sedime

nt 

unspecified 

amount of 

sediment 

was placed 

average 151 

(range 79–

234) 

Bleaching and early signs of 

necrosis in colonies exposed to 

151 mg cm-2 for 12–18 h and 

necrosis in corals covered from 
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Study Species Sediment 
PSDs 

(µm) 

Application 

methods 

Application 

rate (mg cm-2 

d-1) 

 Experimental outcome 

from a local 

harbour 

screen

ed to 

<1000 

into a 1000 

L tanks and 

allowed to 

settle over 6 

h 

24–36 h. Effects were confined 

to areas that were sediment 

covered. 

Todd et 

al. 

(2004) 

D. heliopora 

F. speciosa 

90%:10% 

quartz: 

carbonate 

5% 

coarse, 

45% 

mediu

m., 

45% 

fine 

and 

5% 

very 

fine 

sand 

unspecified 

amount of 

sediment 

was 

resuspende

d for 1–5 

mins four 

times per 

day. 

average of 20 

for 4 months 

Some minor bleaching was 

observed, no mortality occurred 

and no obvious morphological 

changes 

Weber 

et al. 

(2006) 

M. 

peltiformis 

collected 

from 2 

rivers 

estuaries 

and 3 reefs, 

and 

aragonite 

dust from 

Porites 

skeletons 

<63, 

fine 

sand 

(63–

250) 

mediu

m 

(250–

500) 

unspecified 

amount of 

sediment 

was placed 

in 60 L 

containers 

and allowed 

to settle out 

over a 2 h 

period 

nominal 

values of 33, 

66, 100, 133, 

160 

Sands were removed more 

efficiently than silts and nutrient 

poor sediments removed more 

efficiently than nutrient 

enriched ones. Anoxia develop 

under nutrient enriched silty 

sediments even under short 

term (days) exposure. 

Piniak 

(2007) 

P. lobata 

and M. 

capitata 

carbonate 

beach sand 

and 

siliciclastic 

harbour 

mud 

sand 

(99%, 

63–

2000), 

mud 

(55%, 

63–

2000 

and 

23%<0

.62) 

200–250 g 

of sand or 

mud spread 

evenly over 

the surface 

of the corals 

M. capitata = 

2,200 (mud), 

2,800 (sand), 

P. lobata = 

1,500 mg 

(mud), 1,600 

(sand) 

Reduction in quantum yield in 

corals smothered in sediments 

for 30 h or more, with harbour 

mud having a greater effect than 

beach sand 

Sofonia 

and 

Anthony 

(2008) 

T. 

mesenterina 

sediment 

(sandy silt) 

collected 

from a 

turbid reef 

environmen

t 

60–

120 

fine 

sediment 

was applied 

manually 3 

x per day 

for 34 d 

<1, 16 and 

100 each day 
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Study Species Sediment 
PSDs 

(µm) 

Application 

methods 

Application 

rate (mg cm-2 

d-1) 

 Experimental outcome 

Lirman 

et al. 

(2008) 

P. 

astreoides 

S. siderea 

surficial 

sediments 

collected 

from a local 

reef 

sand 

with 

mean 

PSD of 

176 

1000 mg L-1 

sediment 

added daily 

to 5 L 

containers 

53 per day for 

3 weeks 

Reduced growth rate in corals 

exposed to sand deposition for 3 

weeks and involving a 

temporary covering of sediment 

and temporary reduction in light 

of 95% for 6 h each day 

Flores et 

al. 

(2011) 

A. millepora 

M. 

aequituberc

ulata 

sediments 

were 

collected 

from an 

offshore 

reef 

95% 

<20 

µm 

mean 

size of 

<6 µm 

added to 30 

L 

containers, 

and kept in 

suspension 

by pumps to 

give 1, 3, 

10, 30, 100 

mg L-1 

solutions 

<1 to 83 

No mortality in A. millepora 

exposed to 30 mg L-1 for 4 weeks 

and some partial and whole 

colony mortality at 100 mg L-1. 

Partial mortality in M. 

aequituberculata occurred as to 

as low as 3 mg L-1 and 60% 

mortality occurred at 100 mg L-1. 

Mortality was directly related to 

sediment smothering which 

varied considerably between 

morphology the branching and 

plate like mortality. 

Weber 

et al. 

(2012) 

M. 

peltiformis 

Organic rich 

sediment 

collected 

from 5–10 

m on a 

fringing reef 

of GBR 

<63 

µm 

mean 

= 15 

µm 

sediment 

added to 60 

L containers 

and held 

static for 

several 

hours to 

coat corals 

in a layer of 

sediment 

66 = 2.1–2.6 

mm thick 

Rapid (15–18 h) microbially 

mediated anoxia and tissue 

necrosis in corals covered in a 2–

3 mm thick layer of organically 

enriched sediments 

Loiola et 

al. 

(2013) 

M. 

braziliensis 

muddy, 91% 

siliciclastic 

sediment 

from a river 

channel 

fine silt 

Sediment 

was added 

to 4 L 

containers 

and stirred 

for 2 min 

each day to 

resuspend 

the 

sediments 

unspecified 

amount of 

sediment 

allowed to 

settle over 24 

hours to 

produce 7 

sedimentatio

n rates of 0, 

10, 50, 199, 

250, 350 and 

450 

No necrosis in corals exposed to 

up to 150 mg cm-2 d-1 of organic 

free sediments for 45 days or up 

to 400 for 5 days 

Browne 

et al. 

(2015) 

M. 

ampliata, P. 

speciosa P. 

sinensis 

carborundu

m 

1–300 

µm 

corals 

exposed to 

intermittent 

bursts of 

4 week 

exposure to 

25–65 and 4 

week 

no effects (P. sinensis) <5% 

partial mortality (M. ampliata) 

or <15% mortality (P. speciosa). 
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Study Species Sediment 
PSDs 

(µm) 

Application 

methods 

Application 

rate (mg cm-2 

d-1) 

 Experimental outcome 

media

n 60 

µm 

sedimentati

on 

recovery 

period 

       

Discussion 

Our present day understanding of the effects of sediments on corals comes from observations 

and the results of many laboratory- and field-based manipulative studies in a body of literature 

generated primarily over the last 30 years. It has been reviewed many times (Erftemeijer et al., 

2012; Fabricius, 2005; Foster et al., 2010; Jones et al., 2015b; Rogers, 1990), and it seems 

reasonable to assume that results from these studies can be used for impact prediction purposes 

and deriving water quality values for managing dredging programs near coral reefs. However, it 

is noticeable that seawater quality conditions during dredging programs have never been 

quantified in detail (but see Jones et al. (2015a), and using information from several of the large 

scale dredging programs close to coral reefs in recent years, the in situ seawater quality 

conditions differ in many regards from the experimental conditions used in past manipulative 

studies. In their review of principles of sound ecotoxicology and risk assessment, Harris et al 

(2014) emphasize the critical importance of defining and testing realistic and environmentally 

relevant exposure scenarios and to comprehensively justify those exposure conditions (Harris et 

al. 2014).  

The conceptual model developed in this review identified key cause-effect pathways affecting 

corals are light attenuation affecting photosynthesis (autotrophy), high SSCs affecting feeding 

and cleaning processes (heterotrophy), and sediment covering restricting solute exchange 

(smothering). These are well-known cause-effect pathways for the effects of sediments on corals 

(see Rogers 1990), but from the conceptual model it is clear the proximal stressors are highly 

interlinked, with some connected along causal pathways and some acting alone or in 

combination. As such, the most relevant parameter(s) may change according to dredging 

activities, sea-state, distance from the dredge etc. Homer’s sea-god Proteus was known for his 

ability to transform, i.e. to change shape and form. The ‘protean’ nature of suspended-

sediments makes it difficult to identify which is the most relevant or important pressure 

parameter(s) any given time, to identify cause-effect pathway(s), and importantly, to establish 

dose-response relationships. For example, if smothering of the coral’s surface occurs, any 

biological effects which subsequently occur cannot be related to turbidity measured in the 

overlying water column. This has important implications and potentially confuses and confounds 

laboratory and field experiments and the associated conclusions. 

Summarizing the detailed seawater quality information in this study from Figs 7–11 (and also 

(Fisher et al., (submitted)); Jones et al. (2015a), in the near-field environment sediments 

released into the water column and moving out of the immediate dredging area (to create the 

far-field plume) are primarily silt- and clay-sized. Dredging increases the frequency of extreme 

values and alters the intensity, duration and frequency of the turbidity events over background 

levels. Upper percentile values (e.g. >P95) of seawater quality parameters can be highly elevated 

over short periods i.e. increasing by 2–3 orders of magnitude over a day and exceeding hundreds 

of mg L-1 over a period of hours. Over longer periods (days), SSCs P95 are in the tens of mg L-1 and 
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typically less than 10 mg L-1 over a period of weeks and months. Scattering and light attenuation 

by the suspended-sediments occurs rapidly in the water column, with the shallow reef 

environment routinely experiencing semi-dark, caliginous, or ‘twilight’ periods, and frequently 

complete loss of light at moderately elevated SSCs. However, a more common feature was 

extended periods, i.e. days to weeks, of low light. Different wavelengths are preferentially 

attenuated underneath plumes, with more immediate loss of red and blue light and a shift to 

less photosynthetically useable yellow-green light. The impacts of dredging on sedimentation 

and the problems associated with measuring sediment deposition and the significance of 

quantifying sediment deposition for understanding coral mortality in dredging programs are 

discussed further below. 

Experimental studies of the effects of suspended-sediment and light attenuation on corals  

It is not clear from the description of many of the laboratory based studies whether sediments 

were truly kept in suspension throughout the study, especially those with larger particle sizes 

(i.e. Rice and Hunter 1992) and higher sediment concentrations (Browne et al., 2015; Sofonia 

and Anthony, 2008). Many of the laboratory-based studies examining the effects of suspended-

sediment have not specified the particle sizes and therefore it is difficult to ascribe any observed 

effects to SSCs or to sediment covering. All studies were conducted in shallow containers and it 

is conspicuous that many studies have not compensated for the fact that light attenuation is 

exponential, and likely to be quite small in such a shallow water depth even at higher 

concentrations. Flores et al. (2012) measured a <10% reduction in PAR in 15 cm deep 

experimental containers caused by a 30 mg L-1 SSC of fine silt, whereas on a reef at solar noon 

and on a sunny day, nearly all light would be attenuated by 5 m under an equivalent 

concentration (Fig. 9, 10 and 12). Some studies have recognized this issue and compensated for 

this depth effect by reducing light levels with neutral density shade-cloth at higher sediment 

concentrations, or partially compensated for the effect by reducing light uniformly across 

several different sediment concentrations (Anthony, 2000; Anthony and Fabricius, 2000; Cooper 

and Fabricius, 2012). Other studies have not addressed the issue at all (Browne et al., 2015; 

Flores et al., 2012; Hodgson, 1990; Riegl, 1995; Sofonia and Anthony, 2008; Telesnicki and 

Goldberg, 1995; Thompson et al., 1980). This can make the results misleading for hazard 

assessment purposes, i.e. corals could be living through SSC treatments in laboratory–based 

experiment which in situ could have more profound effects because of the associated light 

reduction. In the experiments of Browne et al (2015), PAR levels in the shallow containers during 

high sediment pulses (50–100 and 100–250 mg L1) were reduced from 140 µmol photons m−2 s−1 

to 100 and ~70 µmol photons m−2 s−1, respectively. Because there was no additional shading to 

reduce the light levels to the levels corals would experience in situ under similar suspended-

sediment concentrations, the corals lived through the 4 week exposure with either no effects 

(Platygyra sinensis) <5% partial mortality (Merulina ampliata) or <15% mortality (Pachyseris 

speciosa). Survival of corals in situ under more appropriate light regimes (i.e. most probably full 

light extinction – see Fig. 12A) over a similar extended time period, could have resulted in a 

different outcome given the physiological effects known to occur in corals in darkness (DeSalvo 

et al., 2012; Rogers, 1979; Yonge and Nicholls, 1931). 

Compensating for the depth effect using neutral density shade cloth over containers will not, 

however, correct for spectral changes which may occur underneath dredge plumes. The 

underwater light field is modified by the spectral-dependent absorption and scattering 

properties of the seawater itself involving absorption of the red-infrared-spectral region, and 
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also by phytoplankton, humic substances (gelbstoff) and especially particulate matter (Jerlov, 

1976; Kirk, 1994; Kirk, 1985). The hyperspectral data showed a reduction in blue and red 

wavelengths and a clear shift to yellow-green conditions underneath a dredge plumes. This 

region is outside of the major absorption peak of photopigments, meaning that light is poorly 

absorbed by the corals in this part of the spectrum and it is relatively inefficient at driving 

photosynthesis (Halldal, 1968; Szabó et al., 2014). This is a significant issue with monitoring 

programs and for deriving in situ dose-response relationships from laboratory experiments, 

because the types of light sensors commonly used in monitoring programs integrate across the 

PAR wavelengths and do not account for any spectral changes. That is, the reported light levels 

in s 9, 10, and 12 could be misleading as to what corals can actually use for photosynthesis, i.e. 

the difference between photosynthetically useable radiation (PUR) (Morel, 1978)] and 

photosynthetically active radiation (PAR) (Tyler, 1966). A number of recent studies have begun 

investigating the effects of light quality on coral physiology (Wangpraseurt et al., 2012; 

Wangpraseurt et al., 2014) made easier by recent advances in lighting technology (Wijgerde et 

al., 2012; Yeh et al., 2014), and spectral changes should be considered in future studies if results 

from laboratory based studies examining SSCs and light reduction are to be extrapolated to the 

field. 

The results from those experiments where there was no light compensation have inadvertently 

provided evidence to suggest corals can actually survive quite high SSCs as long as the light is 

sufficient and there is no sediment accumulation on the surfaces. For example, there was no 

mortality in Acropora millepora exposed to mg L-1 for 30 days (Flores et al., 2012), or in Porites 

spp. exposed to 20 mg L-1 for 56 days (Cooper and Fabricius, 2012). Skeletal growth of Goniastrea 

retiformis and Porites cylindrica exposed to16 mg L-1 for 2 months were also not different from 

ex situ or in situ controls (Anthony and Fabricius, 2000). These sediment loads (intensity  

duration) are high compared to natural resuspension events (Larcombe et al., 1995) and 

conditions which can occur close to a major capital dredging project (see Figs 10,11). By isolating 

SSCs as the primary variable, these studies have provided evidence that for adult corals, light 

availability and sediment covering are probably the most important cause-effect pathways 

associated with turbidity generating events in the short term. 

Experimental studies of the effects of sediment deposition on corals 

There have been many studies examining the effects of sedimentation on corals but there are 

also some methodological issues which make interpretation of these studies difficult. Many 

studies have used silicon carbide as a sediment proxy (Browne et al., 2015; Junjie et al., 2014; 

Lui et al., 2012; Stafford-Smith and Ormond, 1992), which because of differences in specific 

gravity, sphericity and porosity and light scattering and absorbing properties makes 

generalization extremely difficult (Storlazzi et al., 2015). The use of black carborundum, which 

traces back to feeding experiments of Yonge (1930), should be considered carefully if the 

intention is to use the results of such studies to make generalizations of the effects of sediments 

released from dredging. As significantly, it is noticeable that many studies have used sands (62–

2000 µm) as opposed to the fine silts and clays which typify the near and far-field dredge plume. 

Smaller particles have much greater scattering and absorption properties and so light 

transmission and solute exchange will vary considerably depending on sediment type (and 

colour) (Storlazzi et al., 2015). Weber et al. (2006) recorded light transmission of only ~0.1% 

through a 66 mg cm sediment layer on a coral in contrast to Riegl and Branch (1995), who 

recorded light transmission as high as 30% through a 200 mg cm2 sediment layer. The primary 
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difference between the studies was that Weber et al. (2006) used silt (with a median grain size 

of ~10 µm) and Riegl and Branch (1995) used much coarser sand with a median grain size of 250 

µm (~50% between 250–500 µm).  

The difference between the silt and clay sized particles found in dredging plumes and the sands 

used in some of the laboratory experiments makes it difficult to interpret information and 

extrapolate to conditions during dredging. For example, in experiments designed to partition 

the effect of turbidity and settling particles on Galaxea fascicularis and Goniopora somaliensis, 

Junjie et al. (2014) acknowledged that settled sediment could create an additional barrier to 

light, but then discounted the potentially confounding effect on the high light availability 

reported by Riegl and Branch (1995) discussed above. Junjie et al. (2014) used substantially 

smaller grain size (10–300 µm with a median grain size of 60 µm), used black carborundum (see 

Storlazzi et al. 2015), and the possibility that light attenuation by the sediment layer was not a 

significant factor in this experiment study has not been discounted. 

Why such coarse sediments have so routinely been used is not clear, but perhaps the reason is 

purely practical, as silts and clay cloud the seawater so much that the corals cannot be seen (see 

Bak and Elgerhuizen 1976, Todd et al. 2004). Settling velocities of sediments are related to 

density and proportional to the diameter squared according to Stoke’s law. Assuming particles 

do not coagulate, flocculate, or grow and in the absence of vertical mixing, a fall velocity of 1.29 

cm s-1 for sand-sized (200 µm) particles (Storlazzi et al., 2011) should result in sediment at the 

surface reaching a 10 m deep seabed within <15 min. Settling velocities of silts are lower and 

they have the opportunity to move away from dredges onto nearby habitats. Far field plumes 

(kms away from dredges) are likely to be made up of smaller particles still, similar to the fine 

silts and clays which only recently have been reported as dominating river plumes a few km from 

river mouths (Bainbridge et al., 2012). 

A different and perhaps more fundamental problem than sediment type and particle size is the 

application rates (sedimentation rates) used in these studies. All the studies have used 

experimental sedimentation rates based on in situ measurements with sediment traps. The 

problem with traps is that they capture all particles including those which are just passing over 

the reef or that are only momentarily deposited (Field et al., 2012; Risk and Edinger, 2011; 

Storlazzi et al., 2011; Thomas and Ridd, 2004). Traps can even collect sediments that never 

actually settle and therefore can provide a sedimentation estimate (even in net erosional 

environments), i.e. they provide a ‘pseudo-sedimentation’ rate. Interpreting data from traps is 

more difficult in shallow, energetic environments that are characteristic of reefs, and these 

limitations do not include the effects of waves and wave orbital velocities which result in 

acceleration and deceleration of horizontally moving particles over the trap mouth during 

agitated sea states (Bothner et al., 2006; Storlazzi et al., 2011)(cf Fig.). Traps have been described 

as at best only providing a vague approximation (Storlazzi et al., 2011) of the amount and type 

of sediment that deposits, and have been suggested as being more apt to record information on 

suspended-sediment dynamics than provide any useful data on sedimentation (Buesseler et al., 

2007; Gardner, 1980; Gardner et al., 1983; Storlazzi et al., 2011). These problems have been 

discussed and reviewed many times in different fields of marine research, see for example 

(Bothner et al., 2006; Browne et al., 2012; Buesseler et al., 2007; Butman et al., 1986; Jürg, 1996; 

Kozerski, 1994; Reynolds et al., 1980; Risk and Edinger, 2011; Storlazzi et al., 2011; Thomas and 

Ridd, 2004).  

A number of studies have attempted to overcome the trapping artefact and address the 

question of what are typical sedimentation rates on coral reefs. On Kenyan reefs, McClanahan 
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and Obura (1997) noted that a factor of 3 is required to scale up sedimentation rates on flat tiles 

(which do not suffer resuspension limitation and deposition bias) to those measured with 

sediment traps (range 3–6 mg cm-2 d-1). More recently, using circular, concrete-filled PVC hubs 

(SedPods), Field et al. (2012) measured net sedimentation rates of 0.3–0.6 mg-2 d-1 in Hanalei 

Bay, Hawaii, as opposed to sediment trap accumulation rates of 7–17 mg cm-2 d-1. Using shallow 

trays, which also allow resuspension, Browne et al. (2012) estimated that net deposition rates 

in the high-turbidity nearshore coral settings on the inner shelf of the central Great Barrier Reef, 

averaged 3–7 mg cm-2 d-1 over the course of a year. These values were considerably lower than 

measured using traps in the same area i.e. a mean of 44 mg cm-2 d-1 with an upper value as high 

as 364 mg cm-2 d-1 (Mapstone et al., 1992). These more recent studies of deposition rates need 

to be contrasted with earlier suggestions - but based on the current understanding at the time 

- that sedimentation rates in excess of 200 mg cm-2 d-1 for periods of days to weeks are ‘…not 

uncommon on fringing reefs of the GBR…’ (Stafford-Smith, 1993).  

The problem with interpreting information from traps led Storlazzi et al (2011) to conclude that 

prior research results in the literature need to be interpreted carefully and with recognition that 

there may be irregularities in the trapping technique or in the application to understanding coral 

reef processes. Within the context of developing thresholds for dredging projects, if sediment 

traps are overestimating sedimentation rates (through resuspension limitation and deposition 

bias), then replicating those rates conditions in laboratory studies may result in exposure 

scenarios that are unrepresentative of anything but extreme conditions. The experimental 

application rates are often in the high tens of mg cm-2 d-1, commonly hundreds of mg cm-2 d-1, 

and sometimes even g cm-2 day-1. When these rates are applied under still or low flow conditions 

this can result in sediment deposits that are millimetres thick on the corals’ surface. The 

deposition rate of 66 mg cm2 day-1 in the studies of Weber et al. (2012) resulted in a smothering 

of the coral tissues in a 2–3 mm thick layer of sediment, and this is likely to be less than the 

earlier deposition experiments of Philipp and Fabricius (2003) where deposition rates of up to 

~230 mg cm2 day-1 were used. For comparative purposes, the visually significant turbid flood 

plumes on the Great Barrier Reef have concentrations of sediments which, if settled to the 

seabed, would produce a deposit of only 10 µm (Orpin et al., 2004). The question then becomes 

how representative are experiments that create mm thick deposits of sediment in less than a 

day, and do these reflect conditions that can occur naturally or only very extreme events such 

as cyclones or only conditions that occur very close to dredging. 

Smothering is regularly observed in dredging projects and occurs because the sedimentation 

rate is likely to exceed any natural rates corals have experienced previously. This is because 

dredging can cause high SSCs in sea-states where ambient hydrodynamics cannot support the 

load (Fig. 3 A–D) and the sediment ‘overburden’ rapidly falls out of suspension according to 

particle specific settling velocities. Smothering occurs when sediment cannot be cleared fast 

enough from the surface and sediment begins to accumulate over successive days producing 

the sort of images in Bak 1978, Foster et al. 2010, and Fig. 3). In contrast, natural high SSCs 

produced by high wind events occur where wind-driven waves and tidal currents create 

conditions where wave orbital velocities are sufficient to keep some of the sediments in 

suspension and deposition subsequently occurs (after a settling lag) during quiescent periods 

and after further entrainment and dilution (Ogston et al., 2004). These are very different 

scenarios and sediment deposition is therefore different from other proximal stressors such as 

elevated SSCs and light reduction, as short term turbidity events and low light, twilight, periods 

are not uncommon in the marine environment associated with wind and wave events (Anthony 
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and Larcombe, 2000; Jones, 2008; Storlazzi et al., 2009). For these proximal stressors it is likely 

to be the duration and frequency caused by dredging that differs from natural conditions rather 

than the intensity as with sediment deposition. Corals are exposed to conditions (of low light 

and high SSCs) that they have experienced previously, in the short term, and are physiologically 

acclimated to these natural conditions. How they do this is via a range of strategies including 

photo-acclimatory changes, shifts from autotrophy to heterotrophy, and replenishment of 

energy reserves between turbidity events (Anthony, 2000, 2006; Anthony and Fabricius, 2000; 

Anthony and Hoegh-Guldberg, 2003; Anthony and Larcombe, 2000). 

There are currently no suitable techniques for measuring low mg per cm2 deposition events with 

sufficient resolution to be effective as a monitoring tool for dredging programs (Field et al., 2012; 

Perkey and Wadman, 2013; Risk and Edinger, 2011; Thomas and Ridd, 2004), although use of 

upward pointing optical backscatter devices offer promise (Thomas and Ridd, 2005; Thomas et 

al., 2003). Once information becomes available on the range of sediment deposition rates (as 

mass per unit area or thickness deposition per day) over different time periods during natural 

conditions, or in the near- and far-field during dredging programs, then this will allow 

contextualization of past studies and information that can be used for impact prediction 

purposes for sedimentation. 

Seawater quality thresholds for coral reefs and future directions  

Future ex situ studies need to clearly state what pressure parameter is being tested and 

recognise and eliminate the potential confounding effect of other parameters if values are to be 

proposed for threshold development. Studies should be conducted with locally collected reefal 

sediments rather than using sediment proxies such as carborundum. Studies to characterize the 

organic content of the sediments released into the water column by dredging (i.e. loss at the 

drag/cutter heads, by overflowing, or released by disposal at placement sites), and how it 

compares to surficial samples from the seabed before dredging are needed. Many studies have 

now shown the importance of the organic content of the sediments on coral sediment clearance 

and survivorship (Loiola et al., 2013; Weber et al., 2012; Weber et al., 2006). The use of low 

organic content or organic free sediments (Peters and Pilson, 1985; Riegl, 1995; Riegl and 

Branch, 1995), or proxies (Browne et al., 2014; Lui et al., 2012) has been suggested a starting 

point for understanding coral sediment shifting capabilities without additional variable of 

organic content, nutrient, and microbial content. Particle sizes should be measured and 

experiments examining the effects of sediment deposition in the near–field need to use up to 

coarse silt-sized sediments and finer fractions for far-field conditions. Contaminant levels need 

to be described if there is reasonable doubt they are of concern. PAR levels in tanks should be 

specified as maximum, as well as the total light available and recent advances in lighting 

technologies such as light emitting diodes (LEDs) means it is now possible to address spectral 

changes under plumes.  

As Harris et al (2014) warn in their review of principles of sound ecotoxicology, there is a danger 

associated with an incomplete understanding of exposure pathways and the use of conditions 

that are unrepresentative of the majority of situations typically encountered by wildlife. This 

statement seems applicable to studies on the effects of sediments on corals (see also Storlazzi 

et al. (2015); (Storlazzi et al., 2011), as many experiments have been conducted without explicit 

justification of the exposure regimes especially with studies examining sedimentation. Harris et 

al. (2014) suggest authors should be open and honest about the context of their study to those 

conditions which have been measured (or predicted) in the real environment and the 
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explanation of the exposure conditions for futures studies should be comprehensive. This will 

then enable judgements to be made of whether high suspended-sediment concentrations and 

the associated light reduction and sediment smothering at different distances from dredging is 

a hazard or a risk to underlying communities, and allow the development of the water quality 

thresholds for impact prediction and monitoring purposes. 
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Appendix B. Porites mucous sheet production: an effective bioindicator 
of sediment related pressures 

 

Table B1 Model parameters, their units, mean value, range of values and method of calculation. 

Parameter Units  Mean  Range  Calculation  

Sediment  proporti
on 

0.17 0–1 Proportion of each colony’s live tissue that was covered in 
sediment in the current field survey image. Based on the 
mid-point of the categorical scale from 1 to 7 (see above). 

Sediment lag proporti
on 

0.06 0–1 Proportion of each colony’s live tissue that was covered in 
sediment in the previous image. Based on the mid-point of 
the categorical scale from 1 to 7 (see above). 

Bleaching lag proporti
on 

0.01 0–1 Proportion of each colony’s live tissue that was bleached in 
the previous image. Based on the mid-point of the 
categorical scale from 1 to 7 (see above). 

14-day mean 
NTU 

NTU 0.57 0.1–
1.5 

A running mean of NTU values for the 14 days before each 
photograph, summarised for each site, calculated by: 

�̅�𝑇 (𝑡) =  
1

𝑁𝑇
∑ 𝑥𝑖

𝑁𝑇
𝑖=1 (𝑡). Where NT is the number of samples 

in the T day mean. �̅�𝑇 is the mean calculated over the 
previous T days, 𝑥𝑖(𝑡) are the 𝑁𝑇 data points up to and 
including time t. 

14-day mean 
light stress 

DLI 0.69 0.3–
1.0 

A stress index (s) was created as one minus the square of 
the observed DLI (mol m-2 day-1) relative to a fixed 
maximum (30 mol m-2 day-1). This provide a relative index of 
available light there 1 indicates no light at a given site, and 
zero indicates a theoretical maximum of 30 DLI. 𝑠 =  1 −

 √𝐷𝐿𝐼/30. Light stress was then summarized as a 14-day 

running mean (�̅�𝑇  (𝑡)) (see above). 
14-day mean 
temperature 

°C 25.34 21.6–
31.4 

A running mean (�̅�𝑇  (𝑡)) of temperature for the 14 days 
preceding the photograph, summarised for each site 
(calculated as for NTU and DLI above). 

Maximum 
NTU 

NTU 41.02 0.5–
547.2 

The highest daily NTU value in the period since the colony 
was last photographed. 

Mean 
maximum 
NTU 

NTU 11.35 0.5–
87.6 

A mean of the highest NTU value experienced each day for 
the time period since the colony was last photographed. 

Mean 
deposition 

N/A 0.16 0.0–
2.4 

Mean level of deposition taken from in-situ deposition 
sensors at each site.  

Maximum 
deposition 

N/A 0.65 0.0–
12.1 

Maximum level of deposition taken from in-situ deposition 
sensors at each site. 

Moon phase N/A 0.40 0–1  A binary indicator for whether a full moon was experienced 
in the week immediately preceding the photograph. 

Depth  m 6.81 3.8–
11.7 

Median water height at each site. 

Distance from 
dredging  

NA 0.48 
 

-0.7–
1.5 
 

The distance of each site to both the LNG and MOF were 
calculated and the closest of these was used as distance. 
The log (base 10) of these distances was used in analyses 
due to the apparent exponential decay of water quality 
impacts with distance from dredging (Fisher et al. 2015). 

Days since 
dredging 

day 291.8 -113–
565 

The number of days since dredging commenced. 
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Table B2 Summary statistics of the extent of surface coverage of the mucous sheets and repeated sheet 
formation during the dredging phase for all new incidences of mucous sheet formation. Data for mucus 

category shows the total number of colonies with a mucous sheet ≥ category 3 (535% cover), and then 

the number (n) of colonies in each of categories 7 (100% coverage) through to category 3 (535% 
coverage. Numbers in brackets represent the % of each category compared to the total at each site. For 
the repeated mucous sheet production, the numbers represent the number of colonies showing 1, 2, 3 
etc mucous sheets and the %. 

 Mucus category (37), n (%) Repeated mucous sheet formation (1->5), n (%) 

Site 
Tota

l 7 6 5 4 3 Total 6 5 4 3 2 1 

MOFA 43 2 (5) 8 (19) 8 (19) 11 (26) 14 (33) 17 1a (6) 0 (0) 4 (24) 1 (6) 4 (24) 7 (41) 

MOFB 59 14 (24) 3 (5) 8 (14) 9 (15) 25 (42) 21 0 (0) 3 (14) 4 (19) 5 (24) 4 (19) 5 (24) 

MOF1 30 1 (3) 1 (3) 6 (20) 8 (27) 14 (47) 16 0 (0) 0 (0) 1 (6) 2 (13) 7 (44) 6 (38) 

LNG0 29 3 (10) 4 (14) 7 (24) 6 (21) 9 (31) 18 0 (0) 0 (0) 0 (0) 4 (22) 3 (17) 11 (61) 

LNGA 33 1 (3) 7 (21) 16 (48) 1 (3) 8 (24) 17 0 (0) 0 (0) 1 (6) 4 (24) 5 (29) 7 (41) 

LNG1 41 2 (5) 2 (5) 8 (20) 8 (20) 21 (51) 22 0 (0) 1 (5) 2 (9) 2 (9) 5 (23) 12 (55) 

LNG2 41 3 (7) 1 (2) 7 (17) 9 (22) 21 (51) 22 0 (0) 0 (0) 2 (9) 2 (9) 9 (41) 9 (41) 

LNGC 29 1 (3) 3 (10) 3 (10) 8 (28) 14 (48) 15 0 (0) 0 (0) 1 (7) 3 (20) 5 (33) 6 (40) 

LNG3 33 2 (6) 5 (15) 4 (12) 4 (12) 18 (55) 16 1 (6) 0 (0) 1 (6) 2 (13) 5 (31) 7 (44) 

TR 12 1 (8) 1 (8) 1 (8) 2 (17) 7 (58) 8 0 (0) 0 (0) 0 (0) 0 (0) 4 (50) 4 (50) 

DUG 16 1 (6) 1 (6) 2 (13) 5 (31) 7 (44) 11 0 (0) 0 (0) 0 (0) 0 (0) 5 (45) 6 (55) 

BAT 5 0 (0) 0 (0) 1 (20) 1 (20) 3 (60) 5 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 5 (100) 

SBS 2 0 (0) 1 (50) 1 (50) 0 (0) 0 (0) 2 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (100) 

REFS 2 0 (0) 0 (0) 0 (0) 0 (0) 2 (100) 2 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (100) 

AHC 3 0 (0) 0 (0) 1 (33) 1 (33) 1 (33) 3 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 3 (100) 

REFN 0 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

SUM 378 31 37 73 73 164 375a 2 4 16 25 56 92 
a One colony at MOFA produced 9 unique sheets but has been grouped in the 6 sheets category for the table. 

 

Table B3 Modelled relationships between time and deposition rate on Porites fragments during a one-
month experiment, with number of parameters (n), AICc scores, δ AIC, and model weights. 

Model df AICc δ AIC AICc weight 

Deposition + Time 7 530.27 0 0.68 

Time 6 532.87 2.59 0.19 

Deposition * Time 10 533.51 3.23 0.13 

Deposition 4 556.53 26.26 0.00 

Null 3 559.10 28.83 0.00 
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Figure B1 Probability of observing mucus on massive Porites colonies on both a (a) observational level 
scale through time and (b) a site level over the whole dredging period. Points represent mean probability 
across sites, for each given parameter. The solid black line shows the fitted generalised additive mixed 
model (GAMM). The colour ramp indicates distance from dredging (km) for each site.  
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Appendix C. Impacts of turbidity on corals: The relative importance of 
light limitation and suspended sediments 

Table C1 All model fits for partial mortality measured through time, including the number of parameters 
(n), deviance information criterion (DIC), δ DIC, model weights and R2 values. 

Model n DIC R2 DIC weight 

DLI  Species  SSC + Time 59 -6459.06 0.111 0.97 

DLI  Species  SSC 56 -6450.93 0.111 0.02 

DLI  Time  Species  SSC 137 -6450.56 0.389 0.01 

DLI + SSC  Time  Species 51 -6183.55 0.018 0 

DLI + Time  Species  SSC 51 -6150.23 0.017 0 

DLI + SSC  Species 24 -6134.01 0.021 0 

DLI  Time  Species + SSC 51 -4937.7 0.179 0 

DLI  Time  SSC 47 -4927.07 0.216 0 

Species + DLI  SSC 24 -4899.6 0.05 0 

DLI  SSC 20 -4891.56 0.052 0 

Time  Species + DLI  SSC 33 -4867.18 0.05 0 

DLI  Time 17 -4855.78 0.148 0 

DLI SSC + Time 23 -4851.94 0.052 0 

DLI  Species + Time  SSC 33 -4834.95 0.039 0 

DLI  Species + SSC + Time 27 -4828.59 0.039 0 

DLI  Species + SSC 24 -4822.2 0.039 0 

Species + DLI 12 -4816.6 0.025 0 

DLI + Time  Species 21 -4814.68 0.025 0 

DLI  Time  Species 47 -4808.92 0.191 0 

DLI + SSC  Time 21 -4802.96 0.025 0 

DLI + Time  SSC 21 -4795.5 0.025 0 

DLI + SSC + Time 15 -4778.29 0.025 0 

Time  Species + DLI 21 -4773.25 0.025 0 

Species + DLI + Time 15 -4768.29 0.025 0 

Species + DLI + SSC 16 -4767.41 0.025 0 

Species + DLI + Time  SSC 25 -4763.64 0.025 0 

DLI + SSC + Time  Species 25 -4759.27 0.025 0 

DLI + SSC 12 -4755.2 0.025 0 

Time  Species + DLI + SSC 25 -4748.62 0.025 0 

DLI + Time 11 -4741.97 0.025 0 

DLI 8 -4740.17 0.025 0 

Species + DLI + SSC + Time 19 -4729.77 0.025 0 

DLI  Species + Time 23 -4725.03 0.04 0 

DLI  Species 20 -4706.14 0.04 0 

Time  Species  SSC 47 -681.193 0.207 0 

Species  SSC 20 -551.103 0.052 0 

Species  SSC + Time 23 -530.455 0.052 0 

SSC + Time 11 1747.764 0.094 0 

Time  SSC 17 1749.93 0.115 0 

Time  Species 17 1766.078 0.098 0 

Time  Species + SSC 21 1775.643 0.113 0 
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Model n DIC R2 DIC weight 

Species + Time 11 1778.047 0.087 0 

Time 10 1791.973 0.079 0 

Species + SSC + Time 15 1802.079 0.103 0 

Species + Time  SSC 21 1807.472 0.123 0 

SSC 8 1828.484 0.016 0 

Species 8 1900.109 0.008 0 

1 4 1924.644 0 0 

Species + SSC 12 1926.604 0.024 0 

 

 

Table C2 All model fits for colour index measured through time, including deviance information including 
the number of parameters (n), deviance information criterion (DIC), δ DIC, model weights and R2 values. 

Model n DIC R2 DIC weight 

DLI  Time  Species 47 1037.627 0.872 0.83 

DLI  Time  Species + SSC 51 1040.806 0.873 0.17 

DLI  Time  Species  SSC 137 1063.979 0.891 0 

DLI  Time  SSC 47 1265.726 0.814 0 

DLI  Time 17 1285.259 0.804 0 

Time  Species + DLI + SSC 25 1783.628 0.679 0 

Time  Species + DLI 21 1784.089 0.678 0 

Time  Species + DLI  SSC 33 1786.856 0.68 0 

DLI + SSC + Time  Species 25 1793.712 0.679 0 

DLI + Time  Species 21 1795.662 0.678 0 

DLI + Time  SSC 21 1821.301 0.666 0 

DLI + SSC + Time 15 1822.7 0.663 0 

DLI + SSC  Time 21 1823.011 0.666 0 

DLI  Species + Time 23 1823.377 0.708 0 

DLI  SSC + Time 23 1823.748 0.664 0 

DLI + Time 11 1824.327 0.662 0 

DLI  Species + SSC + Time 27 1827.17 0.709 0 

DLI  Species + Time  SSC 33 1834.742 0.712 0 

DLI  Species x SSC + Time 59 1852.266 0.718 0 

DLI + Time  Species  SSC 51 1856.896 0.686 0 

Species + DLI + Time 15 1865.729 0.682 0 

DLI + SSC  Time Species 51 1866.413 0.687 0 

Species + DLI + SSC + Time 19 1874.704 0.683 0 

Species + DLI + Time  SSC 25 1889.968 0.687 0 

Species + Time  SSC 21 1974.548 0.379 0 

Species + Time 11 1984.261 0.374 0 

Species + SSC + Time 15 1989.348 0.375 0 

Time  Species 17 1990.102 0.381 0 

Time  Species + SSC 21 1998.514 0.382 0 

Time  SSC 17 1999.929 0.359 0 

Time 10 2009.025 0.354 0 

Species  SSC + Time 23 2019.551 0.378 0 
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Model n DIC R2 DIC weight 

SSC + Time 11 2020.564 0.355 0 

Time  Species  SSC 47 2056.564 0.39 0 

DLI  Species 20 2842.936 0.374 0 

DLI  Species + SSC 24 2846.648 0.375 0 

DLI  Species  SSC 56 2855.41 0.386 0 

Species + DLI + SSC 16 2885.803 0.353 0 

Species + DLI 12 2887.694 0.352 0 

Species + DLI  SSC 24 2890.596 0.355 0 

DLI + SSC  Species 24 2894.645 0.356 0 

Species + SSC 12 2950.4 0.022 0 

Species  SSC 20 2951.29 0.025 0 

Species 8 2951.322 0.02 0 

1 4 3017.176 0 0 

SSC 8 3025.328 0.002 0 

DLI+SSC 12 3085.215 0.335 0 

DLI  SSC 20 3096.28 0.337 0 

DLI 8 3105.802 0.334 0 

 

Table C3 All model fits for maximum quantum yields (Fv/Fm) measured through time, including the number 
of parameters (n), deviance information criterion (DIC), δ DIC, model weights and R2 values. 

Model n DIC R2 DIC weight 

DLI  Time  Species 47 -503.28 0.74 0.7 

DLI  Time  Species + SSC 51 -501.546 0.744 0.3 

DLI  Time  Species  SSC 137 -434.221 0.773 0 

DLI  Species  SSC + Time 59 -92.4434 0.468 0 

DLI  Time 17 -77.5 0.563 0 

DLI  Species x SSC 56 -76.5544 0.436 0 

DLI  Species + Time 23 -66.5295 0.449 0 

DLI  Time  SSC 47 -60.3276 0.571 0 

DLI  Species + SSC + Time 27 -55.8652 0.453 0 

DLI  Species + Time  SSC 33 -51.7276 0.454 0 

DLI  Species 20 -42.4454 0.414 0 

DLI  Species + SSC 24 -36.8459 0.417 0 

DLI + SSC + Time  Species 25 -5.02124 0.402 0 

Time  Species + DLI + SSC 25 -0.98435 0.401 0 

DLI + Time  Species 21 2.650331 0.397 0 

Time  Species + DLI 21 2.669736 0.397 0 

Species + DLI + SSC + Time 19 16.40497 0.408 0 

DLI + SSC  Time  Species 51 17.5884 0.404 0 

Species + DLI + Time 15 18.69178 0.404 0 

DLI + Time  Species  SSC 51 24.6354 0.404 0 

Species + DLI + Time  SSC 25 26.6403 0.409 0 

Species + DLI  SSC 24 81.72356 0.367 0 

Species + DLI + SSC 16 85.34339 0.368 0 

Species + DLI 12 88.64484 0.365 0 
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Model n DIC R2 DIC weight 

DLI + SSC  Species 24 93.18869 0.373 0 

DLI + SSC + Time 15 98.01212 0.385 0 

DLI + Time 11 101.7009 0.38 0 

Time  Species + DLI  SSC 33 103.2657 0.401 0 

DLI + Time  SSC 21 109.6774 0.386 0 

DLI + SSC  Time 21 115.9309 0.386 0 

DLI  SSC 20 163.4429 0.344 0 

DLI  SSC + Time 23 177.2787 0.384 0 

DLI 8 192.7133 0.34 0 

DLI + SSC 12 195.2239 0.344 0 

Time  Species 17 830.5903 0.154 0 

Time  Species + SSC 21 832.2592 0.157 0 

Species + Time 11 868.2036 0.118 0 

Species + SSC + Time 15 870.4593 0.121 0 

Species + Time  SSC 21 885.0979 0.123 0 

Time  Species  SSC 47 911.173 0.165 0 

Species  SSC + Time 23 923.2876 0.127 0 

Species + SSC 12 1011.694 0.042 0 

Species 8 1013.695 0.039 0 

Species  SSC 20 1048.606 0.048 0 

Time 10 1159.812 0.084 0 

SSC + Time 11 1177.853 0.087 0 

Time  SSC 17 1199.009 0.089 0 

1 4 1369.065 0 0 

SSC 8 1381.271 0.003 0 

Table C4 Model comparison of all models fitted for partial mortality (%) after 28 days of exposure to 
treatment conditions including the number of parameters (n), deviance information criterion (DIC), δ DIC, 
model weights and R2 values. 

Model n DIC R2 
DIC 

weight 

1 3 568.2254 0 0 

Species 5 569.6248 0.02 0 

DLI 5 557.5798 0.089 0 

SSC 5 568.5378 0.034 0 

Species + DLI 7 558.0588 0.111 0 

Species + SSC 7 567.8417 0.055 0 

DLI  Species 11 559.1278 0.141 0 

Species  SSC 11 550.3597 0.152 0 

DLI + SSC 7 550.991 0.124 0 

DLI  SSC 11 550.6603 0.16 0 

Species + DLI + SSC 9 550.6186 0.146 0 

Species + DLI  SSC 13 549.7239 0.184 0 

DLI  Species + SSC 13 552.0412 0.177 0 

DLI  Species  SSC 29 526.2662 0.396 0.99 

DLI + SSC  Species 13 536.5357 0.247 0.01 
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Table C5 Full model comparison of all models fitted for colour index after 28 days of exposure to 
treatment conditions including the number of parameters (n), deviance information criterion (DIC), δ DIC, 
model weights and R2 values. 

Model n DIC R2 DIC weight 

1 3 501.6975 0 0 

Species 5 446.7005 0.071 0 

DLI 5 506.3162 0.721 0 

SSC 5 501.3657 0.014 0 

Species + DLI 7 448.7015 0.784 0 

Species + SSC 7 446.6277 0.085 0 

DLI  Species 11 362.5187 0.847 0.55 

Species  SSC 11 450.9848 0.092 0 

DLI + SSC 7 505.1028 0.734 0 

DLI  SSC 11 503.483 0.745 0 

Species + DLI + SSC 9 450.3997 0.796 0 

Species + DLI  SSC 13 449.5562 0.806 0 

DLI  Species + SSC 13 363.1134 0.859 0.41 

DLI  Species  SSC 29 367.4404 0.882 0.05 

DLI + SSC  Species 13 454.2443 0.8 0 

 
 

Table C6 Full model comparison of all models fitted for maximum quantum yields (Fv/Fm) after 28 days of 
exposure to treatment conditions including the number of parameters (n), deviance information criterion 
(DIC), δ DIC, model weights and R2 values. 

Model n DIC R2 DIC weight 

1 3 296.4157 0 0 

Species 5 291.1368 0.021 0 

DLI 5 271.3801 0.523 0 

SSC 5 296.5072 0.003 0 

Species + DLI 7 265.4257 0.547 0 

Species + SSC 7 290.4998 0.024 0 

DLI  Species 11 137.9791 0.775 0.6 

Species  SSC 11 296.8812 0.033 0 

DLI + SSC 7 274.2906 0.526 0 

DLI  SSC 11 282.0527 0.529 0 

Species + DLI + SSC 9 268.6749 0.55 0 

Species + DLI  SSC 13 276.302 0.552 0 

DLI  Species + SSC 13 138.9912 0.779 0.36 

DLI  Species  SSC 29 143.8445 0.813 0.03 

DLI + SSC  Species 13 274.3617 0.557 0 
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Table C7 Full model comparison of all models fitted for Chlorophyll a after 28 days of exposure to 
treatment conditions including the number of parameters (n), deviance information criterion (DIC), δ DIC, 
model weights and R2 values. 

Model n DIC R2 DIC weight 

1 3 555.3867 0 0 

Species 5 377.0004 0.404 0 

DLI 5 527.6197 0.337 0 

SSC 5 555.236 0.005 0 

Species + DLI 7 357.2459 0.73 0 

Species + SSC 7 377.2441 0.407 0 

DLI  Species 11 249.1936 0.856 0.41 

Species  SSC 11 380.7987 0.416 0 

DLI + SSC 7 530.7342 0.341 0 

DLI  SSC 11 538.0736 0.345 0 

Species + DLI + SSC 9 359.133 0.733 0 

Species + DLI  SSC 13 363.0823 0.739 0 

DLI  Species + SSC 13 248.4751 0.859 0.58 

DLI  Species  SSC 29 256.3345 0.877 0.01 

DLI + SSC  Species 13 361.4602 0.741 0 
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Appendix D. Impacts of light limitation for corals and crustose coralline 
algae 

 

 

Figure D1 Light levels throughout the duration of the 30 d exposure period averaged across each light 
treatment. Data presented is mean ± standard error. 

Table D1 All model fits for mortality measured through time, including the number of parameters (n), 
deviance information criterion (DIC), model weights and R2 values. 

Model n DIC R2 
DIC 

weight 

Species + DLI 20 -2665.02 0.063 1 

Time  Species + DLI 28 -2649.84 0.146 0 

Species + DLI + Time 22 -2629.93 0.063 0 

Time  Species 18 -2375.93 0.165 0 

Species 10 -2371.79 0.065 0 

Species + Time 12 -2328.7 0.065 0 

DLI  Time  Species 98 -1239.92 0.32 0 

DLI  Species 50 -1192.34 0.153 0 

DLI  Species + Time 52 -1185.62 0.153 0 

DLI + Time  Species 28 1585.634 0.132 0 

DLI  Time 26 1657.208 0.099 0 

DLI + Time 16 1670.122 0.051 0 

DLI 14 1686.644 0.030 0 

Time 8 2210.801 0.052 0 

1 4 2273.53 0.000 0 

 

 

Table D2 All model fits for colour index measured through time, including the number of parameters (n), 
deviance information criterion (DIC), model weights and R2 values. 
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Model n DIC R2 
DIC 

weight 

DLI  Time  Species 98 2090.209 0.601 1 

DLI  Time 26 2263.021 0.395 0 

DLI + Time  Species 28 2301.576 0.383 0 

DLI  Species + Time 52 2331.142 0.364 0 

DLI  Species 50 2333.155 0.318 0 

Time  Species + DLI 28 2367.063 0.383 0 

Time  Species 18 2384.487 0.145 0 

DLI + Time 16 2475.077 0.287 0 

DLI 14 2519.275 0.239 0 

Time 8 2528.007 0.048 0 

Species + Time 12 2535.854 0.064 0 

1 4 2567.648 0.000 0 

Species + DLI 20 2576.497 0.256 0 

Species + DLI + Time 22 2614.853 0.303 0 

Species 10 2648.175 0.017 0 

 

Table D3 All model fits for maximum quantum yield measured through time, including the number of 
parameters (n), deviance information criterion (DIC), model weights and R2 values. 

Model n DIC R2 
DIC 

weight 

DLI  Time  Species 98 1658.108 0.730 1 

DLI  Species + Time 52 2066.207 0.291 0 

DLI  Species 50 2110.019 0.272 0 

DLI  Time 26 2197.068 0.526 0 

Species + DLI + Time 22 2318.069 0.189 0 

Time  Species + DLI 28 2348.296 0.190 0 

DLI + Time  Species 28 2358.579 0.192 0 

Species + DLI 20 2368.408 0.170 0 

DLI + Time 16 2404.583 0.226 0 

DLI 14 2423.829 0.209 0 

Time  Species 18 3199.217 0.267 0 

Time 8 3404.609 0.184 0 

Species 10 3444.669 0.020 0 

Species + Time 12 3568.297 0.205 0 

1 4 3572.229 0.000 0 
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Figure D2 Photosynthesis-irradiance (P I) curves created using a hyperbolic tangent function for A. 
millepora and adult P. acuta fragments across the 6 light treatments (0, 0.02, 0.1, 0.4, 1.1 and 4.3 DLI mol 
photon m-2). 

 

 

Figure D3 Irradiance-response relationships for mortality of A. millepora, P. acuta adults, P. acuta 
juveniles, after 30 d of exposure to 6 light treatments of 0, 0.02, 0.1, 0.4, 1.1 and 4.3 DLI (mol m-2 d-1). 
Note inversions on both axes. 
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Figure D4 Irradiance-response relationships for colour index and maximum quantum yield (Fv/Fm) of A. 
millepora, P. acuta adults, P. acuta juveniles, after (a) 10 and (b) 20 d of exposure to 6 light treatments of 
0, 0.02, 0.1, 0.4, 1.1 and 4.3 DLI (mol m-2 d-1). Note inversions on both axes 

  



176 
 

Appendix E. Publications arising from this Thesis 

First page of publication arising from Chapter 3.  

Bessell-Browne P, Fisher R, Duckworth A, Jones R (2017) Mucous sheet production in Porites: 

an effective bioindicator of sediment related pressures. Ecological Indicators 77: 276-285 

 

 

  



177 
 

First page of publication arising from Chapter 4.  

Bessell-Browne P, Negri A.P, Fisher R, Clode P.L, Duckworth A, Jones R (2017) Impacts of 

turbidity on corals: The relative importance of light limitation and suspended sediments. 

Marine Pollution Bulletin 117: 168-170 

 

 
 

  



178 
 

First page of publication arising from Chapter 5.  

Bessell-Browne P, Negri A.P, Fisher R, Clode P.L, Jones R (2017) Impacts of light limitation on 

corals and crustose coralline algae. Scientific Reports 7: 11553 

 

 
  



179 
 

First page of publication arising from Chapter 6.  

Bessell-Browne P, Negri A.P, Fisher R, Clode P.L, Jones R (2017) Cumulative impacts: thermally 

bleached corals have reduced capacity to clear deposited sediment. Scientific Reports 7: 2716 

 

 
  



180 
 

First page of publication arising from Appendix A.  

Jones R, Bessell-Browne P, Fisher R, Klonowski W, Slivkoff M (2016) Assessing the impacts of 

sediments from dredging on corals. Marine Pollution Bulletin 102: 9-29 

 

 
  



181 
 

First page of additional publication arising from work completed as part of this Thesis.  

Fisher R, Walshe T, Bessell-Browne P, Jones R (2017) Accounting for environmental uncertainty 

in the management of dredging impacts using probabilistic dose-response relationships and 

thresholds. Journal of Applied Ecology DOI:10.1111/1365-2664.12936 

 

 




